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o 4
Standard Guide for
Estimating Uncertainties in Dosimetry for Radiation
Processing’
This standard is issued under the fixed designation ISO/ASTM 51707; the number immediately following the designation indicates the
1. Scope E 177 Practice for Use of the Terms Precision and Accuracy

1.1 This guide defines possible sources of uncertainty in
dosimetfy performed in gamma, X-ray (bremsstrahlung), and
electron|irradiation facilities and offers procedures for estimat-
ing the [resulting magnitude of the uncertainties in the mea-
suremer]t of absorbed dose using a dosimetry system. Basic
concepty of measurement, estimate of the measured value of a
quantity} “true value”, error, and uncertainty are defined and
discussgd. Components of uncertainty are discussed and meth-
ods are given for evaluating and estimating their values. How
these cqntribute to the standard uncertainty in the reported
values df absorbed dose are considered and methods are given
for caldulating the combined standard uncertainty and an
estimatd of expanded (overall) uncertainty. The methodology
for evalpating components of uncertainty follows ISO proce-
dures (spe 2.3). The traditional concepts of precision and bias
are not [used in this document. Examples are given in five
annexes

1.2 This guide assumes a working knowledge of statistics:
Several [statistical texts are included in the references (1-4):2

1.3 This standard does not purport to address all_of the
safety doncerns, if any, associated with its useldt is the
responsibility of the user of this standard to establish appro-
priate sqifety and health practices and determine the applica-
bility of{regulatory limitations prior to use.

2. Referenced documents

2.1 ASTM Standards: >
E 17(J Terminology Relating-t0 Radiation Measurements
and |Dosimetry

! This guide is under.the”jurisdiction of ASTM Committee E10 on Nuclear
Technology and Applications and is the direct responsibility of Subcommittee
E10.01 on [Dosimetrysfor*Radiation Processing, and is also under the jurisdiction of
ISO/TC 8y/WG 3.

Current] edition, approved by ASTM June 1, 2004. Published May 15, 2005.
Originally| published as ASTM E 1707-95. Last previous ASTM edition

as Applied to Measurement of a Property of a Material
E 178 Practice for Dealing With Outlying Observations
E 456 Terminology Relating to,Quality and Stat]stics
E 876 Practice for Use of Statistics In the Evgluation of
Spectrometric Data
E 1249 Practice for Minimizing Dosimetry Error$ in Radia-
tion Hardness Testingof Silicon Electronic Devjces Using
Co-60 Sources
2.2 ISO/ASTM Standards:?
51204 Practice for Dosimetry in Gamma Irradiafion Facili-
ties for/Food Processing
51205 Practice for Use of a Ceric-Cerous Sulfate [Dosimetry
System
51261 Guide for Selection and Calibration of [Dosimetry
Systems for Radiation Processing
51275 Practice for Use of a Radiochromic Film [Dosimetry
System
51400 Practice for Characterization and Perfornpance of a
High-Dose Radiation Dosimetry Calibration Laboratory
51431 Practice for Dosimetry in Electron Beam [and X-ray
(Bremsstrahlung) Irradiation Facilities for Food Process-
ing
2.3 ISO Documents:
ISO, 1995, ISBN 92-67-10188-9 Guide to the Expression of
Uncertainty in Measurement®
ISO 11137 Sterilization of Health Care [Products-
Requirements for Validation and Routine| Control-
Radiation Sterilization’
2.4 ICRU Reports:®
ICRU Report 14 Radiation Dosimetry: X Rays apd Gamma
Rays with Maximum Photon Energies Between|0.6 and 50
MeV
ICRU Report 17 Radiation Dosimetry: X Rays Generated at
Potentials of 5 to 150 kV
ICRU Report 34 The Dosimetry of Pulsed Radigtion
ICRU Report 35 Radiation Dosimetry: Electron Heams with

E 1707-95°". ASTM E 1707-95°" was adopted by ISO in 1998 with the interme-
diate designation ISO 15572:1998(E). The present International Standard ISO/
ASTM 51707:2005(E) is a major revision of the last previous edition ISO/ASTM
51707:2002(E), which replaced ISO 15572.

2 The boldface numbers in parentheses refer to the bibliography at the end of this
guide.

3 For referenced ASTM and ISO/ASTM standards, visit the ASTM website,
www.astm.org, or contact ASTM Customer Service at service@astm.org. For
Annual Book of ASTM Standards volume information, refer to the standard’s
Document Summary page on the ASTM website.

© ISO/ASTM International 2005 — All rights reserved

Energies Between 1 and 50 MeV

4 Available from ISO Central Secretariat, Postal 56, 1211 Geneva 20 Switzer-
land.

3 Available from Association for the Advancement of Medical Instrumentation,
1110 North Glebe Road, Suite 220, Arlington, VA 22201-4795, U..S.A.

¢ Available from International Commission on Radiation Units and Measure-
ments, 7910 Woodmont Ave., Suite 800 Bethesda, MD 20814, U.S.A.
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ICRU Report 37 Stopping Powers for Electrons and
Positrons

ICRU Report 60 Fundamental Quantities and Units for
Ionizing Radiation

3. Terminology

3.1 Definitions:
3.1.1 absarbed dose

D__guantity of ionizing radiation
1 (=l

y 4y

i’

3.1.11.1 Discussion—A coverage factor, k, is typically in
the range of 2 to 3 (see 8.3).

3.1.12 dosimeter batch—quantity of dosimeters made from
a specific mass of material with uniform composition, fabri-
cated in a single production run under controlled, consistent
conditions and having a unique identification code.

3.1.13 dosimetry system—system used for determining ab-
sorbed dose, consisting of dosimeters, measurement instru-

energy imparted per unit mass of a specified material. The SI
unit of apsorbed dose is the gray (Gy) where 1 gray is
equivalent| to the absorption of 1 joule per kilogram of the
specified material (1 Gy = 1 J/kg). The mathematical relation-

ship is the] quotient of de by dm, where de is the mean energy
imparted Hy ionizing radiation to matter of mass dm (see ICRU
60).

D = de/dm (1

3.1.2 agcuracy of measurement—closeness of the agree-
ment betwgen the result of a measurement and the true value of
the measufand.

3.1.3 cqdlibration curve—graphical representation of the
dosimetry [system’s response function.

3.1.4 caefficient of variation—sample standard deviation
expressed [as a percentage of sample mean value (see 3.1.38
and 3.1.39).

CV =S5, ,/x X 100 % 2)

3.1.5 cqmbined standard uncertainty—standard uncertainty
of the resplt of a measurement when that result is obtained
from the yalues of a number of other quantities, equal te, the
positive square root of a sum of terms, the terms being the
variances |or covariances of these other quantities”weighted
according [to how the measurement result varies with changes
in these gyiantities.

3.1.6 cqnfidence interval—interval estimate that contains
the mean palue of a parameter with a.given probability.

3.1.7 cqnfidence level—probability‘that a confidence inter-
val estimafe contains the value of ‘a_parameter.

3.1.8 cqrrected result—result.of a measurement after cor-
rection foi systematic error

3.1.9 cqrrection—valtig~that, added algebraically to the
uncorrected result of-a, méasurement, compensates for system-
atic error.

3.1.9.1 Discussion—The correction is equal to the negative
of the systematic error. Some systematic errors may be

1 d ted for b 1sg 1at -
estimated lan compensated for by applving appropriate cor

ments and their associated reference standards, and¢procedures
for the system’s use.

3.1.14 error (of measurement)—result off a meajurement
minus a true value of the measurand.

3.1.14.1 Discussion—The quantity is sometimes called “ab-
solute error of measurement” when(it is necessary tp distin-
guish it from relative error. If the, result of a meaqurement
depends on the values of quantities other than the mepsurand,
the errors of the measured yalties of these quantities cgntribute
to the error of the result-Of {the measurement.

3.1.15 expanded uficertainty—quantity defining the|interval
about the result of avmeasurement that may be expgcted to
encompass a large fraction of the distribution of values that
could reasonably be attributed to the measurand.

3.1.154 ) Discussion—Expanded uncertainty is also|referred
to as “overall uncertainty” (see 2.3, Guide to the Exprgssion of
Uncettainty in Measurement). To associate a specific|level of
coftfidence with the interval defined by the expandefl uncer-
tainty requires explicit or implicit assumptions regarfling the
probability distribution characterized by the meaqurement
result and its combined standard uncertainty. The [level of
confidence that may be attributed to this interval can bg known
only to the extent to which such assumptions may be justified.

3.1.16 expected value—sum of possible values of a|variable
weighted by the probability of the value occurring. For a
discrete random variable it is found from the expressjon:

E=3,PV, 3
where:

V., = i™ value of discrete random variable, and
= probability of i™ value.

P;
For a continuous random variable x it is found ffrom the
expression:
E = [x f(x)dx 4)
where:

f(x) = probability density function and the integral is ex-
tended over the intervals of variation of x.

rections. However, since the systematic error cannot be known
perfectly, the compensation cannot be complete.

3.1.10 correction factor—numerical factor by which the
uncorrected result of a measurement is multiplied to compen-
sate for a systematic error.

3.1.10.1 Discussion—Since the systematic error cannot be
known perfectly, the compensation cannot be complete.

3.1.11 coverage factor—numerical factor used as a multi-
plier of the combined standard uncertainty in order to obtain an
expanded uncertainty.

3.1.17 influence quantity—quantity that is not included in
the specification of the measurand but that nonetheless affects
the result of the measurement.

3.1.17.1 Discussion—This quantity is understood to include
values associated with reference materials, and reference data
upon which the result of the measurement may depend, as well
as phenomena such as short-term instrument fluctuations and
parameters such as temperature, time, and humidity.

3.1.18 measurand—specific quantity subject to measure-
ment.

© ISO/ASTM International 2005 — All rights reserved
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3.1.18.1 Discussion—A specification of a measurand may
include statements about other quantities such as time, humid-
ity, or temperature. For example, equilibrium absorbed dose in
water at 25°C.

3.1.19 measurement—set of operations having the object of
determining a value of a quantity.

3.1.20 measurement procedure—set of operations, in spe-
cific terms, used in the performance of particular measure-

ISO/ASTM 51707:2005(E)
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3.1.30.1 Discussion—This is sometimes called “assigned
value,” or “assigned reference value.”

3.1.31 relative error (of measurement)—error of measure-
ment divided by a true value of the measurand.

3.1.31.1 Discussion—Since a true value cannot be deter-
mined, in practice a reference value is used.

3.1.32 repeatability (of results of measurements)—

closeness of the agreement between the results of successive

ments agcording to a given method.

3.1.21 measurement system—system used for evaluating the

measura
3.1.23
means (
ment is
with cof
dards.
3.1.23
tions us
given pi
3.1.23
qualifieq
ential m
3.1.24
from otl
3.1.23
est met|
absorbe
organizs
3.1.2¢
method

nd.

measurement traceability—ability to demonstrate by
f an unbroken chain of comparisons that a measure-
in agreement within acceptable limits of uncertainty
nparable nationally or internationally recognized stan-

method of measurement—Ilogical sequence of opera-
ed in the performance of measurements according to a
inciple.

.1 Discussion—Methods of measurement may be
| in various ways such as: substitution method, differ-
ethod, and null method.

outlier—measurement result that deviates markedly
hers within a set of measurement results.

primary standard dosimeter—dosimeter of the high-
fological quality, established and maintained as an
| dose standard by a national or international standards
tion.

principle of measurement—scientific basis @f~a
of measurement.

measurements of the same measurand carried out{sypject to all
of the following conditions: the same measurement procedure,
the same observer, the same measuring instrupent, iised under
the same conditions, the same location;<and repetition over a

quadrature—method of estimating combined uncer-
om independent sources by taking the squdre root of

.1 Discussion—In¢this definition (and that for system-
br), the term meafl result of a large number of

that for| a-series of observations, the random error of an
individual-cbservation i i
applying a correction.

3.1.29 reference standard dosimeter—dosimeter of high
metrological quality, used as a standard to provide measure-
ments traceable to measurements made using primary standard
dosimeters.

3.1.30 reference value (of a quantity)—value attributed to a
specific quantity and accepted, sometimes by convention, as
having an uncertainty appropriate for a given purpose; for
example, the value assigned to the quantity realized by a
reference standard.

© ISO/ASTM International 2005 — All rights reserved

short period of time.

3.1.32.1 Discussion—These conditions are callg
ability conditions.” Repeatabilityxmay be expresse
tively in terms of the dispersion characteristics of {

3.1.33 reproducibility>(of results of measun
closeness of agreementbetween the results of measu
the same measurard;yWhere the measurements are
under changed “&conditions such as differing: pi
method of meastirement, observer, measuring instrj
cation, conditions of use, and time.

3.1.33¢1 "Discussion—A valid statement of repr

d “repeat-
I quantita-
he results.
ements )—
rements of
arried out
inciple or
pment, lo-

bducibility

requires specification of the conditions that were changed for

thenmeasurements. Reproducibility may be expresy
tatively in terms of the dispersion characteristics of
In this context, results of measurement are unders
corrected results.

3.1.34 response function—mathematical represe
the relationship between dosimeter response and abs
for a given dosimetry system.

3.1.35 result of a measurement—value attributed
surand, obtained by measurement.

3.1.35.1 Discussion—When the term “result of i
ment” is used, it should be made clear whether it re
indication, the uncorrected result, the corrected 1
whether several values are averaged. A complete st
the result of the measurement includes information
uncertainty of the measurement.

3.1.36 routine dosimeter—dosimeter calibrated
primary-, reference-, or transfer-standard dosimete
for routine absorbed-dose measurement.

3.1.37 sample mean—measure of the average
data set which is representative of the mean of the

ed quanti-
he results.
ood to be

ntation of
brbed dose

to a mea-

| measure-
fers to: the
esult, and
htement of
about the

against a
and used

alue of a
opulation.

dividing by the number of items (n) in the data set.
from the expression:

X =—
n

where:

xX; =

ata set and
It is found

(6))

individual values of parameters with i = 1, 2, 3 ... n.

3.1.38 sample standard deviation, S,_;—measure of disper-
sion of values expressed as the positive square root of the

sample variance.
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3.1.39 sample variance—sum of the squared deviations of
individual values from the sample mean divided by (n-1),
given by the expression:

S (x— )2
(n—1)

S = ()
where:
x; = individual value of parameter with i =1, 2 ... n, and

1

y 4y

i’

3.1.49 value (of a quantity)—magnitude of a specific quan-
tity generally expressed as a unit of measurement multiplied by
a number, for example, 25 kGy.

4. Significance and use

4.1 Gamma, electron, and X-ray (bremsstrahlung) facilities
routinely irradiate a variety of products such as food, medical
devices, aseptic packaging and commodities (see ISO/ASTM

X = mean of n values of parameter (see 3.1.37).

3.1.40 §tandard uncertainty—uncertainty of the result of a
measurempnt expressed as a standard deviation.

3.1.41 gystematic error—mean result of a large number of
repeated rheasurements of the same measurand minus a true
value of tlhe measurand.

3.1.41.1 Discussion—The repeated measurements are car-
ried out uhder conditions of “repeatability.” Like true value,
systematid error and its causes cannot be completely known.
The error| of the result of a measurement may often be
considered as arising from a number of random and systematic
effects thqt contribute individual components of error to the
error of the result (see ASTM Terminologies E 170 and E 456,
and Practite E 177).

3.1.42 fraceability—see measurement traceability.

3.1.43 fransfer standard dosimeter—dosimeter, often a ref-
erence stgndard dosimeter, suitable for transport between
different Ipcations, used to compare absorbed-dose measure-
ments.

3.1.44 grue value—value of measurand that would be ob-
tained by p perfect measurement.

3.1.44.1] Discussion—True value is by its nature indetermi-
nate and oply an idealized concept. In this guide the terms-“true
value of ajmeasurand” and “ value of a measurand” are viewed
as equivalpnt (see 5.1.1).

3.1.45 {ype A evaluation (of standard’ uncertainty)—
method of|evaluation of a standard uncertainty* by the statistical
analysis of a series of observations.

3.1.46 [ype B evaluation (of-~standard uncertainty)—
method of|evaluation of a standarduncertainty by means other
than the sfatistical analysis of-a\series of observations.

3.1.47 #ncertainty (of dnédsurement)—parameter, associ-
ated with p measurand_o6r derived quantity, that characterizes
the distribption of the\Values that could reasonably be attrib-
uted to th¢ measurand’or derived quantity.

3.1.47.1] Discussion—For example, uncertainty may be a
standard deyiation (or a given multiple of it), or the width of a

Practices 51204 and 51431). Process parameters. jnust be
carefully controlled to ensure that these products.are processed
within specifications (see ISO 11137, Section)23). Accurate
dosimetry is essential in process control (se€' ISO/ASTM Guide
51261). For absorbed dose measurements to)be meaninigful, the
combined uncertainty associated with, ‘these measyrements
must be estimated and its magnitude-quantified.

Note 1—For a comprehensive diseussion of various dosimdtry meth-
ods applicable to the radiation typesjand energies discussed in this guide,
see ICRU Reports 14, 17, 34,\3§ and Refs (5, 6).

4.2 This guide useés-the methodology adopted by the Inter-
national Organization*for Standardization for estimating uncer-
tainties in dosimétry for radiation processing (see 2.3). ASTM
traditionally~uses the terms of precision and biaj where
precision{isVa measure of the extent to which feplicate
measuréments made under specified conditions are ip agree-
menfand bias is a systematic error (see ASTM Termipologies
E 170 and E 456, and Practice E 177). As seen fiom this
standard, components of uncertainty are evaluated gs either
Type A or Type B rather than in terms of precision gnd bias.
Error is different from Type A and Type B compohents of
uncertainty.

4.3 Although this guide provides a framework for assessing
uncertainty, it cannot substitute for critical thinking, [intellec-
tual honesty, and professional skill. The evaluation df uncer-
tainty is neither a routine task nor a purely mathematical one;
it depends on detailed knowledge of the nature of the|measur-
and and of the measurement method and procedure uped. The
quality and utility of the uncertainty quoted for the refult of a
measurement therefore ultimately depends on the understand-
ing, critical analysis, and integrity of those who conttibute to
the assignment of its value.

4.4 Process requirements may necessitate establishment of a
target uncertainty, which provides a point of refer¢gnce for
evaluating whether the calculated value of uncerfainty is
acceptable for the process under consideration.

4.5 Results of an uncertainty assessment may be usg¢d to aid
in the evaluation of the statistical control in the given|applica-

confidencé+terval—Uneertatnty-of measurement-comprises;
general, many components. Some of these components may be
evaluated from the statistical distribution of the results of series
of measurements and can be characterized by experimental
standard deviations. The other components, which can also be
characterized by standard deviations, are evaluated from as-
sumed probability distributions based on experience or other
information. It is understood that all components of uncertainty
contribute to the distribution.

3.1.48 uncorrected result—result of a measurement before
correction for the assumed systematic error.

tion. Controllable components of uncertainty may be ranked by
comparison to total uncertainty. This ranking may be used to
identify areas for corrective action to reduce the total uncer-
tainty.

5. Basic concepts—components of uncertainty

5.1 Measurement:

5.1.1 The objective of a measurement is to determine the
value of the measurand, that is, the value of the specific
quantity to be measured. A measurement therefore begins with

© ISO/ASTM International 2005 — All rights reserved
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an appropriate specification of the measurand, the method of
measurement, and the measurement procedure.

5.1.2 In general, the result of a measurement is only an
approximation or estimate of the value of the measurand and
thus is complete only when accompanied by a statement of the
uncertainty of that estimate.

5.1.3 In practice, the specification or definition of the
measurand depends on the required accuracy of the measure-
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measurement result, hereafter referred to as a systematic effect,
the effect can be quantified and, if significant in size relative to
the required accuracy of the measurement, an estimated cor-
rection or correction factor can be applied. It is assumed that
after correction, the expectation or expected value of the error
arising from a systematic effect is zero.

Note 3—The uncertainty of an estimated correction applied to a
measurement result to compensate for a systematic effect is not the

ment. Te measurand sioutd be defined witit Sufficient com-
pleteness relative to the required accuracy so that for all
practica] purposes the measurand value is unique.

5.1.3l Although a measurand should be defined in suffi-
cient dgtail that any uncertainty arising from its incomplete
definitign is negligible in comparison with the required accu-
racy of the measurement, it must be recognized that this may
not alwgys be practicable. The definition may, for example, be
incomplete because it does not specify parameters that may
have begn assumed, unjustifiably, to have negligible effect; or
it may ijply conditions that can never fully be met and whose
imperfe¢t realization is difficult to take into account.

5.1.4 |In many cases, the result of a measurement is deter-
mined ¢n the basis of repeated observations. Variations in
repeated observations are assumed to arise from not being able
to hold [completely constant each influence quantity that can
affect the measurement result.

5.1.5 |The mathematical model of the measurement proce-
dure thqt transforms the set of repeated observations into the
measurgment result is of critical importance since, in addition
to the ¢bservations, it generally includes various influence
quantiti¢s that are inexactly known. This lack of knowledge
contributes to the uncertainty of the measurement result along
with the variations of the repeated observations “and any
uncertaipty associated with the mathematical modelitself.

5.2 Hrrors, Effects, and Corrections:

5.2.1 [In general, a measurement procedure”has imperfec-
tions thpt give rise to an error in the.feasurement result.
Traditiopally, an error is viewed as_havihg two components,
namely,|a random component and a_systematic component.

5.2.2 |Random error presumably ‘arises from unpredictable
or stochastic temporal andsspatial variations of influence
quantiti¢s. The effects of stich variations, hereafter referred to
as randgm effects, giverise to variations in repeated observa-
tions of|the measurand> The random error of a measurement
result cgnnot be cempensated by correction but it can usually
be reduced by Sincreasing the number of observations; its
ion/or ‘expected value is zero.

A—11C ‘Al‘ll‘l anaard dc ¢.l. l‘nlll‘ Mcan
or average of a series of observations is not the random error of the mean,
although it is so referred to in some publications on uncertainty. It is
instead a measure of the uncertainty of the mean due to random effects.
The exact value of the error in the mean arising from these effects cannot
be known. In this guide great care is taken to distinguish between the
terms “error” and “uncertainty;”’ they are not synonyms but represent
completely different concepts; they should not be confused with one
another or misused.

5.2.3 Systematic error, like random error, cannot be elimi-
nated but it too can often be reduced. If a systematic error
arises from a recognized effect of an influence quantity on a
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systematic error. It is instead a measure of the uncertainty of the result due
to incomplete knowledge of the value of the correctionIn|general, the
error arising from imperfect compensation of a systemiaticeff¢ct cannot be
exactly known.

5.2.4 Ttis assumed that the result of £ measurement has been
corrected for all recognized significant systematic gffects.

Note 4—Often, measuring instruments and systems are|adjusted or
calibrated using measurement referefice standards to eliminate systematic
effects; however, the uncertainties ‘associated with these stapdards must
still be taken into account.

5.3 Uncertainty:

5.3.1 The uncertainty of the result of a measuremént reflects
the lack of exactknowledge of the value of the measprand. The
result of a measurement after correction for recognized sys-
tematic effects is still only an estimate of the value of the
measurand”because of the uncertainty arising from random
effectshand from imperfect correction of the result fpr system-
atic.effects.

Note 5—The result of a measurement (after correction) dan unknow-
ingly be very close to the value of the measurand (and hfnce have a
negligible error) even though it may have a large uncertainty. Thus the
uncertainty of the result of a measurement should not be ifterpreted as
representing the remaining unknown error.

5.3.2 In practice there are many possible source$ of uncer-
tainty in a measurement, including:
5.3.2.1 incomplete definition of the measurand;
5.3.2.2 imperfect realization of the definition of the measur-
and;
5.3.2.3 sampling—the sample measured may nof represent
the defined measurand;
5.3.2.4 inadequate knowledge of the effects of environmen-
tal conditions on the measurement procedure or|imperfect
measurement of environmental conditions;
5.3.2.5 personal bias in reading analog instruments;
5.3.2.6 instrument resolution or discrimination threshold;
5.3.2.7 values assigned to measurement standards;
5.3.2.8 values of constants and other parameterp obtained

5.3.2.10 lack of identical conditions in repeated observa-
tions of the measurand.

Note 6—These sources are not necessarily independent and some may
contribute to 5.3.2.10. Of course, an unrecognized systematic effect
cannot be taken into account in the evaluation of the uncertainty of the
result of a measurement but contributes to its error.

5.3.3 Uncertainty components are classified into two cat-

egories based on their method of evaluation, “Type A” and
“Type B.” These categories are not substitutes for the words
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“random” and “systematic.” The uncertainty of a correction for
a known systematic effect may be obtained by either a Type A
or Type B evaluation, as may be the uncertainty characterizing
a random effect.

5.3.4 The purpose of the Type A and Type B classification is
to indicate the two different ways of evaluating uncertainty
components. Both types of evaluation are based on probability
distributions and the uncertainty components resulting from
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so that the evaluation of uncertainty is based as much as
possible on observed data. Whenever feasible, the use of
empirical models of the measurement procedure founded on
long-term quantitative data, and the use of performance tests
and control charts that can indicate if a measurement procedure
is under statistical control, should be part of the effort to obtain
reliable evaluations of uncertainty. A well-designed experiment
can greatly facilitate such efforts and is an important part of the

each type pre quantificd by a Standard deviaton or a variance.

5.3.5 The population variance u* characterizing an uncer-
tainty cotpponent obtained from a Type A evaluation is
estimated [from a series of repeated observations. The best
estimate ¢f u? is the sample variance s*. The population
standard deviation u, the positive square root of u?, is thus
estimated py s and for convenience is sometimes referred to as
a Type A ptandard uncertainty. For an uncertainty component
obtained ffom a Type B evaluation, the population variance u*
is evaluatpd using available knowledge and the estimated
standard deviation u is sometimes referred to as a Type B
standard uncertainty.

5.3.5.1 [Thus a Type A standard uncertainty is obtained from
a probability density function derived from an observed
frequency [distribution, while a Type B standard uncertainty is
obtained ffom an assumed probability density function based
on the defgree of belief that an event will occur. The two
approachep are both valid interpretations of probability.

Note 7—A Type B evaluation of an uncertainty component is often
based on a pool of comparatively reliable information.

5.3.6 The total uncertainty of the result of a measurement;
termed combined standard uncertainty and denoted by u_, is.an
estimated ftandard deviation equal to the positive squar€ root
of the totjl variance obtained by summing all varianc€ and
covariancg components, however evaluated, using.the law of
propagatidn of uncertainty (see Annex A3).

5.3.7 Tp meet the needs of some industrial and commercial
applications, as well as requirements in thétareas of health and
safety, an ¢xpanded uncertainty U is calculdted. The purpose of
the expangled uncertainty is to provide’an interval about the
result of 4 measurement within-which the values that could
reasonably be attributed to the-measurand may be expected to
lie with a high level of confidence. The value of U is obtained
by multiplying the combinéd standard uncertainty u. by a
coverage factor k (see §3).

he coveragé factor k is always to be stated so that the
standard ung¢ertainty/of the measured quantity can be recovered.

statistical means. However, because this is rarely possible in
practice due to limited time and resources, the uncertainty is
usually evaluated using a mathematical model of the measure-
ment procedure and the law of propagation of uncertainty. Thus
implicit in this guide is the assumption that a measurement
procedure can be modeled mathematically to the degree
imposed by the required accuracy of the measurement.

5.4.2 Because the mathematical model may be incomplete,
all parameters should be varied to the fullest practicable extent

ATt Of Measurement.

5.4.3 In order to decide if a measurement system'|is func-
tioning properly, the experimentally observed variabiljty of its
output values is often compared with the yariability gredicted
by combining the appropriate uncertainty, ‘compongdnts that
characterize its constituent parts. When\ calculating [the pre-
dicted standard deviation of the distribution of experimentally
observed output values, only,«those components (whether
obtained from Type A or Type B evaluations) that could
contribute to the observed vartability of these values should be
considered.

Note 9—Such an analysis may be facilitated by gatherjng those
components that contribute to the variability and those that do ndt into two
separate and appropriately labeled groups. The evaluation ¢f overall
uncertainty must take both groups into consideration.

5.4.4, Af apparent outlier in a set of measuremen}t results
may, bev'merely an extreme manifestation of the [random
variability inherent in the data. If this is true, then the value
should be retained and processed in the same manngdr as the
other measurements in the set. On the other hand, the putlying
measurement may be the result of gross deviatign from
prescribed experimental procedure or an error in calcujating or
recording the numerical value. In subsequent data analysis the
outlier will be recognized as unlikely to be from the same
population as that of the others in the measurement| set. An
investigation shall be undertaken to determine the repson for
the aberrant value and whether it should be rejected (sep ASTM
Practice E 178 for methods of testing for outliers).

5.5 Graphical Representation of Concepts:

5.5.1 Fig. 1 depicts some of the ideas discussed in this
Section. It illustrates why the focus of this guide is un¢ertainty
and not error. The exact error of a result of a measurgdment is,
in general, unknown and unknowable. It is only possible to
estimate the values of input quantities, including cofrections
for recognized systematic effects, together with their ftandard
uncertainties (estimated standard deviations), either from un-
known probability distributions that are sampled by rheans of
repeated observations, or from subjective or a priori fistribu-

tors—based—on—the—pootof—avattable—nformatton—dnd then
calculate the measurement result from the estimated values of
the input quantities and the combined standard uncertainty of
that result from the standard uncertainties of those estimated
values. Two a priori distributions are shown in Fig. 2.

7 Figs. 1 and 2 have been reproduced with the permission of the International
Organization for Standardization (ISO). The complete guide can be obtained from
any ISO member or from the ISO Central Secretariat, Postal 56, 1211 Geneva 20
Switzerland. Copyright remains with ISO.
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———————— Concepts based on observable quantities

Uncorrected mean
of observations

Standard uncertainty of the letf
uncorrected mean due to the
dispersion of the observations

Corrected mean
of observations

The corrected mean is the
estimated value of the
measurand and the result ot
the measurement.

Combined standard uncertainty
of the corrected mean.
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Unknown “random’ error
in the uncorrected mean
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6. Evalpation of standard-uncertainty

6.1 Measurement Procedure:

6.1.1 [The measurand Y (absorbed dose) is generally not
measurgble direetly) but depends on N other measurable
quantiti¢s X, Xy ..., X,y through a functional relationship f:

Y = fX,, Xyr s Xy) %)

Unknowrh value of correction
for all known systematic effects

FIGZ 1 Graphical illustration of value, error, and uncertainty

Remaining unknown error

in the corrected mean due to
an unrecognized systematic
effect

Unknown value
of Measureand

6.1.1.2 The input quantities X,, X5, X5... X,y and [associated
uncertainties are grouped either individually, for example, X,
or X, or as aggregates, for example, (X;... X,,) whefe p < N.

6.1.1.3 Grouping of input quantities is determijed by the
characteristics of the selected dosimeter, method of dalibration,
measurement application environment, and the ability within
these sets of conditions to generate experimental megsurements

6.1.1. 1 Themputquantities X7; X5, Xy amd theirassoc=
ated uncertainties may be determined directly in the current
measurement process by means of repeated observations and
may include effects of influence quantities such as temperature
or humidity. They may also involve uncertainties that arise
from activities such as calibration of routine dosimetry systems
under conditions that differ from actual irradiator facility
conditions (different dose rates, temperature cycle, etc.). Other
quantities that may be involved are those due to use of
reference or transfer standard dosimeters and their associated
uncertainties.
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either for individual or aggregate input quantities.

6.1.1.4 Both individual and aggregate input quantities and
associated estimates of uncertainty may be used to compare
estimates of uncertainty. A comparison increases the confi-
dence that major components of uncertainty have not been
omitted nor have some sources been included more than once.

6.2 Type A Evaluation of Standard Uncertainty:
6.2.1 The best estimate of the expected value of a quantity

is obtained by n independent measurements made under
conditions of repeatability and is given by the arithmetic mean,
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bance. Controlling these effects during calibration and routine
dosimetry will reduce the uncertainty in dose estimates.

6.2.2 For well-characterized measurement procedures under
a state of statistical control, a combined or pooled variance sP2
or pooled sample standard deviation s, may be available (see
ASTM Practice E 876). In such cases the variance of the mean
of n independent repeated measurements is s,>/n and the Type
A standard uncertainty is u, = s,/ \/7 .

p)rC!
0,250 |- -

0200 |-
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FIG. 2 Graphical illustration of evaluating type B standard
uncertainty

L
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x, or avefage of those measurements. The sample stadard
deviation, |s,,_;, of these observations characterizes\the vari-
ability of fthe observed values or their dispersion;about their
mean. For[example, at a production irradiator facility, repeated
measurempnts of dose at the same locationywithin product of
the same {lensity, radiation absorption properties, and geom-
etry, for the same processing and environmental conditions
would proyide an estimate of the sample standard deviation in
the dosimetry system. Possible chdnges in dose due to varia-
tions in prpcessing conditions_should be taken into account in
the estimate of sample stanélard deviation. The sample standard
deviation, | s,_;, can bedeferred to as a Type A standard
uncertainty, u,.

6.2.1.1 [The types~of uncertainty represented by a Type A
estimate afe determined by the experimental design that is used
to collect fhe-pbservations for the uncertainty estimate. If the

6.2.3 For Type A components of uncertainty, inetegsing the
degrees of freedom will reduce the uncertainty inthe pstimate
of the standard deviation and improve the |quality of the
estimate of uncertainty.

6.2.4 The magnitude of Type A comiponents of ungertainty
that are due to lack of repeatable corditions during calibration
and during measurements at the_production irradiatof facility
can be estimated by repeating/replicate measurementy.

6.3 Type B Evaluation af Standard Uncertainty:

6.3.1 The Type B component of uncertainty can be evalu-
ated by using all relevant information on the possible yariabil-
ity of the input quantities X,. For the input value X; thaf has not
been obtained. from repeated measurements, the eptimated
variance, uBZ, or standard uncertainty, ug, is evalfated by
judgment{using all relevant information on the possiple vari-
ability *0f X,. This pool of information may include previous
meaSurément data, documented performance charactefistics of
thé/dosimetry system, and uncertainties assigned to rpference
or transfer standard dosimeters. The uncertainty u, eftimated
in this way is referred to as a Type B standard undertainty.
Sources of these Type B standard uncertainty comporjents are
discussed in Section 7.

6.3.2 Several methods may be used to develop estifnates of
the magnitude of Type B uncertainty components. Ong method
is to estimate reasonable maximum magnitudes of eagh com-
ponent based on the known operating conditions| of the
calibration and production irradiator facilities and the docu-
mented uncertainty characteristics of the dosimetry|system.
Another method estimates the magnitude of each compjonent as
a function of these facilities’ operations.

6.3.3 The first method estimates the maximum magnitude
likely to be observed for each component. For example, if the
response of the dosimetry system is known to vdry with
temperature, then the uncertainty for the maximum op¢rational
temperature range is used for this component of uncerfainty. If
there is no specific knowledge about the possible valyes of X;
within its estimated bounds of a_ to a,, it is assumed hat it is

Type A uhcertaimty so—estinmated s umacceptabty targe;—the
components of uncertainty may be estimated by a more refined
experimental design. Knowledge of the components of vari-
ability may allow identification of components that can be
controlled so as to reduce variability. For example, if absor-
bance of a film dosimeter is measured during calibration
without controlling film thickness, relative humidity, or tem-
perature, the uncertainty of dose estimates from this calibration
may be unacceptably large. An experimental design that
controls these factors may indicate the film thickness and
relative humidity have significant effects on measured absor-

\A.lua}}_y ylubablu for Xi to—take—on arny valte—within those
bounds (that is a rectangular distribution, see Fig. 2(a)). As
shown in Fig. 2(a) the sample standard deviation is a/ \/§ .In
some cases it is more realistic to expect that values near the
bounds are less likely than those near the midpoint. It is then
reasonable to replace the rectangular distribution with a sym-
metric triangular distribution with a base width of a_ — a, = 2a,
see Fig. 2(b). Assuming such a triangular distribution for X,
the expectation value of X; is (a_+ a,)/2 and its variance is
ug” = a’/6. Thus, the Type B standard uncertainty is uy = a/

NG
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6.3.4 A second method of evaluating Type B uncertainties
defines the component as a function of the operating charac-
teristics of the irradiation facility. The mathematical relation-
ship may not be known.

6.3.4.1 For example, when the response of the dosimetry
system to a given dose varies with the temperature in a known
relationship, the uncertainty may be estimated as a function of
the temperature at which each fraction of dose was received.
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of calibration. Values for estimates of uncertainty in measured
dose referred to in these annexes are only representative of
components of uncertainty that typically are associated with
the measurement system and must not be construed to favor a
particular method of calibration or dosimetry system.

7.4 Each method of calibration has its own potential advan-
tages depending on the type of routine dosimeter selected and
its application. It is the responsibility of the user of the

The unfermaimy can be dCeImined {Tom e Teiationsmip
betweer| response and temperature that also requires detailed
knowledge of the temperature regimen during irradiation.

6.3.4.2 When the relationship between the dose rates and
temperafure profile is not known an assumed distribution
function) may be used to describe that relationship and the
procedufe discussed in 6.3.4.1 can be used to estimate uncer-
tainty.

6.3.5 [For the case where a reference or transfer standard
dosimetpr is employed, and the uncertainty quoted by the
supplier|is given as a multiple of a standard deviation, the Type
B standgrd uncertainty, iz, may be taken as equal to the quoted
value difvided by the multiplier. If the uncertainty is given at a
confiderjce level, such as 95 % or 99 %, then it may be
assumed that the multipliers are approximately 2 and 3,
respectiyely (see 8.3.1). The value for ug is obtained by
dividing the estimate of uncertainty at the given confidence
interval [by the appropriate multiplier.

7. Soures of uncertainty

7.1 ontributions to the combined uncertainty in the meas
sured vglues of absorbed dose include the following:

7.1.1 |Uncertainty in the absorbed dose received by-the
dosimetgrs during system calibration,

7.1.2 [Uncertainty in analysis of dosimeter response,

7.1.3 [Uncertainty in fit of dosimetry data to.a calibration
curve, apd

7.1.4 |Uncertainty in routine use of dosimeters in a produc-
tion irrafdiation facility.

7.2 Hach source of uncertainty @sually consists of several
compongnts of both Type A and ‘Type B. Components of
uncertaipty from each source dre;combined first by type, that is,
the Type A components_tegether and Type B components
together} Then the Type-A.contributions are combined with the
Type B fontributions-to.give a combined standard uncertainty,
u.. Methods for<combining uncertainties are discussed in
Section [§ and Amniex A3.

7.3 (alibration irradiation of routine dosimeters shall be
performpd.at (a) a national or accredited calibration laboratory

dosimetry System 10 justty the method of calibratgn.
7.4.1 Calibration irradiation of routine desimigters at a
high-dose calibration laboratory using criteria” spgecified in
ISO/ASTM 51400 has the advantage that-thé dosimeters are
irradiated to accurately known absorbed" doses upder well-
controlled and documented conditions', For these r¢asons, the
uncertainty in the absorbed dose rfeceived by the dopimeters is
relatively small. In-plant verifieation is required for this
method of calibration (see ISO/ASTM 51261).
7.4.2 Calibration irradiation of routine dosimefers at an
in-house calibration faeility has the advantage that the pre- and
post-irradiation corditions of the dosimeters can be adjusted
and controlled so they are similar to those encountered during
routine production. In-plant verification is requirgd for this
method of-Cdlibration (see ISO/ASTM 51261).
7.4.3¢The calibration irradiation of routine dosfmeters by
irradiating the dosimeters together with reference- gr transfer-
standard dosimeters in the production irradiator has [the advan-
tage that the influence quantities during irradiation pre similar
to those encountered during routine production. Thisimethod of
calibration reduces the requirements to make corr¢ctions for
influence quantities.
7.5 Components of uncertainty that are assocjated with
system calibration depend on the method of calibrgtion.
7.5.1 Calibration irradiation of routine dosimgters at a
high-dose calibration laboratory.
7.5.1.1 Some components of uncertainty that are|associated
with the calibration of routine dosimeters at a|high-dose
calibration laboratory are listed in Table 1. Dependent on the
method of analysis some components are only evjaluated as
Type B while others may be Type A or Type B.

Note 10—For each of the quantities in Tables 1- 4, the first subscript
denotes the source of uncertainty, for example, ¢ = calibrafion and the
second subscript denotes the component of uncertainty, for gxample, d =
decay. An NA means there is no assignable component gnd a prime
signifies the component is estimated by Type B evaluation.

Note 11—Uncertainty that affects all dosimeters in a batch (for
example, seasonal effects) should be reported separately. Thig uncertainty
is combined linearly with other components to obtain the tota] uncertainty.

using criterta specified T ISOrASTMPractice 5400, 1H)—am
in-house calibration facility that provides an absorbed dose (or
absorbed dose rate) having measurement traceability to nation-
ally or internationally recognized standards. or (¢) a production
irradiatior under actual production irradiation conditions to-
gether with reference- or transfer-standard dosimeters that have
measurement traceability to nationally or internationally rec-
ognized standards (see ISO/ASTM 51261). In case of option
(a) or (b), the resulting calibration curve shall be verified for
the actual conditions of use. Annex A4 and Annex A5 give
examples of estimates of total uncertainty for different methods

© ISO/ASTM International 2005 — All rights reserved

TABLE 1 Examples of uncertainty in absorbed dose
administered by a gamma ray calibration facility

Component of Uncertainty Type A Type B
Response of primary or reference standard Ugs U cs
Irradiation time Ugt U
Decay corrections” Ugy Uy
Non-uniformities in standard radiation field Ugs U o
Corrections for attenuation and geometry NA Uca
Conversion of absorbed dose to reference material NA U

A Only applicable to a gamma calibration laboratory.
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7.5.1.2 For irradiation at a high-dose calibration laboratory,
the calibration laboratory is responsible for estimating the
components of uncertainty that are listed in Table 1. The
calibration laboratory normally presents the user with a single
number for combined uncertainty that is given at a 95 % or
99 % confidence level. The standard uncertainty is obtained by
dividing this number by the appropriate coverage factor, for
example, 2 for an approximate 95 % confidence level and 3 fo
an approxjmare 99 % confidence 35 and §37-
standard upcertainty resulting from the calibration irradiation is
typically ¢ombined in quadrature with other components of
uncertainty to obtain an estimate of combined uncertainty in
absorbed dlose.

7.5.2 Chlibration of routine dosimeters that uses an in-house
calibratior] facility.

7.5.2.1 [In-house calibration facilities maintain traceability
by demorlstrating the dose rate is traceable to appropriate
national (dr international) standards. This requires the in-house
calibratior] facility to irradiate reference or transfer standard
dosimeter§. As a result, an additional component of uncertainty
(beyond those specified in Table 1) must be included based on
the standapds laboratory’s estimate of the uncertainty associ-
ated with the absorbed dose measurements using the reference
or transfer| standard dosimeters. This additional component of
uncertainty value is then incorporated into the in-house cali-
bration fagility’s statement of calibration uncertainty.

7.5.3 Chlibration of routine dosimeters in a production
irradiator fhat uses reference or transfer standard dosimeters.

7.5.3.1 With this method of calibration not all of the
componenfs of uncertainty in Table 1 apply since the calibia*
tion occufs in the production irradiator rather than .at™a
calibratior] laboratory. However, uncertainty in the response of
the referefice or transfer standard dosimeters still need to be
taken intd account as well as uncertainties related to co-
location df reference standard dosimeters with™ the routine
dosimetery so both receive the same dose. All of these
componenfs of uncertainty must be addfessed by the user and
combined [to give a single number for uhcertainty.

7.6 Components of uncertainty( thdat are due to dosimeter
response fire common to thethree methods of calibration.
Some conpponents of uncertainty that are due to analysis of
dosimeter [response are given in Table 2. These components

G =S cC 0 s 1

TABLH 2 Examples of uncertainty in dosimeter readings
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irradiated under the same conditions at an irradiator can be
used for this purpose.

7.6.2 The measurement equipment may introduce Type B
components of uncertainty in the determination of dosimeter
response. For example, some types of dosimetry systems
require knowledge of dosimeter thickness in the calculation of
absorbed dose. Possible uncertainties associated with the
thickness gage may need to be taken into account. If thickness

doSImerers 1S ot me S Thar is, average
thickness for the lot or manufacturer’s specification|is used,
uncertainty associated with variations in thickness |of indi-
vidual dosimeters may need to be taken int@ aceount. In those
cases where a spectrophotometer serves, as\the readoyt equip-
ment, a source of uncertainty could be introduceq if the
wavelength setting differs from the veference value.

7.7 Components of uncertainty\that are traceable [to fit of
dosimetry data to a calibratiod curve are common to the three
methods of calibration. Desimetry calibration data must be
fitted to an analytical ferm} for example, linear, exppnential,
power, or polynomial’that provides a good fit to the measure-
ment data. The uncertainty in absorbed dose associafed with
the fit of the calibration curve depends on the data usg¢d in the
fit and the typ€ of analytical function. These compopents of
uncertainty)that apply equally to calibration at gamma, |electron
beam, dnd X-ray/bremsstrahlung irradiators are given [in Table
3.

O (1VIAUd dSUrcd d dal

TABLE 3 Examples of uncertainty in calibration cufve

Component of Uncertainty Type A Type B
Variation in response of dosimeters Ut U sm
Analytical function used in fit Uy, Ut

Note 12—The component of uncertainty due to variability irj
of dosimeters is taken into account when replicate measurement|
to fit the calibration data rather than average values. In this
component of uncertainty in Table 2 that is due to variability in
response should not be included in the estimate of combined urjcertainty.

Note 13—The calibration curve will generally cause the unc¢rtainty in
dose to differ from the uncertainty in response due to the non-linearity of
the calibration curve. The uncertainty may not be constant plong the
calibration curve but may vary depending on the distribution of fata fitted
and on the analytical function.

response

are used
case, the
Hosimeter

7.7.1 Different analytical forms may be selected tp fit the

ibration

and the

Comgonént of Uncertainty Type A Type B data. The analytical form is characterized by paramefers that
Intrinsic variz:tion ih dosimeter response Ug; NA are estimated by fitting the analytical form to the ca
Variation in tHckrres mdviduat dosmeter Tst Ly data—Doseshoutd-be-the depenmdent (r=axis) vartabt
Measurement of thickness of individual dosimeters Usx U sx instrument response the dependent (y-axis) variable when least
Variations in readout equipment NA U'sq

apply equally to calibration at gamma, electron beam, and
X-ray/bremsstrahlung irradiators.

7.6.1 Variation in the absorbance of several dosimeters that
are irradiated under the same conditions can be used to
estimate the Type A components of uncertainty in Table 2. Sets
of dosimeters used in calibration of a batch of dosimeters or

10

squares regression or maximum likelihood methods are used to
find the best-fit parameter estimates. Dose and dose uncertainty
are estimated by inverting the fitted equation either analytically
or numerically. The appropriate analytical form and applicable
dose range depends on the dosimetry system. The following
elements should guide the selection of the analytical form used:

7.7.1.1 If the response of the dosimeter obeys a known
physical relationship, for example, logarithmic, that function
should be used.
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7.7.1.2 Otherwise, the data should be plotted and inspected
to ascertain if a particular relationship provides a good fit to the
data. This exercise also can reveal the presence of possible
outliers (3).

7.7.1.3 If the response of the dosimeters is best fitted using
a polynomial, the degree of the polynomial selected should be
the lowest order that gives a good fit to the data set. Selection
of higher orders can introduce oscillatory behavior in the curve
that mayT i e physicat T T Of e

IV Terate 10 e DNvSicar 1¢3T

7.7.1.4

used to fit the function avoids singularities close to
of use.

equation Jocation to avoid the instabilities associated with nearby singu-
larities dfiring parameter fitting. Some packages such as SIGMA-FIT,
provide ah option to do this automatically.

7.8 (Jomponents of uncertainty that are traceable to routine
use of dpsimeters in a production irradiation facility depend on
the method of calibration.

7.8.1 |For calibrations that are performed at a calibration
laboratopy or in-house calibration facility the use of dosimeters
during foutine production introduces uncertainty due to the
differen¢es in environmental conditions found at the produc-
tion facillity and those at the high dose calibration laboratory or
in-housg calibration facility. Some components that may con-
tribute tp these sources of uncertainty are given in Table ¥

TABLE 4 Examples of uncertainty due to routihe-use

Component of Uncertainty TypeA Type B
Deviations|in environment from calibration Upe U e
conditiops
Influence ¢f adjacent product on dosimeter Upp Uy
Reproducipility in placement of dosimeter within u,, u,,
product pnit
Orientatior) of dosimeters to source of radiation Upo U,

Note 5—Calculations based on dosimetry measurements may con-
tribute additional uncertainty.~For example, a dosimeter used in routine
production may be plaeed ih a position within or on product that is not a
maximun} or minimtpi absorbed-dose position (that is, a reference
position).|JAn additional source of uncertainty is introduced when convert-
ing the dose/measurement at the reference position to a maximum or
minimum| dbsprbed dose. This source of uncertainty is not due to the
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7.8.1.2 Each aspect of the production irradiation environ-
ment may introduce another element of uncertainty into the
estimation of the absorbed dose. The resulting uncertainty
should be estimated by considering the sensitivity of the
dosimetry system to production conditions. The effect of
environment should be verified by irradiating reference stan-
dard dosimeters with the routine dosimeters in the production
irradiator. The uncertainty associated with the difference be-
Ut Tbration environmment and | fomerjvironment
tests (see

WEC C callibraton cnviro C anda produ OI1,C
may be estimated from results of the verification
ISO/ASTM 51261).

7.8.2 Calibration of routine dosimeters, by/co-lodation with
reference or transfer standard dosimetefS\and irradigtion in the
production irradiator take into account.effects of erfjvironment
on response of the routine dosifmeters. However, [remaining
components of uncertainty that.are listed in Table 4 [need to be

taken into account.

8. Combining uncertainties—statement of uncentainty

8.1 For sourcesCof uncertainty that are indepepdent (not
correlated), the éonibined uncertainty is obtained by fombining
all Type A standard uncertainties and all Type B standard
uncertaintiessin quadrature. If absolute values are uped for the
standard)dé€viations, the components of uncertainty must be
weighted by appropriate sensitivity coefficients. If a|functional
relationship between variables is known to exisf, use the
procedures of Annex A3 to determine the combined standard
uncertainty. This combined standard uncertainty is fesignated
as u, (7).

8.2 For sources of uncertainty that are related, th
those correlations must be taken into account in dgtermining
the combined standard uncertainty. Full treatment pf correla-
tion effects is beyond the scope of this guide; howdver, in the
special case where all estimates of input quantities arge perfectly
correlated, the combined standard uncertainty is the [linear sum
of the Type A and Type B standard uncertainties (8). This has
the effect of giving a maximum limit to the estinjate of the
combined uncertainty.

8.3 Although u,. can be used as the final expression of
uncertainty of a measurement result, it is often ndcessary to
give the uncertainty in terms of an interval about th¢ measure-
ment result within which the values that could reagonably be
attributed to the measurand may be expected to lie With a high
level of confidence. This additional measure of unceftainty that
provides such a confidence interval is termed expanfed uncer-
tainty and denoted as U. The expanded uncertdinty U is
obtained by multiplying the combined standard uncertainty u,.

b effects of

absorbed-dose TEasUTeNE Nt Tather, Tt Is— @ Source of UICeTtaimnty 1 te
calculation of maximum or minimum absorbed dose based on the
reference dose measurement.

7.8.1.1 By proper packaging, dosimeters can be protected
from variations in some influence quantities, for example,
light, atmosphere, humidity; however, the effects of other
influence quantities, for example, temperature, energy spec-
trum, dose rate and dosimeter orientation need to be taken into
account. Calibration at temperatures and dose rates similar to
production conditions will reduce the effect of differences in
these influence quantities on dosimeter response.

© ISO/ASTM International 2005 — All rights reserved
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by a coverage factor k:
U = ku, 3)

8.3.1 The choice of a coverage factor that corresponds to an
exact confidence level is difficult to achieve in practice. This is
true because it requires the full knowledge of the probability
distribution of the measurand. However, for a large number of
measurements and a probability distribution that is approxi-
mately normal, coverage factors of 2 and 3 correspond ap-
proximately to confidence levels of 95 % and 99 %, respec-
tively.
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8.3.1.1 To obtain a better approximation of the coverage
factor than that assumed above, it is necessary to determine the
factor by means of the Student’s ¢ distribution. When the
number of observations is limited (small number of degrees of
freedom), it may be necessary to calculate the effective degrees
of freedom by use of the Welch-Satterwaite formula (see Ref 4
and section 2.3, ISO Guide to the Expression of Uncertainty in
Measurement)).

ALy

i’

sometimes proposed as a method for reducing the probability
of not meeting the prescribed dosing specification. The appli-
cation of this quantitative approach and the effect on process-
ing specifications is outside the scope of this guide.

9.3 Performance of the detailed analysis of the components
contributing to the expanded uncertainty has the following
purposes.

9.3.1 Identification of possible sources of uncertainty and

9. Infornjation provided by uncertainty

9.1 Thg value of the expanded uncertainty in the measure-
ment of alpsorbed dose should provide the level of confidence
appropriatp to the specific application.

9.2 Kngwledge of the expanded uncertainty in the measure-
ment procpss has several purposes.

9.2.1 The value of expanded uncertainty serves as a guide
for determjining if the measurement system is under control and
proper prqcedures for use of the dosimetry system are being
followed.

9.2.2 Rpsults of the estimate of expanded uncertainty can be
used to evhluate the suitability of the method of calibration and
type of rputine dosimeter that is being used to make the
measurempnts. Depending on these results it may be necessary
to change [the method of calibration, change the instrumenta-
tion that is used for analysis or select a different dosimetry
system thdt is more appropriate for the environment of use.

9.2.3 The results of the estimate of expanded uncertainty
can be used as a guide for setting process parameters, for
example, ¢ycle time, to account for statistical variability in the
measurempnt of absorbed dose. A quantitative version of thi$
technique,| which is referred to as the target dose concept, is

Al.l O

Al.1.1 Dosimetry calibration data must be fitted to an
analytical [form, for eXample, linear, exponential, power, or
polynomidl that prewides a good fit to the measurement data.
Methods fpr fitting'the calibration data to an analytical form are
discussed fin_this ‘annex. Dependent on the method of calibra-
tion, sevefal_¢omponents of uncertainty in measurement of

erview:

ANNEXES

(informative)

Al. UNEERTAINTY ASSOCIATED WITH FIT OF CALIBRATION DATA

assessment of the effects of these sources of uncerthinty on
measurement of dose lessen the chance that the measutfand will
be influenced in an unknown way by a compenéent df uncer-
tainty that could significantly affect the) acCuracy| of the
reported value.
9.3.2 Variability in measured dosg valtues may be traceable
to uncertainty in the dosimetry system’or due to changps in the
process. Without knowledge ofdheuncertainty in the theasure-
ment system it is not possible, to differentiate betwepn these
two potential sources ofivariability in the measurerhents of
absorbed dose. Knowledge of the sources of variapility in
measurements of absOrbed dose has practical valye when
investigating root ¢auses for apparent deviations in dgse.
9.3.3 Components of uncertainty that may be unacfeptably
large can belidentified, which may require improvemeijts in the
measurement techniques.

10, Keywords

10.1 absorbed dose; accuracy; bias; dosimeter; dgsimetry;
electron beams; error; gamma radiation; ICS 17.240; fadiation
processing; Type A evaluation; Type B evaluation; uncprtainty;
X-ray

measurement data, for example, specific absorbance obtained by dividing
the measured absorbance by the measured or mean thickness of the
dosimeter, used for estimation of absorbed dose.

Al1.1.3 The generic calibration model is written mathemati-
cally as: R = f (p, D) + ¢ (0, o*) where R is the dpsimeter
response, f, is the response function with the set of pafameters
p and the absorbed dose D, and e is the residual vaiability,

absorbed dose may be captured in fit of the calibration data.

Al.1.2 A calibration model is a mathematical expression
developed to describe the relationship between the absorbed
dose and the dosimeter response at any point within the
calibration range with an accompanying estimate of the uncer-
tainty. The inverse of the response function derived from the
calibration model is used to estimate absorbed dose from
response during use of the dosimetry system.

Note Al.1—The dosimeter response is the value determined from the
readout of the measurement instrument or the value derived from

12

llUlllldi‘ly dibllibulcd Wilil HICAIl 0 dlld leidllbc 07' During
calibration, the parameters p and variance o2 are estimated
from calibration data.

Al.1.4 Calibration data are collected following ISO/ASTM
51261 and the specific practice for the dosimetry system in use.
Dosimeters are irradiated under controlled conditions at several
absorbed doses that cover the calibration range. At each
absorbed-dose point, several dosimeters are irradiated simul-
taneously. The calibration procedure results in a data set
consisting of several absorbed-dose points each associated with
multiple dosimeter response values. These data allow the

© ISO/ASTM International 2005 — All rights reserved
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residual variance o to be partitioned into lack of fit and
intrinsic variability of dosimeter response components.

A1.2 Response Function Estimation:

Al.2.1 The response function, f (p, D), in the calibration
model R = f (p, D) + e (0, 0°) is a mathematical function that
relates absorbed dose to the dosimeter response. If a theoretical
form exists for this function then this form should be used and

ISO/ASTM 51707:2005(E)
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A1.2.5 It is sometimes possible to transform a non-linear
form into a linear form by use of an appropriate transformation
function. This is not recommended as the transformation not
only changes the response function, f (p, D) but also the
residual variability e (0, %). Computer programs are readily
available for estimating the parameters of a non-linear function
without the need for a linearizing transformation.

A1.2.6 A polynomial is often used for the response function.

the parameters p and ¢~ estimated.

Al.2.l.1 For some routine dosimetry systems, the measured
radiatiofp-induced chemical or physical change is directly
related tp the absorbed dose and the response function is linear.
For othg¢r systems, the rate of chemical or physical change
begins aks an increasing function, follows a linear response over
a portiopn of the absorbed-dose range and then decreases or
saturatey at higher absorbed-dose values. For this form of
reaction| the S-shaped curve can be approximated by a sigmoi-
dal or I¢gistic function.

Al1.2.1.2 Commonly, the functional form must be selected
prior to|estimating the parameters. Some software packages
will chpose the most suitable functional form based on
predefined statistical considerations, but careful consideration
should e given to the selection of an appropriate functional
form.

A1.2.p The parameters of linear functions may be estimated
by diredt algebraic operations. Parameters of non-linear func-
tions arq estimated iteratively. Standard deviations for the fitted
parametprs should be reported.

A1.2.B Least squares regression is used to estimate the
parametprs of the response function. The least squares algo-
rithm mfinimizes the sum of squared differences between the
measurdd response and the response estimated by the function
f (p, D)} The minimal sum of squared differencésis used to
estimatd the variance parameter o and the tofal tincertainty of
the fit of the response is proportional to the square root of o>,

A1.2.B.1 The sum of squared differefices between the mea-
sured r¢sponse of individual dosimeters and the estimated
respons¢ at a dose is used to estimate-dosimeter variance. This
requires| the use of individyal\.dosimeter responses in the
regressipn calculation (also-see-A1.3.2).

Note Al.2—Mean values ef the dosimeter responses and their associ-
ated varignce “0”” may pravide useful data on the reproducibility of the
dosimetey response, but \should not be used as the estimate of “o?” in

Al.1.3 ajd Al.1.4.

Al1.2.B.2 Daosimeters often have variability that depends in
part on fhe-magnitude of the absorbed dose. For such dosim-

The paramerters of a_ polynomiat can e cstmated using
ordinary least squares, that is, multivariate linears.fegression. A
polynomial function can theoretically be used 10" agproximate
any other functional form. The lowest order of polyfjomial that
provides an acceptable fit should be usedtoavoid osgillation of
the calculated response values betwgeen the calibratjon points.

A1.3 Diagnostics:

A1.3.1 The response function used for a calibraion model
should be carefully examiried for appropriateness and consis-
tency. The residual values (the differences between|the actual
dosimeter response and the response estimated|from the
response function)sare extremely useful diagnostics]

A1.3.1.1 Theyesidual values for all data points|should be
examined to/confirm that they are normally distriputed with
mean Q~and variance o. A normal probability glot of the
residuals: should be linear. It is sufficient that the variation be
approximately normally distributed.

A1.3.1.2 The plot of residual values versus abs¢rbed dose
should show values that scatter randomly about zefo. Outlier
values may indicate defective dosimeters or deviafions from
protocol that warrant investigation. Periodic patferns may
indicate an inappropriate selection of the respons¢ function.
Sequential variation of the residuals (residual values plternately
positive and negative) may indicate dosimeter hjndling or
processing effects warranting investigation.

A1.3.2 The data structure of dosimeter calibr
multiple dosimeters used at each dose point allows
fit of a response function to be directly estimated. L4
the difference between the variability of the dosimg
the mean response at each absorbed-dose point]
variability) and the variability of the dosimeters
calculated response at each absorbed-dose poin{ (residual
variability). This difference is compared to the varialility of the
dosimeters about the mean response at each abs¢rbed-dose
point (intrinsic variability) by use of an F test. The model
should be reviewed if the lack of fit F test is signifjcant.

htion with
he lack of
ck of fit is
ters about

(intrinsic
about the

Note Al.3—Implicit in this analysis is the fundamental
that the dosimeter response is well behaved between calibr

assumption
tion points.

eters, the ordimary feast Squares Tegression Ty OVer=estiTate
the dosimeter variability over the lower parts of the absorbed-
dose range.

Al1.2.4 Sometimes, when it is difficult to obtain a suitable fit
over the entire range, two calibration equations should be
developed; one for the lower (or higher) absorbed-dose range
and one for the entire range. The equation for the limited
absorbed-dose range may provide a better estimate of the
response in the specified range. When two equations are
developed, procedures may specify when each equation is to be
used.
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The F test does not specifically assess variability in areas between the

calibration absorbed-dose points.

Al.4 Absorbed-Dose Estimation:

Al.4.1 Estimating the absorbed dose corresponding to a
dosimeter response is performed by inverting the response
function. The original response function is R = f (p, D) and the
inverted response function is D = f'(p, R). An algebraic
inversion is used if possible, otherwise the inversion is done
numerically. Commercial software packages such as Excel
have numeric inversion functions built-in.
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Note Al.4—Where available, confidence limits for the mean or indi-
vidual values should be included.

A1.4.2 The uncertainty of the absorbed-dose estimate can
be estimated by dividing the uncertainty of the measured
dosimeter response by the slope of the response function at the
point of estimation. The slope may be calculated algebraically
as the first derivative of the response function. Alternately, the
absorbed-dose uncertainties may be calculated numerically
similarly o the absorbed-dosc estimate.

Note AlJ5—Examination of the residuals between the absorbed doses
calculated ffom the response function and the calibration absorbed doses
may also provide information for assessing the uncertainty of the
absorbed-dgse estimates.

A1.4.2.] The uncertainty bounds in the absorbed-dose esti-
mate are [calculated as prediction limits. These limits are
intended tp bound some percentage, for example, 95 %, of all
future abgorbed doses where the dosimeter response is the
value R.

Al.5 Cpmputer Software:

Al1.5.1 [The complexity of the calculations required for
fitting a falibration model and estimating absorbed dose
invariably(result in the use of computer software to perform the
calculations. Many commercial packages are available that can
perform s¢me or all of the desired calculations.

A2.1 Dependent on the source of radiation, type of irradia-
tor, and prpducts being processed, some components in Table 4
(see 7.6) dould significantly contribute to the total yngcertainty
in reportefl values of absorbed dose or alternately could be
ignored. Hor example, variability in orientation 6f dosimeters
to an eleftron beam could significantly. Contribute to the
estimate of uncertainty in absorbed doseg, Whereas, orientation
of dosimefers may have little effect in_the value of absorbed
dose in large panoramic gamma irradiators (9). Rather than cite
examples for all of the componefits of uncertainty in Table 4,
only thos¢ components that-fnay significantly contribute to
total unceftainty regardless of the source of radiation, type of
irradiator for product are>considered here. The user of this
guide, howyever, is dlerted to the importance of the remaining
componenfs of uncertainty in Table 4 and possible need to take
them into faccourit.

A2. UNCERTAINTY ASSOCIATED WITH ROUTINE USE
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A1.5.2 Examples of software packages include general
statistics packages such as SAS, Statistica, Statlab, Stata,
Sigma Stat, or Minitab; specialized packages/languages such
as MathCad, Splus, or GraphPad; or the routines built into
spreadsheets such as Excel.

Note Al.6—All trademarks are property of their respective owners.

A1.5.3 Many statistics packages assume that data are col-
H-depende -pairs—Her-these-statistiespackages,
the data structure of dosimeter calibration where oneX] value is
used for multiple Y values is unusual. Becaugeyof fhis, the
appropriate goodness of fit tests are not available as ap option
but rather must be constructed from the apptopriate elements of
standard printouts. Detailed understanding”of both the calcu-
lations performed by the statistics¢{package and the| desired
calculations is required to performthis construction.
Al.5.4 Most statistics packages do not have nyimerical
inversion routines for estimatiig absorbed dose and absorbed-
dose uncertainties. This capability is regarded as a mathemati-
cal function and is therefore found in the more matherhatically
oriented packages Sueh as MathCad or MatLab, of in the
mathematical spreadsheet functions.
Al1.5.5 Performing dosimeter calibration and dose| estima-
tion using~general-purpose statistical packages and/o1 spread-
sheets may require combining several outputs to oltain the
desired\calculations.

for routine use when possible. In addition, selectipn of a
dosimetry system that is insensitive to variation in envifonment
will reduce systematic errors in the measurements. Ir%diation
of this type of dosimeter with the routine system offers one
method of correcting for systematic errors. Unfortungtely, the
ideal dosimeter does not exist and corrections for envifonmen-
tal factors with estimates of systematic error may be fequired.

A2.2.1 Information on the temperature dependencg of do-
simetry systems is usually available from the manufacturer and
published literature (10-12). Fig. A2.1 provides an exgmple of

A2.2 Cirange T theenviromment durig Toute use {TomT
calibration conditions represents a potentially significant
source of uncertainty in measurements of absorbed dose at the
irradiator facility. This component of uncertainty usually ap-
pears as a systematic error in the measurement. By proper
packaging, dosimeters can be isolated from certain environ-
ments, for example, ultraviolet radiation and humidity; how-
ever, the effect on response of other environmental factors such
as temperature, dose rate, and energy spectrum must be taken
into account (see ASTM Practice E 1249 and Refs 10-13). For
this reason, calibration conditions should approximate those
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FIG. A2.1 Irradiation temperature dependence
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the temperature response for two types of dosimetry systems
(see ISO/ASTM Practices 51205 and 51275 and Refs 10, 12).
Both curves, which are normalized to a response of one at
20°C, were generated at given dose levels and dose rates. As
seen from this figure, a correction of several percent in
dosimeter response would be required if the temperature of
irradiation deviates significantly from 20°C.

A2.2.2 Dose rates durmg 1rrad1atlon of product may dlffer
significqt i
irradiatdr facdlty, dose rate may vary by a factor of ten or more
during the irradiation cycle. Fortunately, dosimeters routinely

used to onitor dose at irradiators are relatively insensitive to
dose ratp effects. Even so, corrections in response of several
percent may be necessary. Calibration of dosimeters at the dose

emes of the irradiator can be used to bracket the effect
Fate on response. Co-location of dose rate independent
ers with the routine dosimeters also can be used to
the systematic error in the response of the routine

rate exti
of dose
dosimet
estimate
system.

A2.2.
spectral

B For X-ray and gamma sources, correction for the
dependence of dosimeters can be assessed through the

A3.1
but is dg
a functi

In many cases a measurand Y is not measured directly,
termined from N other quantities X,, X5, ... X, through
nal relation f:

Y = X, Xy, ... Xy) (A%D)

Included among the quantities X; are corrections (or correc-
tion facfors) as described in Section 6, as well as quantities that
take int¢ account other sources of variability, such-das different
observefs, instruments, samples, laboratories; “and times at
which dbservations are made (for example, “different days).
Thus thg function f of Eq A3.1 should, express not simply a
physical law but a measurement process, and in particular, it
should pontain all quantities that (can contribute significant
uncertaipty to the measurement esult.

A3.2
denoted

An estimate of the_m€asurand or output quantity Y,
by y, is obtained Tsrom Eq. A3.1 using input estimates
X1, Xo, .4 xy for the values of the N input quantities X;, X, ...
Xy Thys the outpuf(estimate y, which is the result of the
measurgment, is_given by:

y :.ﬂxl’x% ---xN) (A32)

A3.3 | The combined standard uncertainty of the measure-

A3. LAW OF PROPAGATION OF UNCERTAINTY (15)
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use of cavity theory (14). At the extremes of “thin” and “thick”
dosimeter, the correction factor that relates absorbed dose in
dosimeter to the medium of interest is given by the ratio of
mass collision stopping powers and mass energy absorption
coefficients respectively (see ISO/ASTM Guide 51261). This
approach has been used to estimate the correction factor that
should be applied to various types of dosimeters when they are
exposed to dlfferent photon spectra (13) Knowledge of the
i i frum at the

irradiator are required for calculatlon of the certe¢fion factor
(see ASTM Practice E 1249). If the responsé. is not corrected
for energy dependence, a systematic erropof several percent is
possible.
A2.2.4 For electron beam irradiators, the variatign of mass
collision stopping powers over dosimeter thicknegs may in
practice introduce uncertainties.depending on the bepm energy,
scatter conditions, and the-depth of measurement {see ICRU
Reports 35 and 37). For these reasons, dosimeters must be thin
and the ratio of mass,\collision stopping powers | (material/
dosimeter) must b€-essentially constant over thg range of
secondary electron‘energies.

ncertainty
x;) is the

affaX; evaluated at X; = x;; u(x;) is the standard 1
associated with the input estimate x; and u(x,
estimated covariance associated with x; and x;.
A3.3.1 For sources of uncertainty that are 1ndependent (not
correlated), the combined uncertainty is obtained by fombining
all standard uncertainties in quadrature.

A3.4 As an example of a Type A evaluation, cpnsider an
input quantity X; whose value is estimated from n irjdependent
observations X;, of X; obtained under the same copditions of
measurement. In this case the input estimate x; is @sually the
sample mean:

(A3.4)

and the standard uncertainty u(x;) to be associated with x; is
the estimated standard deviation of the mean

n 12
u(x,-) = S(},) = {m kzl (Xi,kf)_(iy} (A3.5)

Note A3.1—Eq A3.5 provides an unbiased estimate of fhe standard

deviation.

ment result y, designated by u.(y) and taken to represent the
estimated standard deviation of the result, is the positive square
root of the estimated variance u 2(y) obtained from:

(_> o of

| 9x; 0X; ax;

Eq A3.3 is based on a first-order Taylor series approximation
of Y = f(X,, X5, ..., X) and is conveniently referred to as the
law of propagation of uncertainty. The partial derivatives of
aflax; (often referred to as sensitivity coefficients) are equal to

N

by

N-1 N

2<x)+22 3

u’ (y) = u(x;, x;)

(A3.3)
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A35 As an example of a 1ype B cvaluation, consider an
input quantity X; whose value is estimated from an assumed
rectangular probability distribution of lower limit a_ and upper
limit a,. In this case the input estimate is usually the expecta-

tion of the distribution.
x;=(a, +a)2 (A3.6)

and the standard uncertainty u(x;) to be associated with x; is
the positive square root of the variance of the distribution:

a

u(x;) = W

(A3.7)
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where:
a = (a,— a))l2 (see Section 6).

Note A3.2—When x; is obtained from an assumed distribution, the

ALy

i’

associated variance is appropriately written as u*(X;), but for simplicity,
u*(x;) and u(x;) are used. Similar considerations apply to the symbols
u(y) and u, (y).

A4. EXAMPLE OF DOSIMETRIC UNCERTAINTY FOR ROUTINE USE OF RED 4034 PERSPEX
BASED ON IN-HOUSE CALIBRATION

A4.1 Methodologies for Estimating Individual Components
of Uncertdinty:

A4.1.1 [The following sections address the methods for
estimating|the Type A and Type B components of uncertainties
based on 4¢n in-house calibration procedure.

Note A4|l—Uncertainties estimated by the in-house facility calibrat-

ing the dosjmeters are reported as a single value (Type A and Type B
combined) gnd uncertainty reported by the calibration service, for ex-
ample, NIST or NPL as Type B.

A4.2 Uncertainty in Absorbed Dose Due to
Calibratiop—An example of the derivation of the uncertainty
associated|/with a dosimetry system calibrated using an accred-
ited in-hopse gamma facility is described in the following
sections. Ih this example, the equipment includes a Gammacell
220 (GC |220) self-contained dry storage gamma irradiator
(manufacfured by MDS Nordion) and a 10-position
temperatufe-controlled dosimeter holder. The holder is cylin-
drical with all 10 positions equally spaced.

A4.2.1 Sources of uncertainty that contribute to the overall
measurempnt uncertainty using the GC 220 and 10-position
holder asspmbly include those listed in Table A4.1. All_uncer-
tainties arp reported as relative standard uncertainty values
(coverage [factor, k = 1, approximately 68 % confidence level).

A4.2.2 Response of Reference or Transfer Standard:

A4.2.2.] To establish traceability of the absorbed dose rate
of the G220 to national standards, sxeférence or transfer
standard dosimeters are supplied by/a récognized standards
organizatipn/laboratory for irradiatten.in the GC220. Certifi-
cation of ¢alibration includes th€-laboratory’s estimate of the
overall unfertainty associated_with the absorbed dose evalua-
tion, which is reported her€ as"a Type B uncertainty.

TABLE A4.1 Components of uncertainty (k = 1) for dose

delivered to dosimeters

Uncertainty at 1 Standard Deviation (%)

such as
.1 % (or

A4.2.2.2 For dosimeters supplied by laboratories
NIST or NPL, overall uncertainty is approximately- |
less) at the 68 % confidence level.

A4.2.3 Irradiation Time:

A4.2.3.1 Based on variation in mgvement of thel sample
chamber, uncertainty in irradiation{time is estimatdd to be
0.1 % at the 68 % confidence level\Transit absorbed dose (see
ISO/ASTM 51261) is includéd, during the establishment of
irradiation time.

A4.2.4 RadioisotopePecay Corrections:

A4.2.4.1 Type B Uncertainty—Decay corrections |are per-
formed each day drradiations are performed. The mlaximum
uncertainty due t6_the decay correction between any two days
is 0.01 % atth€ 68 % confidence level (0.04 %/3), which was
not takendnte’account in the estimate of combined ungertainty
because of*its small magnitude.

A&24.2 Type B Uncertainty—The half-life of Cobalt-60 is
1925.5 £ 0.5 days (16). The uncertainty in the half-life value
15:0.03 % (0.5/1925.5 X 100 %) at the 68 % confidente level.

A4.2.5 Non-uniformities in Standard Radiation Figld:

A4.2.5.1 Dosimeters are irradiated in the 10-positiop alumi-
num holder. The effect of variation in absorbed dose feceived
by individual dosimeters due to positioning within the holder is
estimated to be 0.25 % at 68 % confidence level. For pets of 5
dosimeters used for calibration, divide by the square ropt of the
number of samples 0.25 %/+/5 to obtain the Type A esfimate of
0.11 %.

A4.2.6 Correction for Attenuation and Geometry:

A4.2.6.1 TIrradiation of dosimeters is performed basg
10-position holder/ampoule geometry.

A4.2.6.2 The absorbed doses for all dosimeters ifradiated
are based upon the absorbed dose (rate) for this geonfetry. An
estimate of uncertainty (Type B) of 0.5 % at the 68 Yo confi-
dence level is assigned for differences in attenuation| charac-
teristics between the ampoule-type and perspex-type njaterials.

A4.2.7 Conversion of Absorbed Dose to Referende Mate-
rial:

A4 T 1 A1l
Ve \p FVre B

d on the

Component
TYPE A TYyPE D

Response of reference or transfer N/A 1.1

standard
Irradiation time N/A 0.1
Decay corrections 0.03
Non-uniformities in the radiation field 0.11
Attenuation and geometry due to holder N/A 0.5
Conversion of absorbed dose to N/A N/A

reference material
Type A and Type B combined 0.01 1.22

separately in quadrature
Type A and Type B combined in
quadrature (1o)

1.22

16

HAt-absorbed-doseresultsarereported-as—dbsorbed
dose in water. Reporting absorbed dose values in other mate-
rials (for example, PMMA, silicon, and graphite) require an
additional component of uncertainty due to the ratio of the
mass energy absorption coefficients.

A4.2.7.2 For a photon spectrum having significant scatter
component down to approximately 100 keV, the uncertainty is
approximately =0.3 % at 68 % confidence level (17). If this
component of uncertainty is taken into account, an additional
Type B component of uncertainty of 0.3 % at 68 % confidence
level should be added.
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A4.2.8 Combining the Type A and Type B components in
quadrature, the overall uncertainty for irradiation of dosimeters
in the Gammacell 220 is estimated to be *1.22 % at the 68 %
confidence level.

A4.3 Analysis of Dosimeters :

A4.3.1 Intrinsic Variation in Dosimeter Response:
A4.3.1.1 Type A—Under conditions of repeatability, a

ISO/ASTM 51707:2005(E)
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samples were each irradiated to eleven absorbed dose points.
Relevant information collected or calculated include the fol-
lowing:

(1) Number of measurements of each dose (n;)

(2) Specific absorbance (k cm™)

(3) Mean value of absorbed dose (d,)
(4) Sample standard deviation (SD;)

(5)—Coefficieni—of—variation—(%CV =}

@~ 1)(SD?/

pooled ¢STimarte of Specilic absorbance values from calibraton
samples| (reference data in Table A4.2) was taken. Five (5)  d°)]"*/[2(n~1)]} X 100 %)
TABLE A4.2 Example of intrinsic variation in dosimeter response
Calijration Lab Dosimeter Absorbance Thickness Specific Mean Calculated SStZrTLZISd
Certifigd Absorbed ) Reading Absorbance, Dose, .- SD2/
Dose [kGy, water) ID Reading (cm) k (cm™) G Deviation, i i
Y, (kGy) SD,(kGy)
3.5 1 0.152 0.279 0.545 3.36 0.09 71.732E-04
3.5 2 0.157 0.294 0.534
3.5 3 0.163 0.312 0.522
3.5 4 0.158 0.296 0.534
3.5 5 0.163 0.311 0.524
5.0 1 0.207 0.297 0.697 5.09 0.06 1.298E-04
5.0 2 0.218 0.310 0.703
5.0 3 0.229 0.322 0.711
5.0 4 0.218 0.312 0.699
5.0 5 0.220 0.315 0.698
10.0 1 0.379 0.312 1.215 10.22 0.04 1.180E-05
10.0 2 0.403 0.331 1218
10.0 3 0.371 0.306 1212
10.0 4 0.377 0.312 1.208
10.0 5 0.346 0.285 1.214
15.0 1 0.501 0.308 1.627 14.94 0.14 §.724-05
15.0 2 0.458 0.277 1.653
15.0 3 0.511 0.312 1.638
15.0 4 0.447 0.278 1.625
15.0 5 0.467 0.286 1.633
20.0 1 0.570 0.284 2.007 19.98 0.24 1.397E-04
20.0 2 0.573 0.288 1.990
20.0 3 0.623 0.307 2.029
20.0 4 0.625 0.313 1.997
20.0 5 0.679 0.340 1.997
25.0 1 0:683 0.300 2.277 24.65 0.22 71.767E-05
25.0 2 0.678 0.296 2.291
25.0 3 0.700 0.304 2.303
25.0 4 0.741 0.326 2.273
25.0 5 0.714 0.313 2.281
30.0 1 0.739 0.288 2.566 29.89 0.30 9.751E-05
30.0 2 0.713 0.280 2.546
30.0 3 0.732 0.287 2.551
30.0 a 0.741 0.290 2.555
30.0 5 0.708 0.280 2.529
35.0 1 0.882 0.317 2.782 35.20 0.35 9.812E-05
35.0 2 0.768 0.276 2.783
35.0 3 0.875 0.317 2.760
35.0 4 0.894 0.323 2.768
35.0 5 0.822 0.294 2.796
400 1 0.779 0.260 2.996 40.70 0.54 1.753E-04
40:0 2 0.872 0.292 2.986
40.0 3 0.851 0.285 2.986
40.0 4 0.840 0.280 3.000
40.0 5 0.856 0.290 2.952
45.0 1 0.796 0.254 3.134 44.76 0.48 2.448E-05
45.0 2 0.915 0.295 3.102
45.0 3 0.945 0.303 3.119
45.0 4 0.948 0.302 3.139
45.0 5 0.974 0.313 3.112
50.0 1 0.996 0.305 3.266 49.70 0.50 2.010E-05
50.0 2 0.905 0.277 3.267
50.0 3 0.887 0.269 3.297
50.0 4 0.990 0.302 3.278
50.0 5 1.076 0.330 3.261
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A4.3.1.2 Using the equation in A4.3.1.1, and substituting
the values listed in Table A4.2, which are expressed in terms of
uncertainty in dose, the average %CV (pooled estimate),
reported as the Type A uncertainty for this data set, was
determined to be 1.28 %.

A4.3.2 Variation in Spectrophotometric Wavelength Setting:

A4.3.2.1 Type B—Three (3) dosimeters with nominal absor-
bances of 0.3 A, 0.6 A, and 0.9 A were measured on a

y 4y

i’

the calibration curve. At a dose of 25 kGy the uncertainty in
dose due to an uncertainty of 0.86 % in absorbance was
1.10 %.

A4.3.3 Post-irradiation Handling—Fade/Development
(Type B only):

A4.3.3.1 Type B—The uncertainty due to dosimeter fade/
development characteristics prior to readout is estimated to be
1.0 %.

spectrophgtometer (Table A4.3). Absorbances were measured ,?4“;'4 Lomj:;s ZOZ Zf l‘;wsor, oeg posem A[/(Iej ergt y ePAA//IIOJllfI:
over the rjnge 638.0 to 642.0 nm at 0.1 nm increments. riai, Water, 10 Absorbea Dose in Dosimeter Malena
(Type B only):
Note A4p—Instruments were set to the corresponding wavelength and A4.3.4.1 Type B—This is only applicable if the gbsorbed
the instrumdnt set to 0.000 A prior to making a measurement. dose reference material is something othei“than water| If so, it
A4.3.2.7 Assuming a triangular distribution (that is, mid- is estimated to be 0.3 % (17).
point wavelength values are more likely than those at the A4.4 Curve Fitting:
extremes)) the average percent difference relative to the refer- L .
) £° P .. A4.4.1 Variation in Respouse.of Dosimeters:
ence wavglength of 640.0 nm, 2.1 %, was divided by 1/6 to . .
. 1. . . . A4.4.1.1 Fig. A4.1 is a plot/of the data from Tablg A4.2—
obtain a Type B uncertainty of 0.86 %. The uncertainty in . . .
. N . response is the dependent, Variable and absorbed doge is the
absorbancg was expressed in terms of uncertainty in dose using . . .
. . . independent variable A'polynomial (3rd order) was selected as
the relatiopship between absorbance and dose that is given by . \ . : .
the analytical functienr to describe the relationship petween
these two parameters.
L ) A4.4.1.2 Fig. A4.2 is a plot of the residuals. Taken collec-
TABLE A4i3 Example of varl(a}t;:: ';)SPeCtmphommet”c readout tively, the~relatively small residuals, the randomnesp of the
residuals_(equally distributed), and the high R* vdlue, are
Wavelength (nm) ABS (0.3) ABS (0.6) ABS (0.9) indicative of the goodness of fit.
P 0.382 0.696 0957 . A4.4.1.3 C.omputef soft\yare that offers solutions to non-
634.1 0.382 0.695 0.957 linear regression typically includes features for estgblishing
634.2 0.381 0.695 0.954 prediction limits. Once the prediction limits to the fesponse
634.3 0.381 0.694 0.954 Fio. Ad | dded . f th o
6ad 4 0.381 0694 0.954 curve (Fig. A4.1) are adde » an estimate of the uncertainty in
634.5 0.380 0.693 0.952 absorbed dose can be determined using iterative techrfiques to
634.6 0.379 0.692 0.98) solve for absorbed dose based upon a known rgsponse.
634.7 0.379 0.692 01950 Throush i . ¢ he 1 d dicti
634 8 0.379 0692 0'950 (hrough inversion of axes, the lower and upper prediction
634.9 0.379 0.691 0.949 limits of response become the upper and lower piediction
639.0 0.378 0.690 0.947 limits of absorbed dose. In the solution to this exanjple, the
634.1 0.377 0.689 0.947 . . . .
63d 2 0377 0.688 0.945 uncertainty in the 95 % prediction limits for absorted dose
634.3 0.376 0(687 0.944 ranged from approximately 5.4 % (for absorbed doses[below 5
639.4 0.376 0.p87 0.944 kGy) to approximately 2 to 3 % for absorbed doses jabove 5
634.5 0.376 0’687 0.943
6346 0375 0.686 0.942 kGy. The average value of 2.7 % (1.35 % at one ptandard
639.7 0.375 0.685 0.941 deviation) is reported as a Type A uncertainty.
639.8 0.374 0.684 0.940 A4.4.1.4 Type B—Insignificant.
634.9 0.374 0.683 0.939 . . R .
sad.o 07373 0.682 0.937 A4.4.2 Analytical Function Used in Fit (Type B only):
644.1 0:373 0.682 0.937 A4.4.2.1 Type B—Insignificant.
64(.2 0.373 0.682 0.937
64(.3 0.373 0.681 0.936 A4.5 Routine Use:
64(.4 0.371 0.680 0.933 ) . o ) .
644.5 0.371 0.679 0.933 A4.5.1 Differences in the calibration and routine prpcessing
644.6 0.370 0.678 0.933 environments, primarily due to the combined effects| of irra-
64¢.7 0.370 0.677 0.929 A L L d
640.8 0.369 0.677 0.929 Uldll({ll lt?lll!)cldlulc, Vd.lldLl({ll lIl'dUbUIUCU UOSC Id.te, E'ln
640.9 0.370 0.677 0.929 post-irradiation storage, require adjustment of the calibration
231'? g-ggg 8-2;2 g-ggg relationship of the routine dosimeters.
6412 0.368 0674 0925 .A4.5.1.1 Routine and trar.lsfer standard dosi}l}eters are irra-
641.3 0.368 0.674 0.925 diated together under routine process conditions, and the
641.4 0.367 0.672 0.923 measured absorbed dose value of the routine dosimeter is
641.5 0.366 0.671 0.922 diusted ded usi . h cal rel
641.6 0.366 0.671 0.921 g ]ust<? , as needed using an appropriate mathematical rela-
641.7 0.366 0.670 0.920 tionship, to match the measured absorbed dose value of the
23}-3 g-ggi g-ggg g-g}g transfer standard dosimeter.
642.0 0364 0668 0.917 A4.5.1.2 The “residual” differences between the adjusted

18

routine dosimeter absorbed dose response and the transfer
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dosimetgr provide an estimate of the Type B uncertainty. Based
upon lohg-térm inter-comparison studies using transfer stan-
dard dogimeters and Red 4034 dosimeters, the Type B uncer-

Absorbed Dose (kQy, water)
FIG. A4.2 Calculated dose residuals for Red 4034 perspex dosimetry

25 30 36 40 45 50

were performed for 3 batches and 5 facilities; th¢ first and
second calibrations separated by anywhere fron] 6 to 13
months.

tainty is estimated to be approximately 1.5 %.

A4.5.2 Orientation of Dosimeters to Radiation Source (Type
B only):

A4.5.2.1 Type B—Estimated to be no greater than 1 % (9).

A4.5.3 Variation in Dosimeter Response Over Time (Type A
only: Insignificant):

A4.5.3.1 Assessment of the change in response over time
was performed by repeating the calibration of a given dosim-
eter batch used at a facility. Recalibrations of an existing batch

© ISO/ASTM International 2005 — All rights reserved

19

A4.5.3.2 A two-factor analysis of variance was performed
on each set of data. This model assumes dosing is the same at
each absorbed dose point in time and the only “error” is strictly
due to random variation.

A4.5.3.3 Statistical analysis of the ratio of k-values at each
absorbed dose point for the repeat calibrations of these 3
batches (first calibration/second calibration) indicates an aver-
age ratio for all batches (57 ratios) of 0.999. This indicates
dosing consistency and further supports the insignificance of
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TABLE A4.4 Estimate of uncertainty based on sample data

y 4y

Type A (%) Type B (%)

Calibration Lab (A4.2) 1.22
Type A and B combined in quadrature 1.22
Dosimeter Readout (A4.3)
Intrinsic variation in calculated dose(kGy) 1.28
Variation in spectrophotometer ABS 1.10
Fade/development 1.00
Absorbed dose reference conversion 0.30

Type A and B combined in quadrature
Calibration & Curve Fitting (A4.4) 1.35

Type A arjd B combined in quadrature 1.35
Routine Usg¢ (A4.5)

Environmpntal Effects 1.50

Orientation to source 1.00

Type A arjd B combined in quadrature 1.80
Variations il Product and Placement (A4.5.4)

Adjacent product 1.00

Reprodugbility in placement 1.00

Type A arld B combined in quadrature 1.41

Overall (1| standard deviation; coverage k = 1) 3.53

Overall (4 standard deviations; coverage k = 2) 7.06

i’

any change in dosimeter response over the time which dosim-
eter batches are routinely used.

A4.5.4 Additional uncertainties arise which are product-
dependent and not dosimeter-dependent. The impact of adja-
cent product and reproducibility in placement of dosimeters—
which are due to variations in the product itself—also
contribute to the variability in dosing. These sources of
uncertainty are each estimated to be 1 % (Type B only).

A4.6 Overall Statement of Uncertainty:

A4.6.1 The expanded (overall) uncertainty”in mpasuring
absorbed dose using the Red 4034 dosimetry system is
estimated to be =7.06 % at the 95 % iconfidence leve]l.

A4.6.2 Table A4.4 summarizes,the uncertainty analysis.

AS5. EXAMPLE OF THE UNCERTAINTY IN THE CALIBRATION AND USE OF ROUTINE DOSIMETERS IN PRODUCTION

AS5.1 Gpneral:

IRRADIATORS USING CERIC-CEROUS TRANSFER-STANDARD DOSIMETERS

A5.1.1 [This is an example of an estimate of expanded
(overall) yncertainty in the calibration of Red Perspex routine
dosimetry [systems in production irradiators using Ceric-Cerous
transfer sfandard dosimeters. This method takes combined
environmgntal factors into account to the extent that the
reference pr transfer dosimeter response can be corrected -for
difference$ in environmental factors between the calibfation

facility and production irradiator. Refer to ISO/ASTM. 51261
for a detgiled description of this calibration methodology.

Although fhis example is specific to Red Perspex and Ceric-
Cerous dopimeters, the in situ calibration methodology may be
applied td other routine dosimetry systemis. In addition to
ceric-cer(l)-Is dosimeters, other types ©f transfer-standard do-

simeters njay be used.

AS5.2 Chlibration Irradiationis;

A5.2.1 Nine packages of dpsimeters, each consisting of two
Ceric-Cergus dosimeterSy four Red Perspex dosimeters, and
one Thermolabel, were( irradiated to different dose levels in
a %°Co prqduction-inadiator. Refer to ISO/ASTM 51261 for

TABLE A5.1 Comparison of dosimetry systems

typical dosimeter package geometries. Each dosimeter [package
was placed on simulated product where the absortped-dose
variation over the area containing the dosimeters waf within
+2%. For each dose point, four replicate measurerpents of
absorbance and dosimeter thickness were made. Thq routine
dosimeters were analyzed on site and the transfer-ftandard
dosimeters were returned to an accredited dosimetry laporatory
for analysis. Measured data are found in Table AS5.1.

Note A5.1—A possible source of uncertainty in this technique is the
lack of electron equilibrium during irradiation. When thick|and thin
dosimeters are irradiated together, surround the thin dositheters by
sufficient build up material to ensure that the attenuation charpcteristics
are similar, and to ensure that the dosimeters receive the same |[dose. For
a®Co radiation source, 3 to 5 mm of polystyrene (or dquivalent
polymeric material) should surround the dosimeter in all directi¢ns. Refer
to ISO/ASTM 51261 for more details on the calibration m¢thod and
dosimeter package geometry.

AS5.3 Uncertainty in Absorbed Dose Measured by Transfer-
standard Dosimeters:

A5.3.1 This method takes the combined effect of Environ-
mental factors into account to the extent that the refefence or

Ceric-Cerous Ceric-Cerous Average Measured Specific Absorbance
No. Vial # 1 Vial # 2 Ceric-Cerous Red Perspex Dosimeters (1/cm)
(kGy) (kGy) Dose (kGy) #A #B #C #D
1 5.16 5.08 5.12 0.698 0.706 0.712 0.696
2 7.44 7.91 7.68 0.947 0.957 0.977 0.944
3 9.84 9.74 9.79 1.178 1.192 1.182 1.163
4 12.26 12.34 12.30 1.414 1.387 1.396 1.397
5 15.47 15.74 15.61 1.671 1.68 1.664 1.67
6 19.08 19.41 19.25 1.922 1.934 1.916 1.961
7 20.10 20.50 20.30 2.013 2.003 2.031 1.993
8 22.80 23.64 23.22 2.268 2.252 2.284 2.231
9 26.22 26.08 26.15 2.456 2.419 2.403 2.412
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