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Introduction

Radioactivity environmentalimoniteiing(REM)pregrammes provide relevant
information oniradioactivity’levelstinall'compantments of the biosphere

compliance against Regulatory Limitsiinvolves large number
of results'being compared'to basic standards
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To make decisions;on the potential risk to
=== humans or'the environment
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| The reliability of the assessmentiobtained fromithese programs requires that laboratories
producing the analytical'data'be able'to'provideresults of the required quality

2N ) R
--1 The confidence to be placed in results is,possible only if a
) _| quantitative andireliablelexpressionjof:their relative quality:
e the associated uncertainty'is assessed

Environmental measurements are performed at levels
where the radionuclide of interest cannot be
distinguished frominatural background levels

=21 => the relative uncertainty/associated Witiithe result tends to increase
“|Uncertainty has implications for decision purposesi




Introducti

i el boratery.should be aware that
the information providedHy meastrement’c sumed to be complete

measure of the confidence that can be p aced on the resul the MEASUREMENT UNCERTAINTY
l : many. of the opinions and recommendations here
Over theye dm evaluatlon expressed are the outcome of multipleireview and
proce ope discussionswithinitheAorking Group
GIIING
Spanish WG forthierstudy orrUnceriainties in REM
sponsored by the CSN'(Regulatory Body)
from which the author is the coordinator

1993 ISO Guide to the Expression of Uncertainty in Measurement (GUM)
e established general rules for evaluating andiexpressing
uncertainty inimeasurement
romotes the achievementeRntemationaliarmonization
or stating fermallyAmeasurementresulis
e making possibleinternatienaiicomparanility

1995 EURACHEM Quantifying uncertainty in analytical measurement
application of the concepts in the GUM to analytical measurement




MEASURED

VALUE

Uncertainty o measurement (VIV)
‘A parameter associatediwithitheresultiora
measurement, that charactenises the
dispersion of the values that could reasenably;

<= UNCERTAINTY=>

Error of the measurement

the difference between the
measured result and the
actual value ofithe measurand

Accurate and precise

be attributed to the measurand®

should be considered
random variables

The measured result may vary with

each repetition of the measurement

Precise but non accurate

Accuracy
the closeness of the agreement between the
result of a measurement and a true value of

the measurand
(@ measurement is accurate if its error is small)

Precision (not defined in VIM)

we take as “a quantitative indication of the
variability of a series of repeatable measure-
ment results” (Lira,l.,2002)




Measurement uncertainty Concepts and definitions

X l Input quantity
The measurement model

_b|=:>l ___________ _bl=>] Outputauantity |Y

i+ Input estimate ll=>' :||=>' Outputestimate: &Y,

I The mensurand Y (output quantity) depends upon a number N, of input quantities, (Xq.X5,... Xy Y ET(X X0, X4) I

When measuring, we get an estimate of Y (output estimate y)
obtained from above using input estimates x;:

Yi= (X Xp... X))
The Standard uncertainty of measurement uc(y)

associated with the output estimate (measurement result y)
is,the standard deviation of the measurand Y

® o be determined from the input estimates X;, and
their associated standard uncertainties U(X;)

The Expanded uncertainty U
provides aniintervaliwithin whichithe value of the measurand Y
isoelieveditollie withia higher level of confidence

UNisiehtamed oy U = o ()

> Theichoice: ofithe: coverage factor K is based on the level of
confidence desired

> foraniapproximate Jevel of confidence of 95%, the value of K is 2

The Combined Standardluncertainty.U.(Y)
(total uncertainty of" )

is an estimated standard deviation ebtained by

combining all the uncertainty’ compoenents u(x:)

evaluated using the “"Law of propagation of

uncertainty”

When the input quantities X;, are uncorrelated
u.(y), is given by:

u(x;) evaluated by using a TypeA or TypeB methods

> When the input quantities X, are
correlated to some degree, the

covariance also has to be considered




Measurement uncertainty Sources

Radioactive determinations
o many analyticaltechniguesareuseadiberere measuring
e measurementinvelvesisephisticated instiumentation.
e Spe S dUENeNtiTEendeminature of radioactive
degEnd| rEENON COUNRLING

Samoling
] '.‘

otherpessihle calses

e Radioactiverstandards

e Radionuclideniali=liie

o Counting EfiiCIENCY

e Background

e Radioactive decay

e Source GeEsImEié placement

e \/ariablenmstiumenthackgrounds
and efficiencIes .

e Time measurenentsiinidecay
& ingrowihicalctlations

e Instrumentdeaa=time;corrections

e Appreximationieriersiin mathe-
maticalimedels |

e Publishedvaluesfiorhalf-lives &

S0Me SOUIGES; arelcomimonito any analyiical p1ecess:

incomplete definition|ofithermeasurand
sampling, sub-sampling, storage conditions
matrix effects/interferences; envirenmental’conditions
masses and volumetric equipment, reference Vallies
apprefiifietions included in the measurement method
aigiielidishlaysiEntrounding; . i e

as

2
-
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radiationemissienipronabilities

The counting uncertaintylis;thepredominant source of uncertainty
at the low activity/levelsiencounteredin environmental samples




Measurement uncertainty Components

In estimating overall uncertainty, it may be necessary to treat each source separately to obtain its contribution
® Each of the separate contributions tertmeenamtyA(InpULEstimates)iis an uncertainty component
=» when expressed'as a standard deviation, is'the' standard uncertainty u(x:)

Components are grouped intotwo)categories aceording toithe way inwhich their numerical value is estimated:
Type A ora Type B'method of'evaluation

® “Type A”: Uncertainty that is evaluated from;the statistical distribution, of series of measurements
e can be characterised by standandideviations; sq=
the associated number: ofidegreesofireedomisiv;,

and the standard uncertainty U, ='s;

® “Type B”: Uncertainty evaluated by means other than the statistical analysis of a series of observations
e The standard uncertainty.is evaluated by scientific jJudgement based onialliavailable information on the
possible variability of the input quantity: assumed probability distibutions based on experience or other information,
represented by U,
® u; can be characterised by/aicorresponding standard deviation:

(since the quantity u like a standard deviation, the standard uncertainty is U;.




Measurement uncertainty Components

In estimating overall uncertainty; it may be necessary. to treg

® FEach of the separate contributionsito uncertainty (i Frequent dlstrlbutlons used o) Type Bievaluation method

o A certificate or other specification gives limits
without specifying a level of confidence (eg
25ml + 0.05ml)

e An estimate is made in the form of a

Components are grouped into tWO Categories according & rEaxilmum r?nlgec;j_i-a)'gvit'h no knowledge of
the shape of the distribution.
Type Aora Type B'm

® “Type A”: Uncertainty. that is evaluated from the ____

® can be characterised by Standard deviatio
‘the aSSOCIated number of degrees Of freedom iS Vi 2a(=*a) . The available information concem?ng}is less

limited than for a rectangluar distribution.
Values close to x are more likely than near the

and the standard uncertainty U, ='s; | bounes.

e An estimate is made in the form of a
maximum range (+a) described by a
symmetric distribution.

® “Type B": Uncertainty evaluated by means other th

e The standard uncertainty is evaluated by scientifi Normal distribution

pOSSi ble Va ri a b i | ity Of the i n pUt q Ua ntity: assumed prO ( An estimate is made from repeated

observations of a randomly varying process.
re p rese n ted by uj / \ e An uneenain?y 15 given in the form ofa .
® u; can be characterised by/a corresponding stan Geviaton S/, ot s poutientofvtaes |

CV% without specifying the distribution. u(x)=x.(8/ X)

Cv
e An uncertainty is given in the form of a 95% ux)= 100 X

(since the quantity u; like a standard deviation, the {I A\ (o othr)confidene nferul 1 withot
N specitying the distribution. u(x): 12 (forlat

95%)




Process of evaluating uncertainty

Specify . . " .
‘ Measurand | Relationship between measurand and input quantities Y = (X, X,... Xy)
Identify,.Uncertainty ‘ List all possible sources; parameters, processes, assumptions:..
Sources’
-)‘ Quﬁci ioh miy ;Jor;lceenrtt:mty u(x;) evaluated by using ai Type A or Type B methods
Convert.Components to
Standard'Deviations
u,(y) by using the Calculate

Law gf propagation of uncertainty]  Combined"Standard Uncertainty

Review

re-evaluate large Components

o2

Calculate
Expanded Uncertainty

Anply appropriate coverage factor k

(‘y/=£ Ul (stating the units) Expressioniof Results




Reporting Uncertainty

The information necessary. to. report the result, of a,measurement depends,oniits intended use
=>» Guiding principle:

to present sufficient informationiterallow theresulttorve re-evaltatedi(ifnew information become available),
to better enable statistical'analyses and to observe trends in the data

ISO Guideiothie ExpressioniorrUnceriainty in easurement (1995)
References recommend that the result should be EURACHEM/CITAC Guide: Quantifying Uncertainty in/Analyiical
reported as expanded uncertainty. U: ECRE L =ORACHEM. (2000)
EPA//DOE/DOD/NRC/NIST/IUSGS/FEDA Multi-Agency: Radiological
Result: ('y == U )/(stating|the units) LLahoratory AnalyticallRrotocols (MARLAR) dre(2008)

k must always be reported anditherconfidencelleveliassociated to the y + U interval

Example: The activity concentrationioraadiontc/ideNAniawater sample,
A= (0.85 % 0.13) Bg/m?”

* The reported uncertainty is an expanded uncertainty calculated using a
coverage factor of 2 which gives a level of confidence of approx. 95 %

=y recommended by References
uncertainties should be rounded
10/ 2 figures, when possible

The number of significant figures;that.should be reportedidepends,on the uncertainty of the result

® Round the uncertainty (standard crexpanded) toreitefor 2 signiiicant figures and report
both the measuredivalue and the uncentamtyterne resuling numper ofidecimal places

=>» should only be applied'to final results
Intermediate results shall be carried through all steps with additional figures to prevent unnecessary round off errors

Rounding




Reporting Uncertainty

In radioactive environmental measurementsitisypossibleito,calculate resultsithat are less than zero
althoughmegativeradioactivityis physically impoessible

Censoring, of results;is.not recommended,
these values shouldeeporied torbetter enable
statistical analyses and'to observe trends in the data

Negative valuesmayie
measured result ISilessithaniarpre-estanlistied
average background.level'for the particular
System and procedure used

All results, whether. positive, negative, or zero,

sh oul_d be r e.p oried as_ OP tained, IS0 Guidetother Expressioni or-Uncertaintyin Veastrenent (1995)
together with'their uncertainties [feference EURACHEMICITAC Guide: Quantifying Uncertainty.in Aralyticl

Measurement, EURACHEM. (2000)
EPA//DOE/DOD/NRC/NIST/USGS/EDA Multi-Agency Radiclogical
LaboratoryAnalytical Protocols (MARLAP) drft(2008)

Compliance against regulatory limits.in REM involves that large numbers; of results from
environmental radioactive determinatiensioeconpareanoasic standards or to be within specific limits

(The uncertainty associated'to the result'has obviously implications for interpretation of analytical data)

According to section 9.6 of EURACHEM:
“The uncertainty in the analyticalresultinmaynecaito e tlekeninteraccount when assessing compliance
The LIMITS mayhave beenrsetwitiisome allowanceiormeasurement uncertainties
Consideration should'be given to both factors in any assessment”




Close to Detection/Decision Levels

Environmental measurements are frequently. performed at levels where the radionuclide of interest
cannotibedistinguished remmaturalioackaroundlevels
The relative uncertainty associatedWitiitheresulttenadsiternerease to the point where
the (symmetric) uncertainty interval includes zero

oes

e;samplescontain
pm

™ — . > -
JJJJJ “Conflicting region” exists some confusion due to:

X

This region is; typicallyfasseciateadwitiine
practical Limit of Detection for a given method

e the difficulty oftestalblishinglarbecision: lhreshold

e the numerous criteriaytenminelogy and formulation
since the first:articles onimaking aidetection decision for
radioactive measurements were published

All methodologies invelvertheprinciplesioiistatisticallhypothesis testing

Resume latest harmonizediintennationalcriteriayterminology and definitions
basedont1S011643'& 11929 series




Close to Detection/Decision Levels

Environmental measurements are frequently. performed at levels where the ra#

cannotibedistinguished femnaturalioackaroundleys
The relative uncertainty associatedWitiitheresulttenasiterncreass

the (symmetric) uncertainty interval includes zera

This region is typically associated Withithe “Conflicting region” exist@@ confusion due to:

practical Limit of Detection for a given metnod o the difficulty’of establisngiaiBecision Threshold

e the numerous criterigytenminelogy and formulation
since the first anticles on'making aidetection decision for
radioactive measurements were published

Altshuler; B.; Pasternack; B. Statistical Measures of the Lower Limit of
DetectioniofialRadioactivity: Counter. Healthi Physics 9:293-298, (1963)
Nicholson, W.IL. Statistics of:Net-Counting-Rate. Estimation with Dominant
Background Corrections. Nucleonics 24(8):118-121, (1966)

Curriey LA Limitsfor Qualitative: Detection; and Quantitative. Determination;
ApplicationitorRaaiochienistry. AnalyticallChemistry40:587-5951(1968)

imi

All methodologies invelverthierprinciplesioiistatistical hypothesis testing I

Resume latest harmonizedinternational criteriasterminology and definitions
pased on 1S0116437& 11929 series




Close to Detection/Decision Levels

Environmental measurements are frequently. performed at levels where the ra#
cannotibedistinguished femnaturalioackaroundleys

The relative uncertainty associatedWitiitheresulttenasiterncreass

the (symmetric) uncertainty interval includes zera

This region is typicall|/associated Wit the “Conflicting region” exiS&?} confusion due to:
practical Limit of Detection for a given metnod o the difficulty’of establisngiaiBecision Threshold

e the numerous criterigytenminelogy and formulation
since the first anticles on'making aidetection decision for
radioactive measurements were published

Altshuler; B.; Pasternack; B. Statistical Measures of the Lower Limit of
Detection ofiaradioactivity: Counter. Healthi Physics 9:293-298, (1963)
Nicholson, W.IL. Statistics of:Net-Counting-Rate. Estimation with Dominant
Background Corrections. Nucleonics 24(8):118-121, (1966)

Curriey LA Limitsfor Qualitative: Detection; and Quantitative. Determination;
ApplicationitorRaaiochienistry. AnalyticallChemistry40:587-5951(1968)

imi

All methodologies Bayes; I\ An Essay Tiowards Solvingl a Problem in the Doctrine of Chance
e IPhi/olgo‘;JJIli\cal liransactions 1763. Rep Biometrika 45:293-315; (1958)

: ; ; — P Little; RJ.AC Tifier Statisticall Analysis of Low-Level Radioactivity in tf
Resume latest harmonizediintemational critesiay termiisresenceorEacksronndiCounts, Health Physics 43(5):693-703; (1962)

pased on 1ISOM1843 & 11929 serl Miller; G:; Inkret, W.C.; Martz, H.F. Bayesian Detection Analysis for Radiati
Exposure. Radiation Protection Dosimetry 48(3):251-256; (1993)

Miller; G:; Inkret, W.C.; Martz, H.F. Bayesian Detection Analysis for Radiatic

T o : Exposure, Il RadiationiProtectioni Dosimetry 58(2):115-125;, (1995)
The application of more advanced statistical techniqueyifier: & Wars, He. Schilach ME. Berry, DA Inkret, WiC.; Litle,

i.e% Bayesian Inference; canbefound in II‘(%%%%(;F[ for- Bayesian Statistics. Healthi Physics Society Newsletter 26(3);28-2

» Incorporates SCEntfichypoIIEsIS inithe analysis ~ \strom, BLJ., atroduction: to) Bayesian Statistics, PNNL-SA-31527 Heal
(by' meansioital prieralstribuLenr), Physics Society Annual Meeting)1999: Richland, Washington: PNL (1999)
resulting in a distribution of Iikely outcomes Liray 1., Evaluating themeasurement Unceriainty, Fundamentals analpractical.

guidancer Institute eifPhysics Publishing. BristolandPhiladelphia(2002)




Close to Detection/Decision Levels

Statistical conceptii thelowestuseable action level
Resultsiof'R, ‘are compared with R,,"

Decision Threshold, Rn*

(Critical lEevel(lte) Currie’s)

“allows; aldEG/SIORNGIE made for
each meastirermenawith a given
probability o error asito:whether
the registered pulses include a
contribution by the sample”

“Critical value of a statistical test for the
decision between the hypothesis p.=p, and the
alternative hypothesis p, - py

p = Expectation valuerofi R, (gross effect counting
rate quotient off thernumberpulsess: counted during the

preselected durationiofmeasurementt, R.= N / ¢,

P, = Expectation VallESei Ry (background effect
counting rate, quotientoithe pulses N counted during the

preselected duration oft measurement t; Rg= Ng /

R = net efiect countingrate; R,= R, - R,

p, = Expectation value of R

o Rn* is a value chosen so thatiresultsiaboyeiit areunlikelyitebeifalseipositive; withia probability o fixed a priori

® smaller value of ov makes type l'errors(false +)ess likely; butalse typell'errors (false -) more: likely (sample~blank)




Close to Detection/Decision Levels

Frequently. the results, ofi radioactive  determinations :
must meetiCentainirererence-guide values

established by the user ofithe results

Monitoring of the Environmental Radioactivity:
® A minimum value for the se:called Detection Limit foramethogis required by the Regulatory body
® The EU REM sparse network: (implemented within: the WMember: States! to: obtain data on actual levels of

radioactivity) requires: that"laloratories: provide: datar with™ thernighestachievable accuracy and high
sensitivity measurements  (to allow comparison of data sets for extended time periods)

An |mportant performance characteristic of a rad|oanalyt|cal procedure
Sthe

Detection Capability or'Detection Limit

a1 |ll.l.'l. —j_
e WL B T DI R S



Close to Detection/Decisic

Decision Threshold, Rn*
(Critical lEevel(lte) Currie’s)

Detection Limit, Q“* ‘

(DetectioniCapabiliy)Cd Currie’s)
 Decision e “specifies themminimumisample contribution

ows I o for which canioerdetected withia given
each measurement with a given probability of error using|the measuring

0
* o H b
probability oferrorasito:whether Rn procedure in question

the registered pulses include a
contribution by the sample”

= - ] .

pn 3 Rn* i K1-B * G(an pn)

allows a decision te;be;made;as towhethera MEASURING
METHOD satisfiesicertainrequimements and isiconsequently
suitable for'the given purpose of measurement

Guideline Value

“Value'constitutedibyreguirements on
measuring|proceduressarnising for scientific,
legal or otherreasensiwhichrare specified,

(i.e.: activity, specific activity, dose rate, ...”

=> In the REM|programmes;this value is
fixed by therRegulaternABedy for specific
activity in'the different types of' samples

p, = Expectation valueioftRg SiN. /it R.=netiefesticounting rate, R, =R, - R,

p, = Expectation value offR, =N /t; P, = Expectationivalue of R,




Close to Detection/Decisic

Decision Threshold, Rn*
(Criticallllevel (I5¢) Currie’s) WDecisiony

Detection Limit, Q“* ‘

(Detection Capabiity)ilod Currie’s)

“specifies the:minimumsample contribution
which can berdetectedwithia given

JJJJJ

‘allows & decisionNoNE made for Treshiolc k. : .
each measurementwith a given . probability of error using thg measuring
probability oferrorasito:whether Rn procedure in question

the registered pulses include a
contribution by the sample”

pn 3 Rn* i K1-B * G(an pn)

allows a decision te;be;made;as towhethera MEASURING
METHOD satisfiesicertainrequimements and isiconsequently
suitable for'the given purpose of measurement

Guideline Value

“Value'constitutedibyreguirements on
measuring|proceduressarnising for scientific,
legal or otherreasensiwhichrare specified,

(i.e.: activity, specific activity, dose rate, ...”

o REM araacamacdthis value is
Uses for specific

® DECISION THRESHOLDIR: s tobe cormparedith the MEASURED VALUES [t
® DETECTIONLIMIT " is {0 be comparedwith the GUIDELINE VALUE

p, = Expectation valueioftRg SiN. /it R, =netieffesticounting rate, R, = R, - R,

p, = Expectationivalueiof' Ry, =Ny I't; P, = Expectationivalue of R,



Close to Detection/Decision Levels

To stress the significance of producing reliable measurements;togetherwithiadequate
uncertainty evaluation and having the “Conflicting Region well'characterized.

® Exemption levels, Clearance of materials,
® Cleanup of contaminated areas,

® \\/aste management, ...

Expense and consequences of making incorrect decisions in REM programs

® Reporting false positive in environmental samples; caniproduceinnecessary. costly cleanup,
unnecessarily alarmipublic; spenaimeney enNe:sampling) analysesiand further investigations

® Reporting a false negative, thelconsequencesicould aiiectidirectly the population,
=» not protective actions of public'and environment would'be taken
=» iflater discovered can destroy trust and communication > political consequences




Final Recommendations

Documentation

THE VALUE (AND ITS UNCERTAINTY) SHOULD ALWAYS BE REPORTED
if it does not exceed the Decision: Threshold, the:comment “no detected” should be added

For established sample contributions;infadditiontortheimeasured value, confidence intervals
and the confidence level'shall be reported

A report on measurements shall be accompanied by details on the probabilities of error, the
DECISION THRESHOLD and the DETECTION LIMIT

censoring data means
CHANGING measured results from numbers to some other form

that cannot beaveragedioranalyzed numerically

‘ Result'< ;/n* (Ldﬂ




Final Recommendations

Measurement uncertainty

Laboratory measurements always involve uncertainty. Every measured value obtained by a
radioanalytical procedure shouldibe accompanied by an explicit uncertainty estimate

Uncertainty must be consideredwhen:

® analytical results are used as part of a basis for; making decisions
® comparing data against Regulatoery Limits
® comparing data among| results of laboratories from other countries

All results, (positive, negative, or zero) should'be reported, together with their uncertainties
=» The coverage factor and approximate probability should be stated with the expanded uncertainty

Assessment of measured results

MEASUREMENT RESULT shallbeicompared withithe! DECISION THRESHOLD
=>» If a result is greater than the Decision Threshold Rn* it 1s assumed to be a real sample contribution

Assessment of measuring procedure

the determined DETECTION LIMIT: shallbeicompared with the GUIDELINE VALUE

=> If the DETECTION LIMIT p," isigreaterithanthei GUIDELINE VALUE; the procedure is not suitable for
the purpose of the measurement




Final Recommendations

At the environmental radioactivity levels, the relative uncertainty
associated with the measurement result tends to increase:

® Uncertainties shouldibe correctly assessed
® Detection/decisionievelsimustibe carefully characterized

further harmonization of criteria and terminology is needed

e i Gt -
The radiological protection of the environment and the population requires from
all states to have laboratoeries)withinternationally'comparable Quality levels

Adequate management of‘any/eventual'situation of‘nuclear'emergency can only be assured
on the basis of reliable and traceable measurements to international standards

il AA g,

To conclude

® Efforts should be made by the scientific. community to have all involved laboratories
in closer collaboration foraniinternational harmonization of criteria and terminology

=» and to diffuse this information'among|the users of the results

® To study the use of proper; statistics for'decision making at the “conflicting region”
=>» application of Bayesian Statistics

I
LY
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