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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
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nt:
High-resolution gamma spectrometry in integral mode with open geometry

Gamma-ray spectrometry using HPGe detectors
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an

tent

C5,

consists of the following parts, under the general title Nuclear energy — Waste-packages activity
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Introduction

Several non destructive methods may be used after calibration to determine the radioactive characteristics of

a waste package:

— gamma spectrometry;

— |passive neutron counting, with or without discrimination of neutrons originating from (a,n) reactions;

— |active neutron counting, with detection of neutrons resulting from induced fission reactions
delayed neutrons).

(prompt or

Thig part of ISO 14850 describes one procedure for measuring the activity containéd in waste packages by

ganjma spectrometry and points out recommendations for the calibration of a meastrement chain.

© 1SO 2004 - All rights reserved
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Nuclear energy — Waste-packages activity measurement —

Part 1:

High-resolution gamma spectrometry in integral mode with
open geometry

1 |Scope

Thig part of ISO 14850 describes a procedure for measurements of gamma-emitting radionuclide activity in
the following homogeneous objects:

— |unconditioned waste, including process waste (filters, control rods,‘etc.), dismantling waste, ett.;

— |waste conditioned in various matrices (bitumen, hydraulic<binder, thermosetting resins, etc.], notably in
the form of 100 I, 200 I, 400 | or 800 | drums, and test specimens or samples, (vitrified waste);

— |waste packaged in a container, notably technological‘waste.
It alfo specifies the calibration of the gamma spectrometry chain.

The| gamma energies used generally range from 0,05 MeV to 3 MeV.

2 [Terms, definitions and symbols
For [the purposes of this document;thé following terms and definitions apply.

2.1
refdrence source
radipnuclide sealed in.‘a’suitable containment, of which the radioactive characteristics are defermined by
conlparison with a reference material

2.2
source volume

volyme in.m3taken up by the matrix (or by the waste) in which the activity is distributed

2.3
source weight
weight in kg of the matrix in which the activity is distributed

2.4

package

object to be characterized, comprising an outer shell (container or canister) surrounding the (conditioned or
unconditioned) source volume

2.5

mockup
package consisting of a container and of well-known materials representative of a matrix

© 1SO 2004 - All rights reserved 1
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2.6

reference package
mockup containing reference sources in a well-known configuration

2.7

apparent density of the source
ratio of the mass of the source to its volume

2.8
container

envelope of source volume

29
matrix
structural m

210
radioprote
material of

2.1
gamma ray
material of
flux

212
detector
any type of

213
efficiency
&

aterial immobilizing the radioactivity

ction-shield
Suitable nature and thickness placed around a package to attenuate the photon emission flux

attenuator
suitable nature and thickness placed between the package andc/detector to attenuate the ph

high-purity germanium semiconductor

ratio betwegn the number of detected events andthe€ number of emitted gamma photons

214
collimator
protective
background

215

Je

nd background shield
vices for the detector to_decrease background by limitation of the solid angle and gan
(collimator) and reduction_of the ambient background incident (background shielding)

background noise

Be
number of
sample or g

2.16

counts in-sY recorded at energy e in the background spectrum in the absence of any sol
ackage

bton

nma

rce,

decision th
Tp

reshold

value (in s~1) above which an observed quantity is considered true, within the risk a

NOTE

The recommended value of a.is 2,5 %

2.17

detection limit

Lp

This limit corresponds the risk o of affirming the presence of the true quantity when it is in fact not present.

value (in Bq) of the measured quantity that can be detected with a given probability (1 — B), i.e. capable of

providing a

corrected result exceeding the decision threshold

© ISO 2004 — All rights reserved
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NOTE The risk B corresponds to the risk of affirming the absence of the true quantity when it is in fact present. The
recommended B value is 2,5 %

2.18
combined standard uncertainty

Ucy

sum-of-the-squares combination of standard uncertainties arising from a Type A evaluation (applying
statistical methods, expressed as a standard deviation s;) and a Type B evaluation (non-statistical methods,
expressed as a standard deviation u)):

c ~1/2

uee =| s )+ 2 )’

1

2.14
coverage factor
k
usef-defined value, depending on the probability law, the level of confidence, and the precision of the
estimated standard deviation, with

k = || for standard deviation calculations, and

k = P for the normal law, for a 95 % confidence level assuming a Known standard deviation
2.2(

exTnded uncertainty
prodluct of the standard deviation by the coverage factor{ %

3 |[Principle

Thig part of ISO 14850 describes a non-destructive method implemented using fixed or mobile|equipment,
whi¢h is based on measuring the photon ghission rate at different energies by gamma spectrometyy:

— |to identify detectable radionuclides in the objects in Clause 1, either by direct measurement|or by using
decay schemes;

— |to determine the activity of the identified radionuclides from the counting rates recorded undgr each total
absorption peak, weighted by a calibration factor.

Thel method implies optimization of the equipment parameters, energy calibration and efficiency calibration (by
modelling the trafnsfer function or by fabricating mockups):

— | choice.of detector(s), electronic circuitry and shielding;

— | choice of measurement geometry;

— choice of calibration geometry.
The method may be validated:
— by comparison with destructive examination results on representative samples;

— by measurement of reference packages for which the activity, the nature of the radionuclides, the nature
of the elements composing the waste and homogeneity are accurately known.

© 1SO 2004 - All rights reserved 3
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4 Detectors and ancillary equipment

The measuring station usually comprises the following equipment.

a) Mechanical equipment:

— a package-positioning system (rotation, with optional vertical movement);

— a detector-positioning system (vertical, horizontal and distance);

JR— a \

aiahina-station {ontional):
vergrmig—Statro{opuoh

— af
— co
b) Detect
— ag
— an
— an
— a“

c) Compu

T

Lrntable;

limator, background shielding, gamma ray attenuators,
br and signal-processing electronics:

etector and preamplifier;

amplifier;

analog-digital converter,

stand alone” module or a computer interface card,

ter with measurement processing and interpretation‘software.

4.1 Mechanical equipment

4.1.1 Pac

kage-positioning system

The packag@e-positioning system is designed to" support the package to be measured, and to move

rotation abd
a weighing

ut its vertical axis. It may also allow for vertical moving of the package, and may be equipped
system.

4.1.2 Detector-positioning system

This system carries the detector/with its protective shielding, and positions it in elevation and azimuth

respect to t
the packagg

e package to besmeasured. It may be equipped with a system to determine the relative positig
b with respectio the detector.

4.2 Dete

tor and\preamplifier

The methogl ,covers only high-purity germanium semiconductor detectors. Two types of detectors may
selected depending on the energy of the radionuclides to be measured:

t in
with

with
n of

be

— planar or flat coaxial detectors provide better resolution at low energy (below 400 keV),

— coaxial

detectors give higher efficiency at high energies.

The semiconductor crystal requires a cryogenic system. The detector signal is collected by a charge sensitive
preamplifier; this can be of either the resistive feedback type, transistor reset type or pulsed optical feedback
type depending upon the application.

© ISO 2004 — All rights reserved
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Amplifier

The amplifier implements Gaussian or triangular pulse shaping with a time constant adjustable from 0,25 ps to
15 us. A pileup rejector is generally used, and in some cases the amplifier is equipped with a gated integrator.

Various types of amplifiers may be used in conjunction with this method. The choice of an amplifier depends
on the other components in the counting system.

4.4

Tw

Analog-digital converter (ADC)

tvpnes of ADC converters are used-in aamma spectrometrs
J J Ll J

4.5
The)

NOT
pres

4.6

The)
The)

4.7
The

des
gan

areg, i.e the ambient background.

4.8

Gar

material and thickness-are selected according to the flux characteristics.

5

Cali
con

Wilkinson ADCs, with a variable dead time; counting losses depend on the conversion fregue
signal amplitude;

successive approximation ADCs, with a fixed dead time independent of the signalamplitude.
Multi-channel analyzer (MCA) and data processing system

analyzer stores the encoded data in a basic memory array available to-the computer.

ncy and the

E A digital signal processing module may replace the functions described in 4.2, 4.3 and 4.4. It quantizes the

mplifier output signal, allowing higher counting rates
Background shielding

unit is shielded against external radiation by (preferably low-activity) lead or other high-densit
dimensions depend on the characteristics of the measurement environment.

Collimator
collimator is made of a high-density~material (Pb, W, Ta, Cu) with a geometry correspor
red detection solid-angle acceptapce."The collimator geometry is designed to maximize the
ma activity signal from the material’of interest, to the gamma activity signal arising from the

Gamma ray attenuators

hma ray attenuators”¢an be placed in front of the detector to attenuate the incident photd

Calibration

bration.consists of determining the efficiency (or yield) versus energy curve(s) of each detect
plete. measuring unit). The curve(s) is_used to evaluate the ratio between the number of dete]

and

y materials.

ding to the
ratio of the
surrounding

n flux. The

br (or of the
cted events

the’number of gamma photons emitted from several single-energy sources or from a few mul

liple-energy

sources with well-spaced energy lines covering the gamma ray region of the radionuclides present in the
measured samples or in the measured packages.

The energy/channel relation shall first be established by means of several single-energy (or multiple energy)
sources covering the energy band relevant to the measured samples or packages.

© 1SO 2004 - All rights reserved
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5.1 Principle of the calibration

5.1.1 The activity (in becquerels) of radionuclide i measured at an energy e at a reference date is defined
by the following relation:

fi,e(k17

Radionuclige i is the radionuclide to be determined <in“the measured sample or package. f; o(kq, k;

represents
standard a
account in
object (and

The calibrafion of the measurement deyice consists of determining the product

1
— fi
€e
5.1.2 Thi
a) Theca
determ

calcula

(1)

IS the acCltlvity, In becquerels, of radalonuclide ¢ at energy e,

is the number of counts expressed in s~ in the total absorption peak of radianuclide
energy e;

is the number of counts expressed in s~! recorded at energy e dn"the backgrg
spectrum;

is the probability of photon emission by radionuclide i at energye;
is the detection efficiency at energy e;

is the correction factor for the radioactive decay during the measurement for radionucl
(generally equal to 1);

ko, ...) is the correction factor for variations in self-attenuation, attenuation and solid anglg
radionuclide i at energy e.

4

calibration parameters related to the differénces in geometry and matrix between the measuren
nd the measured object. The self-atteiuation, attenuation and solid angle variations taken
his factor depend on the specific abserption coefficients of the elements found in the meas
the screens, if any), as well as on the object density and geometric dimensions.

e (g, ko)

5 can be detefmined by one of following methods.

ibrationof.the detectors (associated to their collimators) using reference sources; which allows
nation,.of the efficiency (s.). In this case, the corrective factor f; o(kq, ky,...) is the result

at

~.

und

de i

for

..)
hent
into
ired

the
bf a

rion (simulation) taking into account the different parameters.

b) Measurements on reference packages representative of the package to be characterized (in terms of
geometry, activity and matrix characteristics).

© ISO 2004 — All rights reserved
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The radioactive sources are reference materials of which the activity value and the associated uncertainty are
sufficiently well defined to allow the evaluation of a measurement method. It is important to keep in mind that

— the method of the “reference package” is adapted to the measurement devices treating a large number of
packages (of limited type), respecting accurate specifications for which a mockup is easy to achieve (for
example, set geometry, only slightly varied matrices, limited activity range), and

— the method of the “reference sources” is adapted to the measurement devices with a varied use range not
allowing a simple mockup (for example, varied geometries and matrices, extensive activity range). This
method can however require the implementation of complex calculation codes.

5.1.8 To be representative, the parameters to take into account for the calibration, normally dgfined in the
spetifications, are listed below:

a) |characteristics of the “container” (drum, shell, etc.):

— dimensions,

— nature and composition of materials,

— shielding thickness,

— presence of biological protection,

— mass when empty;

b) |characteristics of the waste (or of the matrix):

— apparent density (mass and volume of the source),

— composition in mass fraction of the egnstitutive materials,
— spatial distribution of materials,

— nature, activity and distribution of radionuclides;

c) | measurement geometry:

— relative positionZsource-detector,

— collimation(hature of materials, dimensions),

— possible presence of gamma ray attenuator (nature of materials, dimensions).

5.2| ,Calibration apparatus

The mockups or simulations cannot take into account all the different combinations of the parameters
mentioned in 5.1.3.

To be sure that the calibration is representative of all the cases considered, we define an “upper limit”
corresponding to the extreme variations accepted by the characteristics of the measurement station.

5.2.1 Characteristics of the mockup container

For the calibration of the assay system, using the reference package, the same “container” as the one for the
packages to be assayed (including the additional biological protections, in some cases) is used.

© 1SO 2004 - All rights reserved 7
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For the calibration of the detectors by “reference source” and calculated simulation, the real characteristics of
the “container” and those of the biological protections are described.

5.2.2 Characteristics of the mockup matrix

The “source volume” shall be representative, especially for the filling height.

The “source mass” shall be known through weighing.

The “apparent density” is a variable parameter, a function of the mass and volume of the source. The
representation or the description of this variation requires taking into account the mockup matrices of different

densities (s

The nature

Table 2 can

surround th

The volumeg distribution of the materials: the “reference packages” or the calculation,take into account]
variations o

The efficier
matrix yield

checked to
The numbe

the ran

the req

For the meg
241Am (son

For the cali
periodically

The calibra

measuremse

the inte

ce Table 1).
activity and distribution of radioelements: for the range 50 keV to 2 MeV the range of seurcs
be used. The reference sources used for the calibration shall have the gamma energies w

bse of the radionuclides looked for.

f the measurement station characteristics.

cy curve of a package of given apparent density is obtained by interpofation, using the referg
curves. The number of reference mockups and the chosen, interpolation function shoulg

be sufficient so as to not generate errors incompatible with the pefformances of the device.

I of necessary yield curves depends on

ge of the materials to be measured,

Lired accuracy, and

rpolation possibilities of the treatment program.

asurement by gamma spectrometry.of the wastes from the nuclear industry, 133Ba, 152Eu
etimes complemented by 239Pu, 187Cs and 69Co) generally cover the energy range involved.

bration of the measurement.device by reference packages, if verifications or inter-comparisons
made, it is necessary thatthe package keeps all its initial physical characteristics over time.

ion of the detector using the reference sources shall be performed within the validity range of
nt chain.

Table 1 — Examples of matrices proposed for the calibration

s in
hich

the

nce
be

and

are

—

he

Natufe of the Possible material Apparent densities
“sourcp volume” of the mockup kg-m-3
Plastic wastes Polyvinyl chloride 100 to 300
Cellulose wastes Wood 150 to 400
Steel parts (metal tubes) Stainless steel ~700
Disman\t,:,i;lgt(e:oncrete Concrete ~ 1000
Concrete Concrete ~2300
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Table 2 — Main gamma ray characteristics of radionuclides

used for the elaboration of the yield curves

Radionuclide Half-life Emission energy Probability of photonic
emission
keV %
60 Co 5,271 + 0,001 years 1 173,24 + 0,004 99,89 + 0,02
1.332,50 + 0,005 99,98 + 0,001
88y 106,62 + 0,02 days 898,04 + 0,004 94,10+0,5
1 836,06 + 0,013 99,36 +0,05
137 Cs 30,15 + 0,02 years 661,66 + 0,003 85,20+ 0,2
133Bg 10,5+ 0,1 years 53,16 + 0,001 2,20 + 0,04
79,62 +0,01 2,63+0,08
81,00 + 0,005 34,10+ 05
276,40 + 0,002 7,17 £0,04
302,85 + 0,001 18,32 + 0,07
356,02 + 0,002 62,00+ 0,3
383,85,%.0,003 8,93 + 0,06
152 gy 13,53 + 0,03 years 121,78 28,40+0,15
244,70 + 0,001 7,54 + 0,05
344,28 + 0,002 26,52+0,18
411,12 + 0,005 2,25+0,016
443,98 + 0,007 3,10 £ 0,02
778,90 + 0,006 12,94 + 0,07
867,39 + 0,008 4,23 +0,08
964,13 + 0,009 14,60 + 0,08
1085,91 + 0,013 10,09 + 0,04
1089,70 +£ 0,015 1,74 + 0,008
1112,12+ 0,017 13,56 + 0,06
1212,95+ 0,012 1,42 + 0,01
1299,12 1,63 + 0,01
1408,01+0,015 20,80+0,12
235y 7,04E+08 + 1E+06 years 143,76 + 0,02 10,96 + 0,08
+63:33+0;02 5:08+0;04
185,72 + 0,005 57,20+0,5
205,31 + 0,01 5,01+0,05
238 py 87,74 +0,1 years 99,85 + 0,001 7,4E-03 + 8E-05

152,72 £ 0,002

9,4E-04 + 1E-05
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Table 2 (continued)

Radionuclide Half-life Emission energy Probability of photonic
emission
keV %
239 py 2,41E+04 + 30 years 51,62 + 0,001 2,7E-02 + 4E-04
94,66 4,8E-03 + 2E-04
98,44 7,8E-03 £ 2E-04
129,30 + 0,001 6,2E-03 £ 6E-05
203,55 + 0,005 5,7E-04 + 4E-06
332,85 £ 0,005 5,0E-04 + 1E-05
345,01 £ 0,004 5,6E-04 +'8E-06
375,05 £ 0,003 1,6E-03 = 1E-05
413,71 £ 0,005 1,5E-03 £ 3E-05
240 py 6560 + 10 years 160,31 + 0,003 4,0E-04 + 4E-06
241 py 14,4 + 0,1 years 148,57 + 0,01 1,9E-04 + 3E-06
164,61 + 0,02 4,5E-05 + 2E-06
208,01 + 0,03 5,3E-04 + 2E-05
241 Ay 432,7 £ 0,6 years 59,54 + 0,001 35,90+0,4
5.2.3 Megsurement geometry
Relative position of the source and of the detector.
a) For the case of a detector calibration using-point “reference sources”, the source-detector distance, d,
shall be assessed and reproduced accurately. This distance shall be located in the zone where| the

receivg

]
d

b) For thg
able tg
have 3
geome

The aim is {

d gamma flux varies according to a-faw in

case of the calibration of the measurement device by “reference package”, it is necessary t
position the sources radially and axially inside the package. The positioning device used T
negligible apsorption of the gamma radiation versus the absorption of the mockup or
ric effect,

o distribute the sources to achieve a distribution representative of the packages to be measure

For the drt

b be
nust
the

the

package.

ms’ the pneitinning is done lming aluminium tubes (1hin Qpripq) ar P\/C tubes attached to

Two models exist for the radial positioning:

— a model of parametering versus the radius R (in the centre, at R/2, at R/</2 and in the periphery). This
model allows us to take into account (in some cases) the radioactive heterogeneities;

— a positi

oning model in spiral form with 8 positions of linear sources.

The axial positioning is done inside each tube (by visible stick and extension, for example). The accuracy and
the representativity of the positioning (by 5 cm steps for example) are important.

10
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5.2.4 Collimation geometry

The calibration shall be done, in all cases, with the collimation geometry set for the normal operation of the
measurement station.

5.2.5 Gamma ray attenuators

In the case of the measurement station calibration, the determination of the efficiency curves shall be made in
the configuration(s) of the device with or without a gamma ray attenuators.

In the case of the detector calibration, the attenuation by gamma ray attenuators is taken into account in the
simulation calculation.

5.3 Measurements to be performed

5.3.1 Setting of the gamma spectrometry chain

=+

Befpre acquiring a spectrum for the efficiency calibration, the settings of the. spectrometry chain must be
sim{lar to those used during the measurements, for example:

a) |[for a spectroscopy amplifier:

— time constant,

— gain,

— correction devices;

b) |for an Analogue to Digital Converter (ADC):
— conversion slope,

— offset,

— upper and lower level disérimination,
— setting of zero.

5.3.2 Control of resolution

With the counting-electronic chain set correctly it shall be ensured that the resolution of the detegtor is within
the Imanufacturer’s specification. This is usually defined in terms of the width of a defined peak at half of its
height, i.e full width half maximum (FWHM). It shall be periodically checked that these values rgmain within

the [manufacturer’'s specification. For the planar and coaxial detectors, the peak at 122,0 keY (°7Co) or
121|8 k&V' (152Eu) and the peak at 1 332,5 keV (60Co) can be used respectively for checking.

5.3.3 Control of the calibration in energy

The program shall recognize peaks of the radionuclide of the reference source with a research window of a
width of + 1 keV (it can be less for certain applications).

5.3.4 Counting times during calibration

The duration of counting is defined so that the statistic of the photoelectric peak selected for the calibration is
correct (for example, number of events > 10 000).
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For each reference radionuclide, and for each detector associated to the geometry, a source spectrum is
recorded, as well as a background noise spectrum, of time more or less equal to the measurement spectrum,
with a frequency which depends on the installation (at least before each calibration campaign).

5.4 Error estimation of the calibration parameters

According to Equation (1), the calibration coefficient corresponds to the following formula:

This coefficjent can be considered as the product of five variables:
Ni,e_Be; 1/pl,e’ 1/Al,e’ Kl and fz,e(k1’k27)

By considefing these variables as independent, the composed typical uncertainty affecting this calibration

coefficient i estimated using the quadratic sum of the typical uncertainties affecting each:of these variables:

we thus haye in the first order:

1/2

N; B
["e+e] W2 42 g2 u?,
Uce | 1. 12 pi toa UK C fie(kyky...)

2 2 2 2 2
&i (Ni,e—Be) Pie Adie Ki  fielkika,..)

where #; arnd 1, are respectively the counting durations corresponding to N;, and B,. The first four terms of
Equation (3) can easily be estimated but this is more difficult\for the last term. Indeed, the latter is a fungtion
of:

— the gegmetric characteristics of the whole detector; of the sample and of the possible collimation,
— the natpre and the thickness of the screens placed between the detector and the sample, and
— the natpre and characteristics of thesmatrix.

In the simplest case:
“Hie) - X(i
—#(ec,e)-’f(ec)_dl_e (ko) () (4)
H (i,e)'x(i)

f[,e = jgeo ‘e

where

C

geo represents the geometric correction factor;

Hece)and p; o) are the attenuation coefficients recorded for the energy e of the shield and the
element i of the matrix ,

X(ec) @nd x(;) are the thicknesses of the screen and the matrix element.
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Therefore, the typical uncertainty affecting f; o can be referred:

— either to a simplified Equation (4):

1/2

2 2 2 2
Uc f, Uc ,u(,-’e).uxi +X(l~).ului
© 2geo + ﬂ(zec,e) uf + x(zec) ‘u? + ) te) (5)
f[,e Cgeo (ec) Hec,e) 4
— or to the expression acquired during the use of a Monte Carlo code or of another simulation process:
Uc fiq 1 L (7i,e _fj,i,e)2 "
=% = (6)

fi,e ) Fi,e j=1 (n—1)

whdre

j;’i,e represents the jt" value obtained during n experiments;

Jie Isthe average of the n measurements of 1, .

6 |[Operating procedure
Gamma spectrometry measurement requires

— |prior calibration valid for the type of package’measured, in order to relate the measured signal to the
activity,

— | determination or verification of the background level under the measurement conditions, and

— |verification (by means of a referencé package or a source, such as 133Ba or 192Eu) that the mpasurement
system is free from drift.

The| validity time of each of ‘these parameters depends on the measurement system specifications and the
conflitions under which it is used.

Thel waste package-to’be characterized is inserted into the measuring unit and placed on a mopnting plate
that|allows for rotation and positioning of the package with respect to the detector (refer to 5.1).

The| duration, of the measurement is determined according to the measurement station characteristics
(opgrating.constraints, detection limit, uncertainty, etc.). It may be desirable to subdivide the courjting time to
alloyw statistical processing of untrue values.

7 Interpretation of results

7.1 Activity

The activity (in becquerels) of radionuclide i measured at an energy e at a reference date is defined by
Equation (1) given in 5.1.1.
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7.2 Uncertainty evaluation

Equation (1) expresses the activity of radionuclide i determined from a peak at energy e on the assumption
that the activity is the product of five independent variables:

Ni,e_Be; 1/101,6’ 1/89, Kl et fl,e(k1’k2’)

Under these conditions, the combined standard uncertainty on the activity is estimated from the sum of the

squares of t

he standard uncertainties corresponding to each of the variables:

[z o 11/2
‘vie  Deg 2 2 2 u 2
Ucdie 11 2 “oie Cee Uk, C Jie(k1k2..)
= 27 2 2 2
e (Nie=Be)® p° &2 K fie(kq.kp..)
L,
In Equatior} (7), the #; and t, parameters represent the counting times for the samplespectrum and
background spectrum. The standard uncertainties for the first four components can easily be estimated.
standard uncertainty on the detection efficiency ¢, at energy e, in particular, is detérmined by smoothing
experimental points obtained using certified reference materials. For the last-component, the estin
depends or] the following:
— the gegmetric characteristics of the complete system comprising the-package or sample, the detector
the collimator (if any);
— the natpre of any screens inserted between the sample and the detector;
— the natpre and properties of the matrix.
In the simplest hypothesis, f; (k4. &y, ...) may be expressed as follows:
_ o HieXi
Jie =Cgeo . Mecerec e
Hig X;
where
Cgeo represents the'geometric factor, including the variation on waste height;
Hec e @Nd ;o are thedattenuation coefficients measured at energy e for the screens of thickness xg,
for element i in the matrix of thickness x;, respectively.
The standafd uncertainty on f; , can thus be estimated as follows:
— either ffom simplified Equation (8), rewritten as follows:
2 2 2 2 2 1z
Ucfie Cgeo 2 2 2 2 (ﬂi'e -uxi)+(x,~ .uﬂi,e)
— = > ec,e'”x )—i—(xec u +
fi,e c geo ec Hec,e 4

14

(7)
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— or based on the experience acquired using modelling codes (Monte-Carlo method or other simulation
methods):

B 112
Ucf e . 1 Z”:(f[,e _fj,i,e)Z
]7i,e Z’,e (n-1)

J=1

(10)

where

Liie represents the jth value obtained during » consecutive experiments;

fie isthe mean value of the n measurements.

7.3| Detection limit

Spectrum-processing software calculates the decision threshold 7 and the detection limit Lp| at a given
enefgy.

Thel detection limit Ly, corresponding to the smallest value that the true measured quantity must have to be
sysfematically detected with a given probability, can be calculated fram*the spectral data using [a statistical
appfoach.

Thel width of the region of interest that contain 99,7 % of the ‘counts of a Gaussian peak is given by the
relation:

1=252R,q (1)
whdre R; . is the FWHM at the energy i expressed inkeV.

Theinet peak area S, of the peak integrated inthis interval is given by:
S, =S—Sp (12)

whdre

S; is the total peak surface area;

Sp is the continuous background under the peak (S, = 2,52 R; .'B., where B is the mean packground

amplitude/in-events per keV, calculated over the interval I).

When S, is very\small compared with Sy, the detection limit is expressed as follows:

s Sffie Fe (13)

where ¢ is the package acquisition time and C = 8,8 if the o and B risks are equal to 2,5 %.

The detection limit is a function of the mean background level and of the acquisition time. In estimating Lp, the

i K; and f,-,e(k1,k2,...) parameters are assumed to be negligible with regard to
Pie €e

the counting uncertainty. The announced activity detection limit Ly, is then:

uncertainties of the

1
ie e

Lpa =
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8 Validation of results

The absence of drift in the measurement system shall be verified regularly to guarantee the results obtained.
This verification may be performed by periodically measuring a reference package or source, for example a
sealed gamma-emitting source (e.g. 133Ba or 152Eu) for which a calibration certificate is available, or a
reference package for which the constancy in time can be ensured (matrix, source position, source emission)
or can at least be predicted and therefore corrected (e.g. source decay).

The verification interval is specified by the operator according to the specification characteristics:
measurement rates, operating procedures, continuous or patch operation, type of operation (normal working
hours, posts, efc.)

If a drift is fetected by observing the reference measurements, (for example, through the use of inspegtion
charts [7]), the cause shall be determined and corrected. After correction, all the packages measured between
the last two| reference measurements must be reinspected; in some cases, if the system fault condition is fully
identified (date and consequences), the earlier results may be corrected.

9 Reporting of results
For traceabjlity purposes, the measurement report must contain all the data necessary to validate the resjlts.
In particulaf, it must be possible to determine all the implicit measurement and interpretation conditions thgt do
not directly jaffect the results obtained on the measured packages (background-and calibration measuremgnts
used, refergnce library, etc.).

At least thelfollowing information should be recorded:
— time arnd date of measurement;

— packade identification;

— packade weight;

— calibrafion standard used;

— backgrpund measurement values used;

— nucleaf data reference used;

— measufement parameters;

— raw mgasurement results;

— net mepsurementfesults corrected for background level;

— interpthed results (desired radioactive characteristic);

— corrections applied;

— uncertainties on results;

— detection limit per radionuclide considered;
— periodic inspections;

— reference spectrum;
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