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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 International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization.
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Bragg-Gray theory, kg;

inclusion of a correction factor for the stopping power ratio at different phantom depths, kg,;

inclusion of a correction factor for the source to chamber distance at different phantom depths, k

parameters for the description of transmission functions.

Alist of all the parts in the ISO 6980 series can be found on the ISO website.

inclusion of a correction factor for primary dosimetry to use the Spencer-Attix theory instead of the
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Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

ISO 6980 series covers the production, calibration, and use of beta-particle reference radiation fields for
the calibration of dosemeters and dose-rate meters for protection purposes. This document describes
the procedures for the determination of absorbed dose rate to a reference depth of tissue from beta
particle reference radiation fields. ISO 6980-1 describes methods of production and characterization of
the reference radiation. ISO 6980-3 describes procedures for the calibration of dosemeters and dose-
rate meters and the determination of their response as a function of beta-particle energy and angle of
beta-particle incidence.

For | i " i i fTTati d dose-rate
met¢rs is essentially a three-step process. First, the basic field quantity, absorbed~doge to tissue
at a[depth of 0,07 mm (and optionally also at a depth of 3 mm) in a tissue-equivalent Slab geometry
is measured at the point of test, using methods described in this document. Theny the pppropriate
opetfational quantity is derived by the application of a conversion coefficient that relates the quantity
meafpured (reference absorbed dose) to the selected operational quantity forithe selected|irradiation
georhetry. Finally, the reference point of the device under test is placed @t-the point of ftest for the
calibration and determination of the response of the dosemeter. Depending on the type of dosemeter
undér test, the irradiation is either carried out on a phantom or free-in-air for personpal and area
dosgmeters, respectively. For individual and area monitoring, this dogument describes the methods and
the ¢onversion coefficients to be used for the determination ofthe response of dosemeterfs and dose-
rate|meters in terms of the ICRU operational quantities, i.e., dife¢tional dose equivalent, H'(0,07;2) and
H'(3}£2), as well as personal dose equivalent, H,(0,07) and H,(8).
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Scope

document specifies methods for the measurement of the absorbed-dose rate in a tissug
phantom in the ISO 6980 reference beta-particle radiation fields. The energy range
icle-emitting isotopes covered by these reference radiations is 0,22 MeV to 3,6 Me\
energy corresponding to 0,06 MeV to 1,1 MeV mean beta energy. Radiation energ
range are beyond the scope of this document. While measurements in a referenc
th of 0,07 mm or 3 mm at perpendicular incidence in a tissue<equivalent slab phantd
hpolation chamber used as primary standard are dealt with in détail, the use of other m
bms and measurements in other geometries are also described, although in less deta
pted in ICRU 5621, the ambient dose equivalent, H*(10), uséd for area monitoring, and t
equivalent, H;,(10), as used for individual monitoring;.of strongly penetrating radiat
opriate quantities for any beta radiation, even that whieh penetrates 10 mm of tissue (E,,

document is intended for those organizations wishing to establish primary dosimetry
eta particles and serves as a guide to the perférmance of dosimetry with an extrapolati
as primary standard for beta-particle dosimetry in other fields. Guidance is also proy
bment of measurement uncertainties.

Normative references

titutes requirements of.this document. For dated references, only the edition cited
ited references, the latest edition of the referenced document (including any amendmé
jes.

Y9661, Referencetadiation fields for radiation protection — Definitions and fundamental

s (VIM)

Terms and definitions

-equivalent
bf the beta-
[ maximum
ies outside
e geometry
m) with an
pasurement
1. However,
he personal
ion, are not
ax > 2 MeV).

capabilities
on chamber
ided on the

following documents are referred to in the text in such a way that some or all of their content

hpplies. For
ents (AMD))

roncepts

[EC Guide 99; International vocabulary of metrology — Basic and general concepts and associated

For the purposes of this document, the terms and definitions given in ISO 29661, ISO/IEC Guide 99 and
the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

3.1

[SO Online browsing platform: available at http://www.iso.org/obp

IEC Electropedia: available at https://www.electropedia.org/

extrapolation curve
curve given by a plot of the corrected ionization current versus the extrapolation chamber depth
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3.2

ionization chamber

ionizing radiation detector consisting of a chamber filled with a suitable gas (almost always air), in
which an electric field, insufficient to induce gas multiplication, is provided for the collection at the
electrodes of charges associated with the ions and electrons produced in the measuring volume of the
detector by ionizing radiation

Note 1 to entry: The ionization chamber includes the measuring volume, the collecting and polarizing electrodes,
the guard electrode, if any, the chamber wall, the parts of the insulator adjacent to the sensitive volume and any
additional material placed in front of the ionization chamber to simulate measurement at depth.

3.3
extrapolatjon (ionization) chamber
ionization dhamber (3.2) capable of having an ionization volume which is continuously vasiable to
a vanishingly small value by changing the separation of the electrodes and which allows the user to
extrapolate|the measured ionization density to zero collecting volume

3.4
ionization density
measured ipnization per unit volume of air

3.5
leakage cufrent
Iy
ionization chamber (3.2) current measured at the operating bias voltage in the absence of radiation|

3.6
maximum peta energy
Emax
highest valyie of the energy of beta particles emitted\by a particular nuclide which may emit ore or

several continuous spectra of beta particles with different maximum energies

3.7
mean betajenergy
Emean . . . . .

fluence average energy of the beta particle spectrum at the calibration distance at 0,07 mm tissue depth

in an ICRU 4-element tissue phantom

3.8
parasitic cirrent
I
p
negative cufrent produeéd by beta particles stopped in the collecting portion of the collecting electfode
and diffusing to this electrode and the wire connecting this electrode to the electrometer connectgr

3.9
phantom
artefact constructed to simulate the scattering properties of the human body or parts of the human
body such as the extremities

Note 1 to entry: A phantom can be used for the definition of a quantity and made of artificial material, e.g. ICRU
tissue, or for the calibration and then be made of physically existing material, see ISO 29661:2012, 6.6.2, for
details.

Note 2 to entry: In principle, the ISO water slab phantom, the ISO rod phantom, the ISO water cylinder phantom, or
the ISO pillar phantom should be used, see ISO 29661. For the purposes of this document, however, a polymethyl
methacrylate (PMMA) slab, 20 cm x 20 cm in cross-sectional area by at least 2 cm thickness, is sufficient to
simulate the backscatter properties of the trunk of the human body, while tissue substitutes such as polyethylene
terephthalate (PET) are sufficient to simulate the attenuation properties of human tissue (see 6.2).

[SOURCE: ISO 29661:2012, 3.1.22, modified — Note 2 to entry added.]
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3.10

reference point of the extrapolation chamber

point to which the measurement of the distance from the radiation source to the chamber at a given
orientation refers, i.e., the centre of the back surface of the high-voltage electrode of the chamber

3.11

reference absorbed dose

Dy

personal dose equivalent, H_ (0,07), in a slab phantom (3.9) made of ICRU tissue with an orientation of
the phantom (3.9) in which tﬁe normal to the phantom (3.9) surface coincides with the (mean) direction
of the incident radiation

Note|1 to entry: The personal dose equivalent H,(0,07) is defined in ICRU 51 [4], For the purposes of thlls document,
this dlefinition is extended to a slab phantom.

Note|2 to entry: It is considered that the rear part of the extrapolation chamber approximates a sjlab phantom
with|sufficient accuracy by the material surrounding the standard instrument (extrapolation champer) used for
the measurement of the beta radiation field[ZI[8]

Note{ 3 to entry: H;,(0,07) is obtained by the multiplication of the absorbed-dose to tissue at 0,0f mm depth,
D(0,07) = Dg, with the conversion coefficient 1 Sv Gy, see ISO 6980-3:202235.2.2.2, Formula (3).

3.12
reference beta-particle absorbed dose

Dy
re/‘gl ence absorbed dose, Dy, (3.11) at a depth of 0,07 mm dueonly to beta particles

Note{1 to entry: As a first approximation, the ratio Dy, /Dg.is given by the bremsstrahlung correctjon factor k.
(see L.3).

3.13
tissue equivalence
progerty of a material which approximates the radiation attenuation and scattering properties of ICRU
tissye

Note|1 to entry: See ISO 6980-1, Annex A; more tissue substitutes are given by ICRU 44.
Note|2 to entry: Further details.are given in 6.2.

3.14{
tran smission function
Tm(ﬁ m" m' 0()

ratiq of absorbed)dese, D (p,,'d,; @), in medium m at an area depth, p_-d,, and angle pf radiation
incidence, a, toabsorbed dose, D ,(0; 0°), at the surface of a phantom (3.9)

3.15
tissyie transmission function,
Ti(pldg a)

ratio of absorbed dose, D,(p.d;;@), in ICRU tissue at an area depth, p -d,, and angle of radiation incidence,
a, to absorbed dose, D,(0; 0°), at the surface of an ICRU tissue slab phantom (3.9)

3.16

zero point

reading of the extrapolation chamber depth indicator which corresponds to a chamber depth of zero, or
no separation of the electrodes

4 Symbols and abbreviated terms and reference and standard test conditions

A list of symbols and abbreviated terms is given in Table 1.

©1S0 2022 - All rights reserved 3
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Table 1 — Symbols and abbreviated terms

Symbol Meaning

a effective area of the extrapolation-chamber collecting electrode

BG Bragg-Gray

C external feedback capacitance

Cy extrapolation chamber capacitance

c; sensitivity coefficient

daps thickness of the absorber in front of the extrapolation chamber

d, deptiTima medium m

d; depth in ICRU tissue

dm tissue-equivalent thickness of medium m

dy reference depth in tissue of 0,07 mm or 3 mm

D) absorbed dose at a depth d,,, in medium m

Dy reference absorbed dose

Dgg reference beta-particle absorbed dose

D(d,, v,y volume-averaged dose in a detector of thickness v, density p,,, at depth d

E particle energy (photon energy or electron kinetic energy)

E; constant in the saturation correction Formula

E . maximum beta energy (kinetic) of a beta-particle spectrum

e charge of an electron

fi coefficients used for the calculation of k.

H,(d) personal dose equivalent at depth d in ICRU tissue

H'(d;Q) directional dose equivalent at depth d;-on a radius having direction 2

I ionization current

I leakage current, not induced by.pre-irradiation of the chamber

Iy, ionization current caused by-bremsstrahlung

I, parasitic current

I, current measured with positive polarity of collecting voltage

I current measured with negative polarity of collecting voltage

ICRU International*Commission on Radiation Units and Measurements

ISO International Organization for Standardization

k produetof the extrapolation chamber correction factors which vary during the extrapoldtion
curve measurement

k' product of the extrapolation chamber correction factors which are constant during the ex-
trapolation curve measurement

Kabs correction factor for variations in the attenuation and scattering of beta particles between
the source and the collecting volume and inside the collection volume due to variations from
reference conditions and for differences of the entrance window to a tissue-equivalent thick-
ness of 0,07 mm

kaq correction factor for the variations of air density in the collecting volume from reference
conditions

Kpa correction factor for the difference in backscatter between tissue and the material of the
collecting electrode and guard ring

Kpr correction factor for the effect of bremsstrahlung from the beta-particle source

Kie correction factor for radioactive decay of the beta particle source

Keq) correction factor for electrostatic attraction of the entrance window due to the collecting voltage

Ky correction factor for the effect of humidity of the air in the collecting volume on W,

4 © IS0 2022 - All rights reserved
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Table 1 (continued)
Symbol Meaning
ki, correction factor for the inhomogeneity of the absorbed dose rate inside the collecting volume
ki, correction factor for interface effects between the air of the collecting volume and the adjacent
entrance window and collecting electrode
kpe correction factor for perturbation of the beta-particle flux density by the side walls of the
extrapolation chamber
Kkon correction factor for the change of the source to chamber distance once absorbers are placed
in front of the chamber (to increase the phantom depth)
ksa correction factor for the stopping power ratio of tissue-to-air to use the spencerJAttix theory
instead of the Bragg-Gray theory
Kot correction factor for ionization collection losses due to ionic recombination
Kgia correction factor for the change of the stopping power ratio at differentphantorp depth
l extrapolation chamber depth, the air gap between the collecting €lectrode and the entrance
window
Loy intercept of the extrapolation curve with the chamber depth axis
m, mass of the air in the collecting volume of an extrapolatien’chamber
p ambient atmospheric pressure
PMMA polymethyl methacrylate
PET polyethylene terephthalate
PTFE Polytetrafluoroethylene
A measured ionization density
(5/P)em mass-electronic stopping power ingmedium m
SA Spencer-Attix
Sta ratio of mass-electronic stopping powers of ICRU tissue and air
T ambient air temperaturé
T; parameter for trangmijssion functions
Tn(Amd @) transmission function D, (p,+d,,; @)/D,,(0; 0°) in medium m
Ti(plds; ) tissue transmrission function D,(pd,; @)/D.(0; 0°) in tissue
t integration time for a current measurement
tm time at'which a measurement is performed
to reféxence time to which measurements are corrected to account for radioactive|decay
t1/2 half-life of a radioisotope
U absolute value of the collecting voltage in the extrapolation chamber
u, b, initial and final voltages on the feedback capacitor charged by current from the ektrapolation
chamber
1% thickness of a detector
V_VO average energy to produce an ion pair in air under reference conditions
X, diameter of the geometric collecting electrode area
Xg width of the insulating gap between the collecting and guard electrodes
Yo distance from the source to the reference point of the detector
z distance from the beam axis, perpendicular to that axis
Zm effective atomic number of medium m
a angle between the direction of the beam axis and the normal of the surface of the phantom
Iy constant in the saturation-correction-factor Formula
£, dielectric constant for air
Nm1,m2 beta-particle attenuation scaling factor of medium m; relative to medium m,

© IS0 2022 - All rights reserved 5
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Symbol

Pa
Pao
Pm
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Table 1 (continued)

Meaning

density of air at ambient conditions
density of air at reference conditions
density of medium m

density of ICRU tissue

standard deviation

contribution to the dose due to bremsstrahlung, i.e. Ty = 1-ky,,.

4 h A RS £l RN D |
SPTLLIATUL U TOULIVINUT UTLa~PdT LILTT TTUTIILT

ce conditions as well as the standard test conditions are given in Annex A. All calibrat
ements shall be conducted under standard test conditions in accordance with [Fableq

ation and traceability of reference radiation fields

ce absorbed-dose rate of a radiation field established for a calibration in accordance
ent shall be traceable to a recognized national standard. The method used to provide]

ved transfer standard instrument. The calibration of the'field is valid in exact terms
of the calibration, and thereafter shall be inferred, for example, from a knowledge o
isotopic composition of the radioactive source.

ement technique used by a calibration laboratot; for calibrating a beta-particle measu
also be approved as required by national regulations if available. An instrument o
ilar, type to that routinely calibrated by the calibration laboratory shall be calibrate

ions
Al

with
this

ink is achieved through utilization of a transfer standard. This may be a radioactive source

only
[ the

ring
F the
d by

both a referjlence laboratory recognized by a country’s approval body or institution, if available, andl the

calibration Jlaboratory. These measurements shall*be performed within each laboratory using its
approved calibration methods. In order to dentonstrate that adequate traceability has been achig
the calibratjion laboratory should obtain the same calibration factor, within agreed-upon limits, as

obtained i

and holderq which have been calibrate@-ih a national reference laboratory is sufficient to demonsf
traceability|to the national standargd.

The frequerncy of a field calibration should be such that there is reasonable confidence that its value
f the

not move o
laboratory-
calibration
changes in {

6 Gener

the reference laboratory. The use by the calibration laboratory of standardized soy

1tside the limits,of.its specification between successive calibrations. The calibration o
hpproved transfer'instrument, and the check on the measurement techniques used by
aboratory shéuld be carried out at least every five years, or whenever there are signifi
he laboratofy environment or as required by national regulations.

alprinciples for calibration of radionuclide beta-particle fields

own
ved,
that
rces
rate

will

r the
cant

6.1 General

Area and personal doses from beta-particle radiation are often difficult to measure because of their
marked non-uniformity over the skin and variation with depth. In order to correctly measure the
absorbed-dose rate at a point in a phantom in a beta-particle field, a very small detector with very
similar absorption and scattering characteristics as the medium of which the phantom is composed,
is needed. Since there is no ideal detector, recourse shall be made to compromise both in detector size
and composition. The concepts of “scaling factor” and “transmission function” are helpful to account for
these compromises.
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6.2 Scaling to derive equivalent thicknesses of various materials

Scaling factors have been developed by Crossl? to relate the absorbed dose determined in one
material to that in another. These were developed from the observation that, for relatively high-energy
beta-particle sources, dose distributions in different media have the same shape, differing only by a
scaling factor, which Cross denoted as 5. Originally observed in the comparison of beta ray attenuation
curves in different media, where n,, ,, the scaling factor from medium m to air, was determined from
the ratios of measured attenuation, the concept has been extended such that, for a plane source of

infinite lateral extent, whether isotropic or a parallel beam, the absorbed dose at an area depth p,,;°d

in medium m; is related to the absorbed dose, in medium m,, at the same area depth p ,,-d,,,, but scaled
t0 N1 o P2 din, bY

Dint (Pm1@m1) =Mm1im2 Pm2 (Mmimz  Pmz “dmz) =Mmimz Pmz (Mm1mz Pm1 *Fma) 83)
proviided that

Pm1 " dm1 = Pm2 " dm2 (2)

Nm12 is defined as the scaling factor from medium m; to medium\m,. It should be noted that the
scaling factors are ratios, so that 7,1 1,5 = 1/M2 m1 and N1 103 = Mnemz Tmz,m3-

The [user should be cautioned that this concept has been démonstrated only for materjials of Z or

effe¢tive atomic number, Z,, less than 18. Values of n,, , calculated for various materialg relative to
tissye are shown in Table 2. The data from table A.2 in IGRU'56/2] were multiplied by 7, .

If mj be tissue, and m; be a medium m, Formula (1) ceduces to
Din (Pm A ) =Myt Dt (Mt - Pm ~dm ) (3)
If anjother depth, d’,, in medium m is considered, a similar formula is obtained
D (Pm ' ) =Nyt - Dy (nm,t 'Pm'd'm) (4)

The [ratio of the absorbed dogeat an arbitrary depth to that at the surface (d',, = 0) is defined as the
trangmission function. Thus, ) making this substitution and dividing Formula (3) by Fornjula (4), the
following is obtained

_4 Dm (pm 'dm) _ Dt (nm,t "Pm 'dm)
rm (pm 'dm)’ Dm (0) - Dt (0) (5)

or

rm (pm'dm):Tt (nm,t'pm'dm) (6)

The transmission through a layer of thickness of tissue, n,, *p,,,*dy,,, in tissue is equal to the transmission
through a layer of thickness of medium m, p -d,,,, in medium m. Thus the thickness p,-d,, is said to be
equivalent to tissue with a thickness of n,, \p,"d,, since the transmissions are equal. The equivalent
tissue thickness d/™ can be defined as

dén =Mm,t  Pm 'dm 'pt_1 (7)

In general, the dose and the transmission functions are functions of both the depth and angle of
incidence in a medium. When they are expressed as above with no angle given, the angle shall be taken
as 0°. Materials with tissue equivalence are listed in ISO 6980-1:2022, Annex A.

©1S0 2022 - All rights reserved 7
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6.3 Characterization of the radiation field in terms of penetrability

The tissue transmission function, T,(p d; @), is an important parameter of the beta-particle reference
radiation field. Because of the finite thickness of all detectors used to measure absorbed-dose rate, the
radiation field shall be characterized in terms of penetrability before it can be properly calibrated. Since
the energy fluence of the beta particles in a field changes as the beta particles penetrate the medium,
the determination of the relative dose as a function of depth (or depth-dose function) in a medium shall
be performed with a detector that is not sensitive to this change in energy fluence. For this reason, the
relative depth-dose function shall be determined with a thin (2 mm or less) air ionization chamber.
A recommended method for making this determination with the extrapolation chamber is given
in References [10][11]. The depth-dose functions are then used to construct transmission functions,
examples of which are shown in Figures 1 and 2[111[12][13][14], The measured transmission functies, in

conjunction
corrections
e.g. 3 mm, §

with the calculated equivalent tissue thicknesses described above, can be used to déter
in the measured absorbed-dose rate to account for depth other than 0,07 mm in‘a@ pha
nd for finite detector size and non-medium equivalence of the detector material. They

also be usedl to account for variations in the absorbed-dose rate at the reference point-due to variat

in the air de
in front of t

For thick dg
volume of a
normal dir
density p, w

Em(d,\,

where T (d
(v>0,1 mm

7 Calibrx

7.1 Gene

An extrapo
fields. It is
volume to |
shown in F|
entrance w
plastic foil.
strong enot

nsity between the source and the reference point, and for attenuation in fion-tissue mat
he detector, further details are given as follows (see Clause 7).

tectors, it shall be accounted for the fact that the absorbed-dose.Fate is averaged ove
detector. Neglecting any variation in the absorbed dose rate ip-the plane transverse t
ection of the field, the average absorbed-dose rate of a détector with a thickness v
hose front surface is at a depth d in a phantom of unit density p;, is given by

J

py-d+pv

d+p-
vV (5) 48
ped d

t

Dy (8)-d6 Dy (0)- [

P)= =Dy, (0)-T(d,v,p)

p-v p-v

v,p) is the transmission function averaged over the detector volume. For thick deted

ation procedures using an extrapolation chamber

ral

ation chamber is a_primary measurement device for specifying dose rate in beta-par
q parallel plate chamber which consists of components which allow a variable ionizd
pe achieved, by-rhovement of one of the plates towards the other. A typical design[]
jcure 3, which™utilizes a fixed entrance window and a movable collecting electrode.
indow alsdserves as the high-voltage electrode and consists of a very thin condug
The window shall be thin enough to not unduly attenuate the beta-particle radiation
gh ta-net be deformed by attraction to the grounded collecting electrode. Carbonized

foils of abo
is maintai

t.0,7Z mg - cm~2 are now typical of commercially available devices. The collecting elect

, this effect may be compensated for by(shifting the reference point towards the sourcsg.

ine
om,
can
ions
erial

" the
the
and

(8)

tors

ticle
ition
5] is
The
ting
, yet
PET
rode

ation

volume. It shall be of conducting material or have a conducting coating, and shall be surrounded by,
and electrically insulated from, a guard region. This insulation shall be thin enough to not perturb the
electric field lines in the chamber volume, which ideally are uniform, and everywhere perpendicular
to the two electrodes. In the design shown in Figure 3, the collecting electrode is constructed from
polymethyl methacrylate (PMMA) which has a thin coating of conductive material in which a narrow
groove has been inscribed to define the collecting area. The device shall be equipped with an accurate
means to determine incremental changes in the distance between the two electrodes, hereafter referred
to as the chamber depth; a micrometer attached to the piston which drives the collecting electrode is
usually employed. A bipolar, variable voltage DC power source is used to supply the high voltage to the
entrance window while the collecting electrode is grounded, and a low-noise electrometer is used to
measure the current collected by the collecting electrode. Details of the measurement of the ionization
current are given in Annex B.
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7.2 Determination of the reference beta-particle absorbed-dose rate

The absorbed-dose rate to tissue due to beta particles measured with an extrapolation chamber is
derived from the following general relationship:

. W, Al
DRﬁ =—0. Sta (9)
e Amy g

where Al is the increment of ionization current and Am, is the increment of the mass of air in the
collecting volume under Bragg-Gray (BG) conditions. Unfortunately, BG conditions are generally not
realized in measurements of the beta-particle reference radiation fields. To overcome this difficulty,
varipus corrections are applied and the evaluation of the reference beta-particle absorbed-dose rate is
accomplished with

) W, /e)s
Pag-a Ldf /=0
whefe

(I/I_/0 /e) is the quotient of the mean energy required to produce an ion pairfin air under
reference conditions, see Annex A, andthe-elementary charge e, wiith arecom-
mended value of (33,88 + 0,12) ]J-C-M&K(this value may be used fpr standard
test conditions without correction);
NOTE This value is obtainedbyymultiplying the recommended vialue for dry
air, 33,97 J-C-1, by a humidityeorrection factor of 0,997 at the relative humidity
of 65 %.

D20 is the density of air atthe reference conditions of temperature, pressure and
relative humidity,.see Annex A;

1| is the effectivetarea of the collecting electrode;

d K kT (/0 is the limiting value of the slope of the corrected current versus chgmber depth
_@{ kL)) ¢ fungtion;

1=0
bt a i§ the ratio of the mean mass-electronic stopping powers in tissye-to-air;
k' is the product of the correction factors which are independent of the chamber
depth;
i is the product of the correction factors which vary with the chamber depth.

The [various-correction factors are described in Tables 2 and 3, and methods for determinipg them are
givep inAwinex C. Methods for determining the limiting slope are given in B.10. The quantitys, , is given
by

Emax
[ (@) (S Py -dE
St,a = (11)

[0 (@), (5 )y B

where (@), is the spectrum of electrons (fluence of electrons, differential in energy) at the reference
point of the extrapolation chamber, (§/p), is the mass-electronic stopping power for an electron with
kinetic energy E in tissue substitute and (S/p)el o is the corresponding quantity for air. It is assumed
that secondary electrons (delta rays) deposit their energy where they are generated so that they do
not contribute to the electron fluence. The upper limit of the integrals is given by the maximum beta
energy, E, .., of the beta particles in the fluence spectrum and the lower limit corresponds to the lowest
energy in the spectrum, here indicated by a zero. In principle, this spectrum also includes any electrons
set in motion by bremsstrahlung photons, but these are usually of negligible importance.
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Values for s, , have been calculated[!2] using Formula (11) for several beta-emitting radioisotopes, on
the idealized assumption that the beta particles continuously dissipate their energy. Measurements
of (®p), were performed[®l[18] using electron spectrometersll[16]. These data were not corrected for
backscatter loss (less than 10 % of the incident beta particles are not detected due to backscatter from
the detector surface) or detector resolution. However, they can be used to calculate s, , to a sufficiently
good approximation since (S/p)e| ,, depends only slightly on beta-particle energy. For the averaging, the
values of (S/p),, ,, of Berger etal. (171 were used; the results for 0 pm tissue depth are shown in Table 5101,

For the determination of reference absorbed-dose rate, a thickness of PET should be added to the front
surface of the extrapolation chamber such that the total thickness including the window is 7,6 mg - cm~
2. This thickness of PET is equivalent to a thickness of 7 mg - cm~2 of tissue according to the scaling
relation disfussed in 6.2.

8 Calibry

Thin fixed-yvolume parallel plate ionization chambers, with a few millimetres or{ess fixed d¢pth,
can be used to calibrate beta-particle radiation fields for all energies. Thicker det&ctors are suifable
for the highest energies only (E,,,, > 1 MeV). If calibrated in reference beta-panticle radiation fields,
fixed-volunje ionization chambers can be used as transfer instruments to‘establish traceabilify to
national standards (see Clause 5). Measurements should be performed onta phantom if the chamber
rear wall is

not sufficiently thick (less than 2 cm) to provide full backscatter.

ation with ionization chambers

9 Measurements at non-perpendicular incidence

Measurements at non-perpendicular incidence to determine’the absorbed-dose rate as a fungtion

of angle of

thermolum
measureme

incidence may be performed both with the extrapolation chamber and with
nescence or exo-electron dosemeters. When'using the extrapolation chamber for t
nts, care shall be taken to account for theangular dependence of some of the correg

factors app

ied to the measured currents. The correction factor which is the most sensitive is

thin
hese
tion

the

thod
Ctive
cker

perturbatign correction factor, which should berdetermined for each angle of interest using the me
of B6hm[18] When thin TLDs are employed;.enly the very thinnest detectors are suitable (effe
thicknesseq less than 25 pm) because of the_éomplicated angular-dependent volume effects in thi
dosemeters{19l,

10 Unce

The calibra
of the uncet
measureme
values to th
(Type A) or
of evaluatig
distributior
both types
uncertainties are estlmated from the standard deviation (o) ofthe mean that follows from an averaging
procedure or an appropriate regression analysis.

ainties

Lion of a radiatien.field obtained with an instrument shall be accompanied by a stateinent
tainty of the quoted value. In the determination of this value, all the uncertainties of alll the
nts and facters which contribute to the quoted value shall be assessed. The assignmeht of

In general, measurements can be in error in two ways: there can be a constant difference between the
measured quantity and the true quantity (offset) and/or there can be a difference between the measured
quantity and the true quantity which is not constant, but dependent on either the magnitude of the
quantity being measured and/or on other influencing quantities such as time or temperature (gain).
For measurements with the extrapolation chamber which are carried out over a range of chamber
depths from which a limiting slope is determined, the effects of gain errors are particularly significant.
The measurements necessary for determination of absorbed-dose rate with the extrapolation chamber
are those associated with setting up the instrument, and those associated with the collection of the
ionization current at the various chamber depths. The set-up measurements include the following:
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Yo the distance between the source surface and the extrapolation chamber reference point;
z the distance perpendicular to the beam axis between the centre of the extrapolation chamber
and the beam axis, ideally 0;
a the angle between the beam axis and the extrapolation chamber axis, ideally 0°;
dpgr  the thickness of the entrance window plus material added to make a thickness equivalent
to 7 mg-cm™2;
C the capacitance of the electrometer feedback capacitor;

[1

the effective area of the collecting electrode.

The measurements associated with the collection of the ionization current are the followin

-

Each

the chamber depths;

[/;, U, the voltages induced on the feedback capacitor by the collected current;

the integration time between the measurement of U; and U»;

r the ambient temperature;

the ambient atmospheric pressure;

the ambient relative humidity;

F — to the time between the measurement and the reference time;

[/ the polarizing voltage.

of these measurements can, in prin¢iple, be subject to uncertainties due to both offs

CAl

et and gain,

and p knowledge of these shall be included in the full analysis of uncertainty. Examples of uncertainties

asso[C

> =
= =
=)

iated with these measurements-are shown in Table 6.

{dition, the uncertainties~due to the application of the various correction factors discussed in
bx C shall be considered, and in particular the effect of the uncertainties on the limitin

b slope. The

uncdrtainties associated (with the various components of Formula (10) (see 7.2) are shown in Table 7.
Posdible methods for mfaking such an assessment are discussed in Annex D.

© IS0 2022 - All rights reserved

11


https://standardsiso.com/api/?name=1bb41cfc6a8288e86a00f65e53ce2cb0

ISO 6980-2:2022(E)

Key

dicru:

D(dycry)/D(70 pm): dose rate at d;qxyy divided by dose rateat 70 um - both at the radial central of the phanton
ICRU ICRU
147Pm| 20 cm, with beam-flattening filter

N U1 AW N

NOTE

Figure 1 — Full depth dose curves with logarithmic scale for the tissue depths measured at

12

D(d,,,)/D(70 pm)

tissue

85Kr, 30 cm, with beam-flattening filter
20Sr/9PY, 20 cm, with 4 mm PMMA absorber
20Sr/9PY, 20 cm, with 3 mm PMMA absorber
90Sr/9PY, 30 cm, with beam-flatténing filter

106Ry

T

d

ICRU

equivalent depth in an ICRU 4-element tissue phatitom

106Rh, 30 cm, with beamsflattening filter

he depth dose curvefor 204Tl is very similar to that shown for 85Kr.

calibration distances y, for several beta-particle sources(11/(121(131(14/

the
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LS
1,04 I ‘ |
1,03
1,02

1,01

D(d,,)/[P(70 pm)

0,99
0,98
0,97

0,96

0,95

0,8

0,7

0,6

0,5

D(d,0,,)/D(70 pm)

é 0,05

2 9752980 2985 2990 2995 3000 3005 3010 3015 pm 3025 d

ICRU

b)

Key

dicpy: tissue equivalent depth in an ICRU 4-element tissue phantom

D(dycry)/D(70 um):dose rate at d|cgy divided by dose rate at 70 pm - both at the radial central of the phantom
1 147pm, 20 cm, with beam-flattening filter

2 85Kr, 30 cm, with beam-flattening filter

3 90Sr/90Y, 20 cm, with 4 mm PMMA absorber
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4 90Sr/99Y, 20 cm, with 3 mm PMMA absorber
5 90Sr/90Y, 30 cm, with beam-flattening filter
6 106Ry /106Rh, 30 cm, with beam-flattening filter
NOTE1 The depth dose curve for 204Tl is very similar to that shown for 85Kr.
NOTE 2  The curves were determined at the calibration distances y, for several beta-particle sources[111[12][13]
[14],
Figure 2 — Parts of the depth dose curves shown in Figure 1 with linear scale for the tissue
depths +25 pm around 70 pm and 3 000 pm, upper and lower part, respectively
1
\\-
2— N
|
R
3 / X
N
4 § W
R
N
_—r
Key
1 piston
2 entranc¢ window
3 collectirlg electrode
4  guardrihg
[ chambef depth
Figyre 3 — Schiematic cross-section of the main parts of an extrapolation chamber
Tabfe 2)— Calculated beta-particle scaling factors of low-Z media relative to tissue
Medium, m Nt
A-150 plastic 0,983
Air 0,915
Aluminum 0,915
Aluminum oxide 0,908
Beryllium oxide 0,849
Calcium fluoride 0,958
Calcium sulfate 0,989
Carbon 0,875
ICRU tissue 1,000
14 © IS0 2022 - All rights reserved
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Table 2 (continued)

Medium, m Nt
Lithium fluoride 0,840
Lithium tetraborate 0,864
Magnesium tetraborate 0,883
Plastic scintillator (vinyltoluene based) 0,971
Polycarbonate 0,942
Polyethylene 1,012
Polyethyterre terephtiratate {PET) 6,933
Polyimide 0,916
Polymethyl methacrylate (PMMA) 0,963
Polystyrene 0,952
Polytetrafluoroethylene (PTFE) 0,884
Silicon 0,958
Skin 0,997
Water 1,015
Table 3 — Correction factors which are constant for.the entire extrapolation cirve
measurements
Influencing parameters related to
Symbol Description Extrapolation | Condition S Irradiation
ource Lo
chamber of use ¢onditions
Correction factor for the difference in
Kba backscatter between tissue and the + + +
material of the collecting electrode
Correction factor for the effect of
Kbr bremsstrahlung from the beta-parti- +
cle source
Correction factor fopthe'electrostatic
el attraction of the entrarice window due + +
to the collectingvoltage
Correction factor for the effect of humid-
| ity of the airin'the collecting volume on +
hu the average energy required to produce
an ion'pair
Corpvection factor for interface effects
x between the air in the collecting volume +
in and the adjacent entrance window and
collecting electrode
Correction factor for the change of the
K source to chamber distance once absorb- + +
ph ers are placed in front of the chamber
(to increase the phantom depth)
Correction factor for the change of
Ksta the stopping power ratio at different + + +
phantom depth

© IS0 2022 - All rights reserved
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Table 4 — Correction factors which can vary during the extrapolation curve measurements

Influencing parameters relating to

Symbol Description Extrapolation | Condition Irradiation
Source ‘s
chamber of use conditions

Correction factor for variations in the
attenuation and scattering of beta par-
ticles between the source and the col-
k lecting volume and inside the collection

abs volume due to variations from reference
conditions and for differences of the
bntrance window to a tissue-equivalent
thickness of 0,07 mm

Correction factor for the variations of
K.q the air density in the collecting volume +
rom reference conditions

Correction factor for the radioactive

. +
Kae flecay of the beta-particle source
Correction factor for the inhomogeneity
ki, f the absorbed dose rate inside the + + +

follecting volume

Correction factor for the perturbation
k fthe beta-particle flux density by the + + +
ide walls of the extrapolation chamber

Correction factor for the stopping power
ksa atio to use the Spencer-Attix theory + +
nstead of the Bragg-Gray theory

Correction factor for ionization losses
Kot L .
dlue to ionic recombination

Table 5 — Calculated mean mass-electronic stopping power ratios of tissue-to-air

Relative
standard
Value of s, , at O pni'depth for the radionuclide uncertainty
%
147pm 2047 85Ky 90gy/90y 106Ry /106Rh
1,124 1,121 1,110 1,099 0,6

Table 6 — Examples-of uncertainties (1 o ) associated with the measurements necessary to
determine absorbed-dose rate with the extrapolation chamber

Method of | Values of the standard uncertainty for the radignu-
Correction evaluation clides
factor or Unit of standard 204
quantity uncertainty 147pm 81;1 and 90Sr/90y | 106Ry /106Rh
(AorB) Kr
Yo mm B 0,3
A mm B 0,3
degrees B 0,1
pperdper | & cm™ A 0,000 1
C pF A-B 0,1
A cm? A-B 0,005
/ mm B 0,001
A \' A a
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Table 6 (continued)
Method of | Values of the standard uncertainty for the radionu-
Correction evaluation clides
factor or Unit of standard
quantity uncertainty 147ppy 20?51 and 90Sr/90y | 106Ry/106Rh
(AorB) Kr
B 0,003
U, \Y% A a
B 0,003
T K B 0,1
p kPa B 0,05
r B 0,02
t, — o S B 0,1
U \'% B 01
Table 7 — Examples of uncertainties (1 o0 ) associated with the parameters necessary to
calculate absorbed dose rate from measurements with the extrapolation chamber
Cortection Values of the Metho_d of | Values ofithe standard ur_lcertainty forthe radio-
fagtor or Unit correction fac- e::(l:lel:tt;?:t;f nuclides
quantity tor or quantity (AorB) 908790y 204T]; 85K 147pm J06Ru/106Rh
¢ — 1,099 - 1,124 B 0,007
W, /e J-C1 33,88 B 0,05
A cm? 7,251b B 0,005
0.0 kg-m™3 1,197 40 B 0,0005
I, fA |a A-B 0,2 (A) and 0,4 (B)
L fA |a A-B 0,2 (A) and 0,4 (B)
L mm 0,25 -2,5 B 0,001
s — 1,0-54)01 B 0,003 0,003 | 0004 |[ 0003
Ky — 0,995 B 0,002
ke — 1 B 0,001
i — 1 0,0005 | 00005 | 0001 [| 00005
k.. X 1 B 0,000 1
Kon — 1,0-0,67 B 0,001
d ‘}pd‘z fA - mm-1 300 B 0,4 0,6 09 0,6
s 8;84—125 B 8,603 ;662 8;666 0,002
Kag — 0,95 -1,10 B 0,006
kqe — 1 B 0,000 1 0,000 1 0,000 2 0,002
ky, — 1,005 B 0,001
kpe — 1,002 B 0,001
kep — 1,005 B 0,002
Koot — 1,005 B 0,002
a2 Forvaluesof], and I_between 5 fA and 4 000 fA.
b Typical value for a commonly used device.
© IS0 2022 - All rights reserved 17
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Annex A
(normative)

Reference conditions and standard test conditions

A.1 Radiological parameters

See Table All.
Table A.l — Reference conditions and standard test conditions for radiological parametets
Influgnce quantities Reference conditions Standard teShebn d{tlons
(unless otherwise indicated)
Beta-particle radiation reference 90gr/90y a 505r/90y a
field
ISO watér'slab phantom?:
. 30 cm*% 30 cm x 15 cm phantom filled
Slab of ICRU tissue withwater with 2,5 mm front plate
30cm x 30 cm x 15 cm Sadiati ide) of dothh
(for whole-body dosemeters) (irradiation side) of PMMA an other
walls of 10 mm PMMA or substitutg,
see ISO 6980-3:2022, 7.3.1
ISO water cylinder phantomb:
Straight circular cylinder-of ICRU |straight circular cylinder 200 mm
tissue with 200 mm diamneter and |diameter and 200 mm length filled
200 mm length with water; walls of PMMA: side anld
Phantom (oply in the case of per- | (for eye lens dosemeters) end walls 5 mm thick or substitutefsee
sonal dosenfeters) SO 6980-3:2022, 7.3.1
ISO water pillar phantom:
Straight circular cylinder of ICRU |straight circular cylinder 73 mm
tissuetwith 73 mm diameter and |diameter and 300 mm length filled
300'\mm length with water; walls of PMMA: side walls
(forwrist or ankle dosemeters) 2,5 mm thickness and end walls of
10 mm thickness
S_tralght _c1rcular cyll_nder of ICRU ISO rod phantom:
tissue with 19 mm diameter and : : .
straight circular cylinder of PMMA
300 mm length :
. 19 mm diameter, 300 mm length
(for ring dosemeters)
Angle of radjiation incidence Reference orientation Reference orientation + 5°
Contaminatjonby radioactive Lo Lo
clements Negligible Negligible
Ambient dose equivalent rate . .
F*(10) < 0,1 uSv-h-1 and A_Lnblent dose equlvilent rate
— . g . H*(10) < 0,25 pSv-h-1 and
Radiation background directional dose equivalent rate di ional d val
PR ’ ’ H'(0,07;2) and H'(3;£2) < 0,25 pSv-h-1

a2 Another radiation quality can be used if this is more appropriate.

b A PMMA slab of at least 20 cm x 20 cm in cross-section and at least 2 cm in thickness may be used to substitute the
[SO water-slab or -cylinder phantom.

¢ Allowable limits on surface contamination are established by local governments. “Negligible” indicates levels of
contamination that do not affect the accuracy of the calibration nor pose a risk to the calibration personnel or facility.

18 © IS0 2022 - All rights reserved


https://standardsiso.com/api/?name=1bb41cfc6a8288e86a00f65e53ce2cb0

A2

See

Other parameters

Table A.2.

ISO 6980

-2:2022(E)

Table A.2 — Reference conditions and standard test conditions for other parameters

Influence Quantities

Reference conditions

Standard test cond

itions

(unless otherwise indicated)

Ambient temperature 20 °C 15 °C to 25 °Cbe
Relative humidity 65 % 30 % to 75 %be
Atmospheric pressure T0T,3kPa 86 KPa to 106 KPaped

Stabilization time 15 min >15 mih

Power supply voltage

Nominal power supply voltage

Nominal power supply voltage +3 %

Frequency 2

Nominal frequency

Nominal freéquency

1 %

origin

tion due to the earth's ma

AC power supply 2 Sinusoidal Sinusoidalwith total wave-form har-
moniédistortion less than 5 % 2
Eleftromagnetic field of external Negligible Less-thah the lowest value|that causes
origin interference
Mapgnetic induction of external Negligible Léss than twice the value qf the induc-

bnetic field

Assembly controls

Set up for normal operation

Set up for normal opdration

Dnly for assemblies that are operated from a mains voltage supply.

[he actual values of these quantities at the time of test shall be,stated.

[he values in the table are intended for calibrations performed in temperate climates. In other climatps, the actual

valugs of the quantities at the time of calibration shall belstated. Similarly, a lower limit of pressure of 70 kPa may be
pernpitted where instruments are to be used at higher altitudes.
d  For pressure values outside of this range see C.10
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B.1 Elecl

Annex B
(informative)

Extrapolation chamber measurements

‘rometer warm-up and stability checks

Ideally the
should be lq
up and stab
with standa

B.2 Dete

For measul

extrapolatipn chamber (<100 fA), the leakage current should be measured frequently to verif]

magnitude
removed fr
produced il
sufficiently
making me

B.3 Mea

At each cha
is because

negative cu
current me
the current

I=(1, -

This formul

that the

electrometer used for current measurements with the reference extrapolation.chaf
ft powered continuously. If power is removed, the electrometer should be allowed-to w
lize for atleast4 h when powerisrestored. Records should be kept on current measurem
rd beta-particle sources as quality checks on the overall current measurenient system

rmination of the leakage current

ements in geometries or with sources which result in low ‘ionization currents in

and polarity dependence, if any. Preferably this should ke)accomplished with the s
bm the stand to remove the contribution to the leakage! (see B.3) due to bremsstra
1 the source shutter. For low activity (<200 MBq) sources of 204Tl or 147Pm, it is ¢
accurate to leave the sources in place during theése measurements, particularly v
isurements in an automated fashion for long integration times.

surements at both polarities

mber depth, current measurements'dre made at both positive and negative polarities.
bf the interaction of the beta-particle beam with the collecting electrode, which caug
rrent to be always superimposed upon the polarity-dependant ionization current. I
sured at positive polarity is denoted by I, and that measured at negative polarity as I,
due to ionization in the cliamber volume is given by Formula (B.1):

1.)/2

d assummes

parasitic mrrent [, is independent of the polarity,

that a

n
hereaftFr feferred to as leakage current, I}, are also independent of polarity of the colle

voltage} and

ﬁlilung

nber
arm
ents

the
y its
rce

ften
rhen

This
es a
F the
then

B.1)

additional non-source induced currents, such as from leakage or electrical backgraund,

ting

that any other disturbing currents due to radiation-induced leakage or ionization produced by

bremsstrahlung or beta particles in the air of the preamplifier, or in small air gaps in close vicinity
to the wire connecting the collecting electrode to the preamplifier, can be neglected.

For low-level beta-particle sources, special precautions shall be taken to assure that the leakage current
is relatively constant and independent of polarity. It should be noted that the sum of the parasitic and

leakage cur

rents can be determined from Formula (B.2):

(L +12)/2

(B.2)

if the leakage current varies only slowly in time and is independent of polarity. Slight increases in
the parasitic current are to be expected with decreasing air gaps. Variations from this behaviour are

20
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symptomatic of problems associated with variable leakage current; thus, the parasitic current is a
useful quality control parameter.

In the case of the leakage current being dependent upon the polarity of the collecting voltage, then I,
and I_ shall be separately corrected for leakage.

B.4 Voltage gradient

Since some corrections to the measured current, such as recombination, are functions of the voltage
gradient, a constant Voltage gradlent should be used at each chamber depth ThlS 1nvolves changing the
highrvoltage-every-time-thechamberdepthisehan ged ; yeehis governed
by the de51re to keep the recombmatlon ata minimum, yet to not cause deformatlon of the Righ-voltage
electrode by attraction to the collecting electrode, or to exceed the level at which_ ion‘multiplication
occyrs. A voltage gradient of 10 V-mm~1 should be used to achieve these ends.

B.5| Choice of chamber depths

A rapge of chamber depths should be chosen so as to uniquely specify the slope of the extrapolation
curve. The smallest air gap should be chosen as close to zero as possible, yet large enough that the
current is measurable. At least five air gaps should be chosen, which span a range over which the
meapured current is linear with the chamber depth. The smallest air gap should be no greater than
0,5 mm, while the largest should be no greater than 2,5 mm«A récommended choice of air gaps is from
0,25/mm to 2,5 mm in increments of 0,125 mm.

B.6| Modes for measurement of current

The [external capacitor feedback mode should.‘be used over the direct measurement of|current on
an ampere scale, because of the greater sensitivity and reading accuracy of this method.|To use this
properly, the external capacitor shall be accurately calibrated, and the integration timg accurately
knoyvn and controlled. The measured current is then given by Formula (B.3):

o =C(Uy~Uy) /¢ (8.3)
where

o is the«éxternal capacitance (including that due to the electrometer);

b is,the integration time;

[/, and Ug “)‘are the voltages measured by the electrometer in external feedback mode dt the begin-
ning and end of the integration period.

B 7 afion-finasa
. Fation—tHmes

Integration times should be chosen commensurate with the measured signal level. Obviously for very
low currents, longer integration times are necessary to average out fluctuations due to variations in
the leakage current. Typical values of the leakage current are of the order of +0,5 fA, which for a source
with a dose rate of 1 pGy/s, at a chamber depth of 0,25 mm, is about 10 % of the measured signal for
an extrapolation chamber with a 30 mm collecting electrode diameter. A good rule of thumb is that
integration times sufficient to collect at least 0,5 pC should be employed. Thus, for the example given
above, an integration time of 100 s should be used. While it is convenient to use the same integration
time independent of chamber depth, it is often more efficient to vary the integration time as a function
of chamber depth, using shorter integration times for larger chamber depths commensurate with the
rule of thumb given above.
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B.8 Replicate readings

There is always a necessity to perform repeated readings at each air gap and polarity to establish the
statistical uncertainty of the measurement. In determining the number of necessary replicates, one
shall be concerned with the signal level and the effect of changing the polarity on the stability of the
ionization chamber. For meaningful standard deviations, at least five, and preferably ten readings
should be made at each polarity and each chamber depth. The polarity should be changed from positive
to negative and back, at least twice during this procedure, to rule out instabilities introduced by polarity
changes.

B.9 Dete

The zero p
capacitor b

rmination of the zZero point and the ertective collecting electrode area

bint can be determined from an electrical measurement of the chamber capagitarce
ridge circuit. For this determination, measurements of the chamber capacitance”are 1

in a
nade

at several d
the chambe
with the x-4

rsus
tion

hamber depths; the inverse of the measured chamber capacitance is themplotted ve
r depth indicator and least-squares fitted to a linear function. The intercepbof this fung
xis indicates the zero point.

The tempe

in Figure 3
differences

ature dependence of the zero point of an extrapolation chambef-such as the one shown
has been determined[22] to be (-3,3 + 0,1) um-K-1. This temperature dependence is dye to
in the thermal coefficients of expansion of the various compenents of the extrapolgtion
chamber. Itfis thus important to keep temperature drifts during meastyements with the extrapolgtion
chamber td a minimum. A recommended maximum variation of\the temperature during any| one
extrapolatipn measurement is 0,1 K.

rode
e 3).
ions
rode
ents
lane

The effectiye electrode diameter is regarded as the sum0f’x., the geometric collecting elect
diameter, apd x,, the width of the insulator between the collecting and guard electrodes (see Figui
If the collecing electrode is accessible for demounting aftd microscopic examination, these dimeng
can be meagured directly with a travelling or measuring'microscope. If, however, the collecting elect
is not accesgsible, the effective collecting area can:bé determined electrically using the measurem
of the chanber capacitance, C for several chamber depths described above. The capacitance for p
parallel cirqular electrodes with a guard ringiis'given by Formula (B.4) and Reference [21]:

(X +xg)2 ‘T g,-a
4./ 1

B.4)

he chamber depth;
he dielectri¢ constant for air, 8,859 78 pF-m-1.

line
n be

If the indicqted chamber depth is plotted versus the inverse of the measured capacitance, a straight
is one obtajned which has a slope 1/(g,-a) from which the effective collecting electrode area, a, ca
determine

B.10 Determination of the limiting slope

The quantity needed to calculate the absorbed dose from an extrapolation curve measurement is the
limiting slope, which is given by [d{k-k"I(¢)}/d/],_,, where k is the product of the correction factors

which vary during the measurement of the extrapolation curve, and k' is the product of those which are
constant. The limiting slope is determined by least-squares fitting of the extrapolation curve to a
polynomial function. If the correction factors comprising k are accurate, then in principle the currents
have been corrected to a condition where they are directly proportional to the chamber depth, and the
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extrapolation curve is a straight line; in this case a first-order polynomial is sufficient, i.e. as given by

Formula (B.5):
k'k"I(f):CO +C1 ¥

where c; is the limiting slope and independent of /.

(B.5)

In this Formula, ¢, is the intercept of the extrapolation curve with the current axis; the intercept with
the chamber depth axis is /), and is given by Formula (B.6):

lo=—¢co /¢

and
of ¢

(B.6)

s the chamber depth indication at which the predicted ionization current is zero{ Non
are indicative of an error (non-zero offset) in the chamber depth indicator.

In the case where the correction factors comprising k are inaccurate or incomplete, the e
curve will not be a straight line but will exhibit some curvature, which-is) most often

“sub
case

for 147Pm. In this case, it is more appropriate to use a least-squaresfitted second-order

of thle form of Formula (B.7):

whe

k"1 (0)=co+cq-L+cy - 0°

Fe ¢, is the slope of the extrapolation where it intercepts the current axis. If ¢, < 0, then {

is suplinear (negative curvature), and ¢ is given by Formula (B.8):

Whi
eval

corr
qual

[ 2
. _ 1 tyeq —4-cy-cy

2‘C2

late the data visually, it is very~useful to also make a graph of the AI/A¢ values

ected chamber depthsl22], This is-an extremely sensitive tool to evaluate the linearity :
ity of the fit. For linear functions, the evaluated slope, c¢;, in this representation is a hor

Ever slight deviations from linearity are immediately apparent in this representation of the

zero values

trapolation
negative or

Hlinear”. This is often the case when the correction factors deviate appreciably from unjty, as is the

polynomial

(B.7)

he function

(B.8)

e graphing the extrapolation curve.with the fitted function superimposed is commonly done to

versus the
ind also the
izontal line.
data.
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Annex C
(normative)

Extrapolation chamber measurement correction factors

C.1 Type of correction

Correctiong
during the

depth or so
determinat
factors give
k. see C.1i

abs’

C.2 Corr
of the col

Some of th
electrode a
the same w|
electrode m

The beta r
determined
for an extra
particle tra

C.3 Corr

, which are applied to the measured current, are of two types: those which are coxs
measurement of the extrapolation curve and those which are dependent on the-¢har
me other varying parameter. The correction factors are summarized in Table§)2-and 3
on of each of these correction factors is discussed in the following clauses{ The correc
n in this annex are valid for normal radiation incidence only, i.e., for a =@-éxcept thos
0.

ection for the difference in backscatter between tissue and the mater
lecting electrode and guard ring, ki,

e incident beta particles are backscattered into the.collecting volume by the colleg
hd adjoining parts of the guard ring. Ideally, the beta‘particles should be backscatterg
by as if the collecting electrode and the guard ring;consisted of tissue, but as the colleg
ay consist of other materials, this difference shall be corrected for (correction factor ky

pference radiation fields from the beta sgcondary standard 2, BSS 2[12ll13] have
and are freely availablelZ]. As an example, from these data values of k,, have been calcul
polation chamber with a collecting electrode made of PMMA2] by means of Monte (
hsport simulations(231[24] and are summarized in Table C.1.

ection for the effect of bremsstrahlung from the beta-particle source,

In addition
bremsstra
than the be
means of a
the extrapo
attenuate t

to that caused by beta particles, a small part of the ionization current, /, is cause
lung emitted from thésource. As the bremsstrahlung has a much greater penetrating al
a-particle radiatidm) the ionization current [, due to bremsstrahlung can be measurg
absorber of lowatomic number (PMMA, PET) positioned in front of the entrance windda
ation chamberyand just sufficiently thick to stop the beta-particle radiation but only slig
e bremsstrahlung. The correction factor k. for bremsstrahlung is defined by Formula

tant
nber
The
tion
e for

al

ting
ed in
ting

a)-

been
ated
arlo

<

d by
ility
d by
w of
rhtly
C.1):

(C.1)

r

The contribution of bremsstrahlung to the absorbed-dose rate can be important if the calibration is
not related to D,(0) but to D,(0,07) and the ratio D,(0,07)/D,(0) is small, which is the case for the 147Pm
sourcel23],

As an example, values for k. have been measured for an extrapolation chamber with a collecting
electrode made of PMMAL3], see References [11], [23], [24], and are given in Table C.2.

C.4 Correction for the electrostatic attraction of the entrance window, k|

The electrostatic attraction of a thin entrance window caused by the electric field in the collecting
volume can be determined by measuring the chamber capacity versus the collecting voltage ata chamber
depth of 2,5 mm. A deflection of (2,2 + 1,2) um was measured[13] at a field strength of 100 V-mm-1. As
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all measurements should be performed at field strengths ten times lower, the electrostatic attraction
may be neglected and thus the correction factor k, = 1 can be assumed.

C.5 Correction for the effect of humidity of the air in the collecting volume on the
average energy required to produce an ion pair, k; ,

This correction factor is applied to the recommended conventional value of the average energy required
to produce an ion pair at reference conditions, W, to account for the increase of this value when the
relative humidity deviates below the standard test conditions. At present, it is specified at only a single
value of r = 0, (dry air) as ky,, (r = 0) = 1,003[6l. For standard test conditions, k;,, may be taken as unity
witl an estimated uncertainty of 0,1 % (1o)!%!: thus, the correction factor k;, = 1,000 0,001 can be
assufmed.

C.6| Correction for interface effects between the air in the collecting volume and
the|adjacent entrance window and collecting electrode, k; |

A grpphited PMMA collecting electrode and a graphited PET entrance window, such as arfe employed
in tHe extrapolation chamber shown in Figure 3, have somewhat loweréffective atomic numbers than
the pir in the collecting volume. However, the disturbance of thelsecondary electron H{JX at these
graphite-air interfaces can be neglected as was deduced by measurementsl261[27] at a Sn-ajir interface,
if th¢ extrapolation chamber is operated at standard test conditions and at chamber depths|larger than
0,5 thm. For chamber depths of 0,5 mm or less, there is no infotmation available. Until more information
is ayailable, the correction factor for interface effects is.¢considered to be k;, = 1, independent of the
charhber depth employed.

C.7| Correction for the source to chamber distance at different phantom
depths, kph

During the measurements, the source-defector distance y, between the source and the front entrance
of the chamber is kept constant. Once-am absorber of thickness d,, . is placed in front of the chamber, the
distance between the source and the front of the absorber is smaller than y,. This is taken into account

by the correction factor(1% as given by Formula (C.2):

d 2
oh =(1— abs ] (C.2)
Yo

NOTE1  Absorbers in front of the chamber represent the front part of a tissue-equivalent phantpm while the
chanpber representsthe remaining part of such a phantom. Therefore, the correction factor is called k}, with the
index “ph” for “phantom”.

NOTE 2 _ {For an absorber of thickness d,;,; = 50 pm and a distance of y, = 110 mm this leads t¢ k,, = 0,999
whilg dp &= 20 mm and y, = 110 mm leads to kj, = 0,669.

NOTE 3  The corrections which are related to non-reference ambient conditions are taken into account by a
change in the depth d (i.e., the respective correction factors k), see C.10.

NOTE4 In Reference [10], this correction factor, ky, is called ky;, and the distance from the source to the
chamber, y, is called dgpp,.

NOTES5 In Reference [10], a wrong formula is given: the bracket is missing, and the square is applied to d,,
and y,.
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C.8 Correction for the inhomogeneity of the absorbed-dose rate in the collection
volume, k;,

Use of a 30 mm diameter of the collecting electrode area results in a measurement of absorbed-dose rate
averaged over this area and its depth. The reference absorbed-dose rate, on the other hand, is specified

on the axis of the beam. Thus, any inhomogeneity inside this collection volume shall be corrected for.

EXAMPLE

Values of k;;, have been calculated by means of Monte Carlo particle transport simulations[23124],
They are linearly depending on the chamber depth 7, see Formula (C.3). The corresponding fit parameters b and
m are summarized in Table C.3.

kip, =b

C.9 Corr

The stoppir
tissue. The
a constant,
depth din g
at different

the correction factor can be formulated as[101{23][24] and Formula (C.4);

%)

Vil
- r

ection for the stopping power ratio at different phantom depth) ks,

g power ratio s, , accounts for the fact that the measurement volume is-filled with air
value of s, , is equal to the ratio of the energy transfer of electrons in tissue and air. It i

hantom due to the energy loss of the electrons along their path, Frem the spectral flue
depths in tissue, d,, and the stopping powers of tissue and air fex'mono-energetic electi

. (0)+a-(dy /um)°

ksta =

with s, ,(0)
in values fd
respectively

C.10 Corr
between
due to va
window t

The referen
of ICRU tiss
between th
air density
Any deviati
p,» from thg
with refere

Sta (0)

faken from Table 5 and a and b taken from Table*€.4. For a tissue depth of 70 um this re
r kg, of 1,001 1, 1,001 0, 1,001 2 and 1,000-9 for 47Pm, 85Kr, 20Sr/?0Y and 106Ru/1(
.

ection for variations in the attenuation and scattering of beta particle
the source and the collecting volume and inside the collection volume
riations from referencé conditions and for differences of the entrance

o a tissue-equivalent thickness of 0,07 mm, k.

ce thickness of the efitrance window of the extrapolation chamber is d, = 0,07 mm or 3
e, or an area density of 7 mg - cm~2 or 300 mg - cm~2. The reference thickness of the air
p source and thesurface of the extrapolation chamber is y,, at the reference conditions, i,
bf p,o- Using£ormula (7), this air thickness corresponds to a tissue depth of n,  p,0° V-
bn of the entrance window tissue-equivalent thickness from 0,07 mm, or ambient air der]

reference’air density, p,, results in a different absorption of the beta radiation comp

nce cqnditions. The correction factor, k,;;, which accounts for this is given by Formula

k

T(dy)

abs —

T

where

Nm,t A’

r’a,t'(pa_

a

26

na,t '(pa _paO)'YO +nm,t 'dm “Pm
Pt

|

is the tissue-equivalent thickness of a window of medium m, thickness d,,
density p;

[do +

Pm/Pt

Pa0)Vo/p: is the tissue-equivalent difference from the reference air path y;

is the angle of radiation incidence.

L

C.3)

not

5 not
because it depends on the energy E of the electrons, which continuously decreases witlh the
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The measured depth dose curves due to beta radiation, i.e. the transmission functions T(d) are
adequately represented by functions of the form[101[11][23](24] 35 given by Formula (C.6):

Z?:o(Ti -cos[i-arccos{X (d)}] -1y, )

Ty (d)= (C.6)
1—Tbr
where
1 d+6)-1 d..+6
X(d)=2- %810 ( )=10810 (dmin +9) —1 is a variable transformation from d to X(d) € [-1;1];

log. . (d 5 _loo. . (d 5
o 1lU \Mmax 7 o 10U \Umin 7

Ty is the contribution to the dose due to bremsstrahlung, i.e. 7y, =1-ky,..

Valups for the parameters T, i = 0...8, as well as d,;,, d,,,. and & for several reference fields defined in
ISO $980-1 are shown in Table C.5 for @ = 0°[13] while values for k. are shown in¢Fable C.2. These values
werg obtained as fits of measurements of transmission through PET foils andtPMMA absofbers[10][11],
The [values for a = 0° are to be applied to extrapolation curve measuremerits at all angles qf incidence,
i.e, dta=0°and at a # 0°.

For pressure values outside of the range stated in Table A.2 transmission measurements at these
pressure values and subsequent fits to those measurements need to be undertaken to| obtain the

corrpsponding values for the parameters T, i = 0...8, as well as@},;,,, d,,,,x and 6.

C.11 Correction for the air density in the collecting volume, k_4

The [density of the air in the collecting volume of the extrapolation chamber influences the collected
current because, for a constant absorbed-dose rate, it is proportional to the number of aifr molecules
available to be ionized, which is itself proportional to the air density. Thus, the measuregl ionization
shal] be corrected to the air density at refecénce conditions.

To algood approximation, the density of @ir at ambient conditions, p, can be expressed as[10|23] as given

by Fprmula (C.7):

17,504 3-T
241,2 °C+T

1 287,05

[T+273,15 °C]-28%,05—— 461,495
kg-K

)‘r'611,213 Pa‘exp( } (C.7)

whele

" is the abselute temperature, expressed in °C, of the air in the collecting volume;
b is the\air pressure, expressed in Pa;

- .is'the relative humidity of the air, expressed as a fraction.

For these conditions itis p,y = 1,197 40 kg:-m=>.

Formula (C.7) is valid only for standard test conditions. The correction factor for the variation of the air
density within the collection volume, k4, is then given by Formula (C.8):

Pao
kg =220 (C.8)
o,

where p,, is the air density for the reference conditions which are stated in Annex A.
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C.12 Corr

ection for radioactive decay of the beta-particle source, k

The radioactive decay of the beta sources can be taken into account by the correction factor given by

Formula (C.9):

kge :eXP[(tm —ty )-1n(2)/t1/2]

where

ty/, is the half-life of the radionuclide;

(C9)

t

m 1S
is
me

to

For the me
of the meas
nuclides![28]

C.13 Corr
walls of t

The perturl
been studie
assumed to
chamber dg
varying thi
front of the

he time at which the measurement is performed;

the time to which the measurement is being corrected, which is the reference time for

asurement.

urement. Table C.6 shows values of half-lives for the most important-heta-particle emi

ection for the perturbation of the beta-particle flux density by the sid
e extrapolation chamber, &

pation of the beta-particle flux density by the side walls of the extrapolation chambel

the

isurement of an extrapolation curve, the reference time is usually takeén)as the beginning

ting

™

has

d in detail by Bohm[18l. The results show that the perturbation correction factor k,,, cg
be the product of a shield factor and a scatter factor, the magnitudes of which depend o

n be
the

pth /. k. can be determined by measurenients of the ionization current with rings of
kness and of the same inner diameter as\the chamber walls, with the rings positiongd in
entrance window. This procedure simulates the addition of more wall material td the

extrapolatipn chamber. For various chamber depths, the dependence of the ionization on the added|wall

thickness if
measured d

Alternative
calculations
walls by air

Once this h
factor k. m

kpe =f6

Examples d
determined

measured, and the correction to.zéro wall thickness is determined by extrapolation o
ata.

y, values of k. can be calcilated by Monte Carlo transport simulations by performing
: one with the real extrapolation chamber geometry and another one by replacing its
Using this method, values of k,, have been calculated[231(24],

s been determinéd-for a number of chamber depths, the numerical values of the corre
ay be fitted toapolynomial function of the chamber depth ¢ of the form of Formula (C

+ fr LSl t? (

f coefficients of such functions which can be used to calculate k,, for various sou
using an extrapolation chamber of the type shown in Figure 3, are given in Table C.7.

the

two
side

tion

10):
.10)

rces,

C.14 Corr

ection for the use of the Spencer-Attix theory, kg,

The Spencer-Attix (SA) cavity theory is considered to be more accurate than BG cavity one as it accounts
for the variation in the response measured as a function of cavity dimension whereas the Bragg-Gray
theory does not[221[30], The beta reference radiation fields from the beta secondary standard 2, BSS 2[12]
[13] have been determined and are freely availablelZl. As an example, from these data corresponding SA
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stopping power ratios of tissue-to-air have been calculated[221[30], They can be fitted to a polynomial
function of the chamber depth ¢ of the form[23124] and Formula (C.11):

kSA :CO +C1 £+C2 (2

(C.11)

Examples of coefficients of such functions which can be used to calculate kg, for various sources,
determined using an extrapolation chamber of the type shown in Figure 3, are given in Table C.8. For
a chamber depth of 1 000 pm this results in values for kg, of 1,003 6, 1,004 5, 1,005 7 and 1,007 4 for
147Pm at 20 cm distance, 8°Kr at 30 cm distance, 29Sr/?0Y at 30 cm distance and 196Ru/196Rh at 30 cm
distance, all with beam-flattening filters, respectively.

C1

A co

b Correction for ionization losses due to recombination, k.

in tHe chamber volume due to the effects of recombination. Different types ofyrecombinat
recombination and initial recombination) as well as diffusion loss have beén reviewed

Boh

ml31]. These effects are accounted for by the correction factor kg,,,

1

sat = 2 4 *
T8 |({_Erct\(_2KT
U2 U e-U

.

where

ré=(505+0,25)-1013 v2. A"l .;m~?

! is the chamber depth;

1 1S the measured ionization density 21 / (a- ¢ );
1 is the effective collecting electrode area;

[/ is the absolute value of the collecting voltage;
F, =44Vml;

b is the elementary-charge;

" is the air témperature, expressed in kelvins;

k*  is the. Boltzmann’s constant.

Whdn 7 is.expressedinm,lis expressed in A, Uis expressed inV, a is expressed in m2 and T i

frection factor shall be applied to account for the losses in the collection of the’ionizatiion created

on (volume
n detail by

whichis given by Formula (C.12):

(C.12)

s expressed

in K] thiscorrection factor may also be given by Formula (C.13):

koot = ! (C.13)

£ = .
T ([_5,0510%13 (440, 17,2410 T

where

the first term in brackets is the volume recombination;

the second term in brackets is the initial recombination;

the third term in brackets is the diffusion.
The total estimated relative uncertainty of k,, is lower than 0,2 % for values of k., below 1,02, which
usually occur in practice.
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