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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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Introduction

ISO 6980 series covers the production, calibration, and use of reference beta-particle 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 reference
beta particle 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 0,07 MeV to 1,2 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 56[2], the ambient dose equivalent, H*(10), ¥séd 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
9661, Reference radiation fields for radiation protection — Definitions and fundamental
s (VIM)

Terms and definitions

-equivalent
bf the beta-
[ maximum
ries 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

ited references, the latest/edition of the referenced document (including any amendments) applies.

roncepts

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

For

1 £l - 1 —] + h R Y S : : ATV oVl VaVW L ik faVaWi s nValal
T PUIrpouscs UI'ULILS UUCUITICIIL, UIT LCHILS dITU UCTIIIUIUILS SIVEIT I TIOU 47001, 10U/ TEU O

the following apply.

ide 99 and

ISO and [EC maintain terminology databases for use in standardization at the following addresses:

3.1

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

[EC 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
extrapolat

on (ionization) chamber

ionization g
a vanishing
extrapolate

hamber (3.2) capable of having an ionization volume which is continuously vaxiab
ly small value by changing the separation of the electrodes and which allows the us
the measured ionization density to zero collecting volume

e to
er to

3.4
ionization
measured i

density
bnization per unit volume of air

3.5
leakage cu
Iy
ionization c

rrent

hamber (3.2) current measured at the operating bias voltage in the absence of radiation|

3.6

maximum
Efnax . : . . . . .
highest value of the energy of beta particles emitted byx@/particular radionuclide which can emit one or

several continuous spectra of beta particles with different maximum energies

beta energy

3.7
mean beta
E

mean
fluence ave

energy

raged energy of the beta particle spectrum at the calibration distance free in air

3.8
parasitic c
Iy

negative cu
and diffusiy

1irrent
Frent produced-byzbeta particles stopped in the collecting portion of the collecting electfode
g to this electrode and the wire connecting this electrode to the electrometer connectq

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

u|man

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 c¢m 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.]

© IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=c9682e4bf163f04ef0eac72d5973c1b6

ISO 6980-2:2023(E)

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

absorbed dose to tissue, D(0,07), in a slab phantom (3.9) made of ICRU 4-element tissue with an
orientation of the phantom (3.9) in which the normal to the phantom (3.9) surface coincides with the
(mean) direction of the incident radiation

Note|1 to entry: The absorbed dose to tissue, D,(0,07), is defined in ICRU 51[4] as personal absorbed dgse, D,(0,07).
For the purposes of this document, this definition 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) = Dy, with the conversion coefficient 1 Sv Gy, see ISO 6980-3:202355.2.2.2, 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 only due to beta particles

Note{1 to entry: As a first approximation, the ratio Dy z/Dgi8’given by the correction factor for bremsstrahlung,
ky» and other photons (see C.3).

31
tissue equivalence
progerty of a material which approximates the radiation attenuation and scattering properties of ICRU
tissye

Note|1 to entry: See ISO 6980-1:2023, 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(nl 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 2023 - 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 capacitor

Cy extrapolation chamber capacitance

C;i sensitivity coefficient

daps thickness of the absorber in front of the extrapolation chamber

dy depth in a medium m

d, depth in ICRU tissue

dm tissue-equivalent thickness of medium m

d, 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

Dgp reference beta-particle absorbed dose

D(d,, v,r, 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

Eax 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

Ly ionization current caused by-bremsstrahlung and other photons

I, parasitic current

I, current measuredwith 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
curvé measurement

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

k.ps correction factor for variations in the attenuation and scattering of beta particles betwyeen
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

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

kyr correction factor for the effect of bremsstrahlung from the beta-particle source and other
photons

kie correction factor for radioactive decay of the beta particle source

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

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

4 © IS0 2023 - All rights reserved
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Table 1 (continued)
Symbol Meaning
kin 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
kon 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 Spencer{Attix theory
instead of the Bragg-Gray theory
Kt correction factor for ionization collection losses due to ionic recombination
Ksta correction factor for the change of the stopping power ratio at differentphantor depth
l extrapolation chamber depth, the air gap between the collecting €lectrode and the entrance
window
Lo intercept of the extrapolation curve with the chamber depth axis
m, mass of the air in the collecting volume of an extrapolation’chamber
p ambient atmospheric pressure
PMNA polymethyl methacrylate
PET polyethylene terephthalate
PTFE polytetrafluoroethylene
I measured ionization density
(5/P)etm mass-electronic stopping power inimedium m
SA Spencer-Attix
Sta ratio of mass-electronic stopping powers of ICRU tissue and air
T ambient air temperature
T; parameter for transtjssion functions
T(#d @) transmission function D ,(p,,*d,,; @)/D,(0; 0°) in medium m
Ti(pl-d,; ) transmission function D (p.d,; @)/D.(0; 0°) in tissue
t integration time for a current measurement
tm time at'which a measurement is performed
to refesence 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, U, initial and final voltages on the feedback capacitor charged by current from the ektrapolation
chamber
1% thickness of a detector
VT/O 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
Vo 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 2023 - All rights reserved 5
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Table 1 (continued)

Symbol Meaning
Pa density of air at ambient conditions
Pao density of air at reference conditions
Pm density of medium m
Pt density of ICRU tissue
o standard deviation
Tyr contribution to the dose due to bremsstrahlung and other photons, i.e. 7. = 1-k;,.
o spectratdistributiomof beta=particte fiuemce

The referen
and measul
and A.2.

5 Calibr

The referen
this docum
calibration
or an apprd
at the time
half-life and

The measuj

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, fox_example, from a knowledge o
isotopic composition of the radioactive source.

device shal
same, or si

also be approved as required by national regulations if available. An instrument o
ilar, type to that routinely calibrated by thié calibration laboratory shall be calibrate

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 FPables

ement technique used by a calibration laboratory for calibrating a beta-particle measu

ions
Al

with
this

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

only
[ the

ring
" the
d by

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

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

obtained i

and holderq which have been calibrate@:in a national reference laboratory is sufficient to demonsf
traceability|to the national standard.

The freque
not move o
laboratory-
calibration
changesin {

6 Gener

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

cy of a field calibratien should be such that there is reasonable confidence that its value
itside the limits, ef.its specification between successive calibrations. The calibration o
hpproved transfer'instrument, and the check on the measurement techniques used by
aboratory should be carried out at least every five years, or whenever there are signifi
he laboratory environment or as required by national regulations.

al'principles for calibration of beta-particle radiation fields

own
ved,
that
rces
rate

will

f the

 the
cant

6.1 Gene

ral

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 ICRY 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 6980-1:2023, Annex A.

©1S0 2023 - All rights reserved 7


https://standardsiso.com/api/?name=c9682e4bf163f04ef0eac72d5973c1b6

ISO 6980-2:2023(E)

6.3 Characterization of the radiation field in terms of penetrability

The tissue transmission function, T,(p d; @), is an important parameter of the reference beta-particle
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 o
conjunction
corrections
e.g. 3 mm, §

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 b
in Figure 3,
window alg
The windoy

" which are shown in Figures 1 and 2[111[12][13][14], The measured transmission functie
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

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-
Dy (8)-d8 Dy (0)- [ P (8) 8
prd _ ped

t

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
e achieved, by mavement of one of the plates towards the other. A typical design[12] is sh
which utilizes\d fixed entrance window and a movable collecting electrode. The entr
o serves aSythe high-voltage electrode and consists of a very thin conducting plastic

enough to
of about 0,
maintained

v shallbe’ thin enough to not unduly attenuate the beta-particle radiation, yet st
ot be,deformed by attraction to the grounded collecting electrode. Carbonized PET
nig.-'cm~2 are now typical of commercially available devices. The collecting electro

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

s, in
ine
om,
can
ions
erial

" the
the
and

(8)

tors

ticle
ition
own
ance
foil.
rong
foils
e is

me.

It shall be of conducting material or have a coating of conductive material, 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
Dygp :_O'St,a' 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 reference beta-particle radiation fields. To overcome this difficulty,
varipus corrections are applied and the evaluation of the reference beta-particle absorbed-dose rate is
accomplished with

. Wy/e)s..T d
P . de
Pao -a (=0
whefe

(W, /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 a recom-
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 obtained-by multiplying the recommended yalue for dry
air, 33,97 J-C1, by a humidity.orrection factor of 0,997 at the relativg humidity of
65 %.

D0 is the density of air at¢he reference conditions of temperature, ppessure and
relative humidity,-see Annex A;

1 is the effective'area of the collecting electrode;

_i{k KT (f)}] is the limiting value of the slope of the corrected current versus chgmber depth
s /=0

¢ function;

bt a is.the ratio of the mean mass-electronic stopping powers in tissye-to-air;

' is the product of the correction factors which are independent of the chamber
depth;

k is the product of the correction factors which vary with the chamber depth.

The [various-eorrection factors are described in Tables 2, 3 and 4, and methods for determining them
are given in Annex C. Methods for determining the limiting slope are given in B.10. The qupntity s, , is
giveh by

Emax
[ (@g) (S /Py -dE

Sta = E (11)
[ @) (S PYey, -dE

where (@), is the spectrum of electrons (fluence of electrons, differential in energy) at the reference
point of the extrapolation chamber, (S/p),, is the mass-electronic stopping power for an electron with
kinetic energy E in tissue substitute and (5/p),, , 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[!3] 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[®][16] using electron spectrometersl®l[16l. 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. (7] were used; the results for 0 pm tissue depth are shown in Table 5[10],

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 Calibijation with ionization chambers

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 isnot sufficiently thick (less than 2 cm) to provide full backscatter.

9 Measurements at non-perpendicular incidence

Measurements at non-perpendicularincidence to determine the‘absorbed-dose rate as a function of gngle
ofincidencqd may be performed both with the extrapolation chamber and with thin thermoluminescence
or exo-elecfron dosemeters. When using the extrapolation chamber for these measurements, [care
shall be talen to account for the angular dependence\of some of the correction factors applied t¢ the
measured currents. The most sensitive of these correction factors is the perturbation correction factor,
which shoulld be determined for each angle of.interest separately. In the past, often the methadd of
Bohmll8] whs used, while nowadays radiation‘transport simulations, like from Behrensl19], are ysed.
When thin TLDs are employed, only the very.thinnest detectors are suitable (effective thicknessed less
than 25 pm) because of the complicated angular-dependent volume effects in thicker dosemeters(2pl.

10 Uncentainties

The calibration of a radiatien.field obtained with an instrument shall be accompanied by a statement
of the unceftainty of the quoted value. In the determination of this value, all the uncertainties of alll the

both types © i
uncertainties are estlmated from the standard deviation (o) ofthe mean that follows from an averaging
procedure or an appropriate regression analysis.

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:

10 © IS0 2023 - All rights reserved
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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.
Imeasurements associated with the collection of the ionization current are the followin
the chamber depths;

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

g the integration time between the measurement of U; and U»;
r the ambient temperature;

D the ambient atmospheric pressure;

f the ambient relative humidity;

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

[/ the polarizing voltage.

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

and

assolciated with these measurements-are shown in Table 6.

Ann
uncq

bx C shall be considered, and in particular the effect of the uncertainties on the limitin

Posdible methods for mfaking such an assessment are discussed in Annex D.

CAl

et and gain,

h knowledge of these shall be included in the full analysis of uncertainty. Examples of upcertainties

{dition, the uncertainties~due to the application of the various correction factors discussed in

b slope. The

rtainties associated (with the various components of Formula (10) (see 7.2) are shown in Table 7.
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D(d,,)/D(70 )
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Key
dicry: tissuelequivalent depth in an ICRU 4-element tissue phantom
D(dycry)/D(70 pm):  dose rate at d¢p 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/9PY, 20 cm, with 4 mm PMMA absorber

4 90Sr/9PY, 20 cm, with 3 mm PMMA absorber

5 90Sr/9PY, 30 cm, with beam-flattening filter

6 106Ruy f106Rh, 30 cm, with beam-flattening filter

NOTE The depth dose curyéfor 204Tl is very similar to that shown for 85Kr.

Figure 1 — Full depth'dose curves with logarithmic scale for the tissue depths measured at|the
calibration distances y, for several beta-particle sources[111[12][13][14]

12 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=c9682e4bf163f04ef0eac72d5973c1b6

ISO 6980-2:2023(E)

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

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

D(dcry)/D(70 pm):  dose rate at dj¢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
5
6

NOTE 1

NOTE 2

[14],

Figure 2 — Parts of
depth

~ D W N R

14

905y /90Y, 20 cm, with 3 mm PMMA absorber
905y /90Y, 30 cm, with beam-flattening filter

106Ru/106Rh, 30 cm, with beam-flattening filter

piston
entranc¢ window
collecting electrode
guard ripg
chamber depth
Figyre 3 — Schematic cross-section of the main parts of an extrapolation chamber
Tabjé-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 (graphite) 0,875
ICRU tissue 1,000

The depth dose curve for 204T] is very similar to that shown for 85Kr.

~N

3 / N\
. NG
4 \ N
S \
CANN A SNNAL

The curves were determined at the calibration distances y, for several beta-particle sources11][12][13]

the depth dose curves shown in Figure 1 with linear scale for the tissue
- a a¥a () aa aVa aYa¥a a¥a a 0 a a no 1uo
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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
Polyethytermre terephtiratate {PET) 6,933
Polyimide 0916
Polymethyl methacrylate (PMMA) 0,963
Polystyrene 0,952
Polytetrafluoroethylene (PTFE) 0,884
Silicon 0,958
Skin 0,997
Water 1,015

measurements

Table 3 — Correction factors which are constant for.the entire extrapolation cfirve

Symbol

chamber

Condition
of use

Influencing parameters related to
Description Extrapolation

Source

Irradiation
donditions

Kba

Correction factor for the difference in
backscatter between tissue and the +
material of the collecting electrode

Correction factor for the effectof
bremsstrahlung and other photons
from the beta-particle source

Correction factor fopthe'electrostat-
ic attraction of the’entrance window +
due to the colleeting voltage

Correction fdetor for the effect of
humidity 6fthe air in the collecting
volume en/the average energy re-
quiredo produce an ion pair

Gorrection factor for interface effects
between the air in the collecting
volume and the adjacent entrance
window and collecting electrode

kph

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)

kSta

Correction factor for the change of
the stopping power ratio at different
phantom depth

© IS0 2023 - 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 particles between the source
and the collecting volume and inside
the collection volume due to varia- + + + +
tions from reference conditions and
or differences of the entrance win-
How to a tissue-equivalent thickness
bf 0,07 mm

Correction factor for the variations
K. pf the air density in the collecting +
Folume from reference conditions

abs

Correction factor for the radioactive
e lecay of the beta-particle source

Correction factor for the inhomoge-
ki, heity of the absorbed dose rate inside + + +
he collecting volume

Correction factor for the perturba-

K ion of the beta-particle flux density
pe by the side walls of the extrapolation

thamber

Correction factor for the stopping

k bower ratio to use the Spencer-Attix
SA heory instead of the Bragg-Gray

heory

Correction factor for ionization loss-
sat bs due to ionic recombination

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

Relative
Value of s; y.at 0 pum depth for the radionuclide u;t(:;ie?g:i;(ity
%
147pm 204T] 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 radionu-

Correction evaluation clides
factor or Unit of standard 204
quantity uncertainty 147pm 8'1;1 and 90Sr/90y | 106Ry /106R
(AorB) Kr
Yo mm B 0,3
Z mm B 0,3
a degrees B 0,1
C pF A-B 0,1

a2 The magnitude of the statistical uncertainty depends on the signal level.
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Table 6 (continued)
Method of | Values of the standard uncertainty for the radionu-
Correction evaluation clides
factor_or Unit of stand-ard 204T] and
quantity uncertainty 147pm 85Ky 905r/90y | 106Ry/106Rh
(AorB)
A cm? A-B 0,005
/ mm B 0,001
Uy \Y% A a
U, ' A a
B 0,003
t s B 0,001
T K B 0,1
p kPa B 0,05
r B 0,02
i, -t S B 0,1
U Vv B 0,1
a2 The magnitude of the statistical uncertainty depends on the signal lexel.
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 of the standard ur_lcertainty forlthe radio-
fagtor or Unit correction fac- e::(l:gstt:i):tof nuclides
qupantity tor or quantity Aok B) y 90gr/90y 204T]; 85K 147pm 06Ry,/106Rh
St o — 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 1,497.40 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)
1 mm 0,25-2,5 B 0,001
i o & 1,0 - 1,01 B 0,003 0,003 | 0004 || 0003
Ky, - 0,995 B 0,002
Ky — 1 B 0,001
e — 1 0,0005 | 00005 | 0001 || 00005
Kin — T B 0,000 1
Kon — 1,0-0,67 B 0,001
;}‘}pd‘} fA - mm1 300 B 0,4 0,6 09 0,6
Kps — 0,84 -1,25 B 0,003 0,002 0,006 0,002
Ky — 0,95 - 1,10 B 0,006
kyo — 1 B 0,000 1 0,0001 0,000 2 0,002
ki, — 1,005 B 0,001
a2 Forvalues of I, and I_between 5 fA and 4 000 fA.
b Typical value for a commonly used device.
©1S0 2023 - All rights reserved 17
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Table 7 (continued)
. Method of | Values of the standard uncertainty for the radio-
Correction Values of the - -
. . evaluation of nuclides
factor or Unit correction fac- uncertaint
quantity tor or quantity (AorB) y 905r/90y 204T]; 85Kr 147pm 106Ry /106Rh
koe — 1,002 B 0,001
kga — 1,005 B 0,002
Keat — 1,005 B 0,002
a2 Forvalues of I, and I_ between 5 fA and 4 000 fA.
b Typical vilue for a commonly used device.

18
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Annex A
(normative)

ISO 6980-

Reference conditions and standard test conditions

A.1_Radiological parameters

2:2023(E)

See Table A.1.
Table A.1 — Reference conditions and standard test conditions for radiological parameters
Influence quantities Reference conditions Standoyd test_ co_ndl_t‘lons
(unless)otherwise indi¢ated)
Refdrence beta-particle radia- 90 /90 90+ /90
tion|field St/ @ Sr/>Y @
IS water slab phantom?:
. 30 cm x 30 cm x 15 cm phantjom filled
gl(;ﬂ;;f)(l%%l]cﬁs:ules om with water with 2,5 mm frong plate
(irradiation side) of PMMA anjd other

(for whole-body dosemeters)

walls of 10 mm PMMA or sub
ISO 6980-3:2023, 7.3.1

stitute, see

(for ring dosemeters)

ISO water cylinder phantomb:
Straight circular cylinder of ICRU straight circular cylinder 20 mm
tissue with 200 mm‘diameter and |diameter and 200 mm length|filled
) 200 mm length with water; walls of PMMA: dide and
Phaptom (only in the case of | (for eye lens dogemeters) end walls 5 mm thick or subsftitute, see
pergonal dosemeters) 1S0 6980-3:2023, 7.3.1
. ; . ISO water pillar phantom:
S'tralght .CerUIar cyll.nder of ICRU straight circular cylinder 73 mm diame-
tisSue with 73 mm diameter and : .
ter and 300 mm length filled with water;
300 mm length o 4 .
for wrist or ankle dosemeters) walls of PMMA: side walls 2,1 mm thick-
ness and end walls of 10 mm fhickness
S_tralght _cu'cular cylllnder of ICRU ISO rod phantom:
tissue with 19 mm diameter and ioht circul linder of )
300 mm length straight circular cylinder o EMMA;
19 mm diameter, 300 mm lenfgth

Angle of radiation incidence

Reference orientation

Reference orientation +5°

Confamination by radioactive
elenjents

Negligible¢

Negligible¢

Ambient dose equivalent rate

Ambient dose equivalent rat

Radiation background

H*(10) < 0,1 uSv-h-1 and
directional dose equivalent rate
H'(0,07;22) and H'(3;2) < 0,1 pSv-h-1

H*(10) < 0,25 pSv+-h-1 and

directional dose equivalent rate

H'(0,07;2) and H'(3;2) < 0,25

uSv-h-1

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

b A PMMA slab of at least 20 cm x 20 c¢m in cross-section and at least 2 cm in thickness may be used to substitute the
ISO 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.
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A.2 Other parameters

See Table A.2.

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

Influence quantities

Reference conditions

Standard test conditions
(unless otherwise indicated)

Ambipnt temperature 20°C 15 °C to 25 °Cbe
Relptive humidity 65 % 30 % to 75 %be
Atmogpheric pressure 101,3 kPa 86 kPa to 106 kPab¢d

Stabilization time 15 min >15 min

Powg¢r supply voltage

Nominal power supply voltage

Nominal power supply voltage +3

%

Irequency 2

Nominal frequency

Nominalfrequency +1 %

origin

tion due to the earth's magnetic fi

AC power supply 2 Sinusoidal Sinusoidal Wwith total wave-form hjar-
monicidistortion less than 5 %
Electromagnetic field of external Negligible Lessthair the lowest value that cayses
origin interference
Magnetic Induction of external Negligible Léss than twice the value of the indluc-

eld

Assgmbly controls

Set up for normal operation

Set up for normal operation

a2  Only for assemblies that are operated from a mains voltage supply.

b The actupl values of these quantities at the time of test shall.b@stated.

d  For presqure values outside of this range see C.10.

¢ The valups in the table are intended for calibrations performed in temperate climates. In other climates, the a
values of the| quantities at the time of calibration shall be*stated. Similarly, a lower limit of pressure of 70 kPa mgy be
permitted wlere instruments are to be used at higher altitudes.

ttual
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Annex B
(informative)

Extrapolation chamber measurements

Electrometer warm-up and stabilitv checks

Idea
shoy
upa
with

B.2

For

extr
mag|
rem

|ly the electrometer used for current measurements with the reference extrapdlati
1d be left powered continuously. If power is removed, the electrometer should be allow
nd stabilize for atleast 4 h when power is restored. Records should be kept on cuiirent me
standard beta-particle sources as quality checks on the overall current measurement

Determination of the leakage current

measurements in geometries or with sources which result in low ionization curn
hpolation chamber (<100 fA), the leakage current should be measured frequently
hitude and polarity dependence, if any. Preferably this should be accomplished with
pved from the stand to remove the contribution to theleakage (see B.3) due to bren

prod

makjing measurements in an automated fashion for lohg integration times. The source must

suff
matg

B.3

Ate
is bg
nega
curr
the (

This

suffk}ciently accurate to leave the sources in place during these measurements, particy

uced in the source shutter. For low activity (<200 MBq) sources of 204T] or 147Pm

ciently so that no beta radiation and, if possiblg, no bremsstrahlung is emitted. Low ato
brial should be used for this purpose.

Measurements at both polarities

ich chamber depth, current measurements are made at both positive and negative pol
cause of the interaction of the'beta-particle beam with the collecting electrode, whi
tive current to be always superimposed upon the polarity-dependant ionization cui
ent measured at positive polarity is denoted by I, and that measured at negative polarit
urrent due to ionization in the chamber volume is given by Formula (B.1):

=1, —1.)/2

formula,assumes

Lhat theparasitic current [, is independent of the polarity,

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

voltage; and

n chamber
ed to warm

asurements
bystem.

ents in the
o verify its

the source
hsstrahlung
it is often
larly when
be covered
mic number

hrities. This
ch causes a
rent. If the
y as I_, then

(B.1)

ackground,

hereafter referred to as leakage current, I, are also independent of polarity of the collecting

— 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.
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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 currents can be determined from Formula (B.2):

I+ =1, +1.)/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
symptomatic of problems associated with variable leakage current; thus, the parasitic current is a

useful quality control parameter.

In the case
and /_ shall

B.4 Voltage gradient

Since some
gradient, a

high voltagg
by the desir
electrode b
occurs. A vd

B.5 Choice of chamber depths

A range of
curve. The

current is fneasurable. At least five air gaps should-be chosen, which span a range over which

measured ¢

0,5 mm, whiile the largest should be no greater than 2,5 mm. A recommended choice of air gaps is

0,25 mm to

B.6 Mod

of the leakage current being dependent upon the polarity of the collecting voltage, th
be separately corrected for leakage.

corrections to the measured current, such as recombination, are funetions of the vol
ronstant voltage gradient should be used at each chamber depth. This involves changin
 every time the chamber depth is changed. The choice of the gradiént employed is gove
e to keep the recombination at a minimum, yet to not cause defermation of the high-vol
[y attraction to the collecting electrode, or to exceed the level at which ion multiplics
Itage gradient of 10 V-mm-1 should be used to achieve the$e)ends.

chamber depths should be chosen so as to uniqtiely specify the slope of the extrapold
smallest air gap should be chosen as close¢to zero as possible, yet large enough tha

urrent is linear with the chamber depth. The smallest air gap should be no greater

2,5 mm in increments of 0,125 min;

es for measurementofcurrent

en 1,

tage
b the
rned
tage
ition

ition
- the

the
than
‘Tom

The externpl capacitor feedbackymode should be used over the direct measurement of currert on
an ampere scale, because of the greater sensitivity and reading accuracy of this method. To use|this
properly, the external capdeitor shall be accurately calibrated, and the integration time accurately
known and|controlled. The measured current is then given by Formula (B.3):

I, _=CL(U, -U)yt B.3)
where

C is the external capacitance (including that due to the electrometer);

t is the integration time;

U;and U, are the voltages measured by the electrometer in external feedback mode at the begin-

ning and end of the integration period.

B.7 Integration times

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
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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

B.8

of thumb given above.

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 Nnumber oI necessary rep

shal
ioniz
shoy
to ne
charn

B.9

The
capd
at sq
the ¢
with

The

be concerned with the signal level and the effect of changing the polarity on thestd
ation chamber. For meaningful standard deviations, at least five, and preferably t¢
ld be made at each polarity and each chamber depth. The polarity should be changed f1
gative and back, atleast twice during this procedure, to rule out instabilitiesiritroduced
ges.

Determination of the zero point and the effective collecting electrod

zero point can be determined from an electrical measurement of the chamber capa
citor bridge circuit. For this determination, measurements\of the chamber capacitang

licates, one
bility of the
en readings
om positive
by polarity

e area

ritance in a
e are made

veral chamber depths; the inverse of the measured chamber capacitance is then plotted versus

hamber depth indicator and least-squares fitted to a linear function. The intercept of t
the x-axis indicates the zero point.

temperature dependence of the zero point of an extrapolation chamber such as the

in Figure 3 has been determined[12] to be (-3,3 £0,1) um-K-1. This temperature dependen|

diffe
char
charn
extr

The

If th

rences in the thermal coefficients of expansion of the various components of the e
hber. It is thus important to keep tempgrature drifts during measurements with the ey
hber to a minimum. A recommendéd maximum variation of the temperature duri
hpolation measurement is 0,1 K.

his function

one shown
ce is due to
trapolation
trapolation
ng any one

effective electrode diameter is regarded as the sum of x_, the geometric collecting electrode
diameter, and x,, the width of theinsulator between the collecting and guard electrodes (se

e collecting electrode is@aceessible for demounting and microscopic examination, these

e Figure 3).
dimensions

can lpe measured directlywith a travelling or measuring microscope. If, however, the collecting electrode
is nqt accessible, the effective collecting area can be determined electrically using the mepsurements
of the chamber capacitance, Cy for several chamber depths described above. The capacitange for plane
pardllel circular electrodes with a guard ring is given by Formula (B.4) and Reference [22]:
2
g Xy Hxg )" g, a
C = = B.4
k W, / (B.4)

whete

¢ is the chamber depth;

£, Iisthe dielectric constant for air, 8,859 78 pF-m-1,

If the indicated chamber depth is plotted versus the inverse of the measured capacitance, a straight line
is one obtained which has a slope 1/(g,-a) from which the effective collecting electrode area, a, can be
determined.

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
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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
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(

where ¢, is

E)ZCO +C1 f

the limiting slope and independent of 7.

(B.5)

In this Forn
the chambe

EO =—C

and is the ¢
of 7, arein

In the case
curve will

“sub-linear
case for 147]
of the form

kk'I(

where ¢q is
is sublinear

nula, ¢ is the intercept of the extrapolation curve with the current axis; the intercept
r depth axisis ¢, and is given by Formula (B.6):

/¢
hamber depth indication at which the predicted ionization current is zer®. Non-zero v4
dicative of an error (non-zero offset) in the chamber depth indicatory

where the correction factors comprising k are inaccurate or incomplete, the extrapold
hot be a straight line but will exhibit some curvature, which’is most often negatiy
. This is often the case when the correction factors deviate-appreciably from unity, as i

of Formula (B.7):

)=C0 +C1 '£+C2 'fz

Lhe slope of the extrapolation where it inteicepts the current axis. If ¢, < 0, then the fung
(negative curvature), and ¢ is given by-Formula (B.8):

| +\/c% —4-cy-cy

While plott

2-cy

ing the extrapolation curvewith the fitted function superimposed is commonly dof

evaluate the data visually, it is véry useful to also make a graph of the Al /Af¢ values versug

corrected ¢

hamber depths(23], This‘is an extremely sensitive tool to evaluate the linearity and als

quality of the fit. For linear funictions, the evaluated slope, c¢;, in this representation is a horizontal

Even slight

deviations from.linearity are immediately apparent in this representation of the data.

with

B.6)

lues

ition
e or
5 the

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

B.7)

tion

B.8)

e to
the

the
line.
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Extrapolation chamber measurement correction factors

Tvpe of correction

Corrections, which are applied to the measured current, are of two types: those which aIre constant

duri
depft]
dete
fact

k

abs’

C.2
of t

Som
elect
the s
elect

The
dete
for 4
part|

C.3
and

In a
bren
than
mea
the ¢
attel

drs given in this annex are valid for normal radiation incidence only, i.e.,fo¥ a = 0° exce

hg the measurement of the extrapolation curve and those which are dependent'en t
h or some other varying parameter. The correction factors are summarized in‘Tables 2,
rmination of each of these correction factors is discussed in the following clauses. Thg

see C.10.

he collecting electrode and guard ring, k,

e of the incident beta particles are backscattered into‘the collecting volume by th
rode and adjoining parts of the guard ring. Ideallyythe beta particles should be back
ame way as if the collecting electrode and the guard ring consisted of tissue, but as th
rode may consist of other materials, this differefice shall be corrected for (correction f;

reference beta radiation fields from the Beta secondary standard 2, BSS 2[12]113]
rmined and are freely availablelZ]. As an example, from these data values of k, , have bee
n extrapolation chamber with a colleeting electrode made of PMMAIL3] by means of |
icle transport simulations[121[24] apd“are summarized in Table C.1.

Correction for the efféct of bremsstrahlung from the beta-particle sg
other photons

{dition to that causéd) by beta particles, a small part of the ionization current, I, if
hsstrahlung emittedfrom the source. As the bremsstrahlung has a much greater penetr
the beta-partiel€radiation, the ionization current I, due to bremsstrahlung can be n
hs of an absafber of low atomic number (PMMA, PET) positioned in front of the entranc
xtrapolation-chamber, and just sufficiently thick to stop the beta-particle radiation but
nuate the\bremsstrahlung. The correction factor k. for bremsstrahlung is defined by Fo

b Z(I_Ibr)/l

he chamber
B and 4. The
b correction
pt those for

Correction for the difference in backscatter between tissue and the material

e collecting
scattered in
e collecting
ctor ky,).

have been
h calculated
Monte Carlo

urce, Ky,

caused by
hting ability
leasured by
e window of
nly slightly
rmula (C.1):

(C.1)

Bremsstrahlung generated by the beta particles in the absorber may be neglected.

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 PMMAIL3], see References [11], [19], [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
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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
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 hu ngle
value of r =0, (dry air) as k;,, (r = 0) = 1,003[6l. For standard test conditions, k;, may be taken as-nity
with an estimated uncertainty of 0,1 % (10)[¢l: thus, the correction factor ky, = 1,000 % 0,001.can be
assumed.

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

A graphited PMMA collecting electrode and a graphited PET entrance window, such as are emplpyed
in the extrgpolation chamber shown in Figure 3, have somewhat lower effective atomic numbers fhan
the air in the collecting volume. However, the disturbance of the sesondary electron flux at these
graphite-aif interfaces can be neglected as was deduced by measurementsl26l[27] at a Sn-air interface,
if the extrapolation chamber is operated at standard test conditionts and at chamber depths larger fhan
0,5 mm. Forj chamber depths of 0,5 mm or less, there is no information available. Until more informdtion
is available| the correction factor for interface effects is con§idered to be k;, = 1, independent of the
chamber dgpth employed.

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

During the measurements, the source-deteCtor distance y, between the source and the front entrpnce
of the champer is kept constant. Once anabsorber of thickness d,; , is placed in front of the chamber, the
distance befween the source and the fiont of the absorber is smaller than y,. This is taken into accpunt

by the corrgction factor(l0 as givenrby-Formula (C.2):
2
d
Kph :( _ﬂ] C.2)
Yo

NOTE1  Apsorbers infront of the chamber represent the front part of a tissue-equivalent phantom whilg the
chamber represents the remaining part of such a phantom. Therefore, the correction factor is called k,, with the
index “ph” for “phaiitom”.

NOTE2  Fprlan‘absorber of thickness d,;,¢ = 50 pm and a distance of y, = 110 mm this leads to k,

1 —_ L. | 110 1 | rn L. L0
while dabs = avmmranayy - LI I eads to R~ 0,007

h = 0,999

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, k

phs 1s 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!121[24],
They are linearly depending on the chamber depth ¢, see Formula (C.3). The corresponding fit parameters b and

m are summarized in Table C.3.

Jaei V)
‘lh oI

C.9
The

Correction for the stopping power ratio at different phantom depth,

stopping power ratio s, , accounts for the fact that the measurement vatume is filled ¥
tissye. The value of s , is equal to the ratio of the energy transfer of electrofis in tissue and
a constant, because it depends on the energy E of the electrons, which continuously decreaj
depthh d in phantom due to the energy loss of the electrons along theirpath. From the spect]
at diffferent depths in tissue, d,, and the stopping powers of tissue and-air for mono-energet
the ¢orrection factor can be formulated as[1911191[24] and Formula{C.4):

_ Sta (0)+a-(d, /um)b
Sta —
! Sta (0)
with s, ,(0) taken from Table 5 and a and b taken from Table C.4. For a tissue depth of 70 um

in values for kg, of 1,001 1, 1,001 0, 1,001 2 apd 1,000 9 for 147Pm, 85Kr, 90Sr/90Y and 1
resplectively.

C.10 Correction for variations inthe attenuation and scattering of beta p3
between the source and the collecting volume and inside the collection v¢
dud to variations from reférence conditions and for differences of the ent
window to a tissue-equivalent thickness of 0,07 mm, k_;

(C.3)

kSta

vith air, not
air. It is not
es with the
ral fluences
c electrons,

(C.4)

this results
)6Ru/106Rh,

Irticles
plume
rance

The feference thickness.éf the entrance window of the extrapolation chamber is d, = 0,07
of ICRU tissue, or an areadensity of 7 mg - cm~2 or 300 mg - cm~2. The reference thickness o

m or 3 mm

fthe air layer

!

between the sourcg-and the surface of the extrapolation chamber is y, at the reference condifions, i.e. an

air density of p,Using Formula (7), this air thickness corresponds to a tissue depth of n, * p,o* yo o %
Any deviation.ofthe entrance window tissue-equivalent thickness from 0,07 mm, or ambient air density,
p., from thevreference air density, p,, results in a different absorption of the beta radiatiop compared
with reference conditions. The correction factor, k,,, which accounts for this is given by Formula (C.5):
T(dy)
Kaps = - = (C.5)
T{na,t '(pa _paO)'yO Tt 9m  Pm }
Pt

where

Nt dm Pm/Pt is the tissue-equivalent thickness of a window of medium m, thickness d,, and

density p;
Nat (Pa=Pao)Vo/py is the tissue-equivalent difference from the reference air path y;

a is the angle of radiation incidence.
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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][19][24] 35 given by Formula (C.6):

Z?ZO(TI' -cos[i-arccos{X (d)}] -7y, )

T, (d)=
(@) —

(C.6)

where

logyo (d+6)—logyg (dpyin +6)
+0)

AAAAAA

Ty, 1S the contribution to the dose due to bremsstrahlung and other photons, i.e. 7, =1—kg; .

X(d)=2- —1 is a variable transformation from d to X(d) € [-1;1];

bd in
lues
p][11]

bnce,

Values for the parameters T, i = 0...8, as well as d,;;,,, d,,,., and 6 for several reference fields ldefing
IS0 6980-1 pre shown in Table C.5 for a = 0°[13] while values for ki, are shown in Table C.2. Phese v{
were obtainjed as fits of measurements of transmission through PET foils and PMMAyabsorbers.lJ
The values for a = 0° are to be applied to extrapolation curve measurements at alkangles of incidé
i.e,ata=07{and ata # 0°.

hese
the

For pressufe values outside of the range stated in Table A.2 transmissipn~measurements at |
pressure values and subsequent fits to those measurements need to, be)undertaken to obtain

correspondjng values for the parameters T;, i = 0...8, as well as d,;,, dg3and 6.

C.11 Corr]

The density
current bed
available tg

ection for the air density in the collectingwvolume, k_4

of the air in the collecting volume of the extrapolation chamber influences the colle
ause, for a constant absorbed-dose rate, it issyproportional to the number of air moled
be ionized, which is itself proportional to.the air density. Thus, the measured ionizs

cted
ules
ition

shall be corfected to the air density at reference conditions.

To a good approximation, the density of air at ambient conditions, p, can be expressed asl9[19] as given
by Formula|(C.7):

Pa = ! -[p—(l—%’fgss}rﬁlllw Pa-exp(%ﬂ C.7)

[TH273,15 °C]-287,05L ’ ’ *
kg-K

where

T isthe absolute temperature, expressed in °C, of the air in the collecting volume;

p isthe air pressure, expressed in Pa;

r  isthe relative humidity of the air, expressed as a fraction.

For these comtitionsitisp;=1197 40 kg

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

Pao
Pa

Kad (C.8)

where p, is the air density for the reference conditions which are stated in Annex A.
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C.12 Correction for radioactive decay of the beta-particle source, kg,

2:2023(E)

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

Formula (C.9):

ke =exp[ (tm —t9)-In(2)/t1/5 | (c9)
where

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

b is the time at which the measurement is performed;

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

measurement.

For the measurement of an extrapolation curve, the reference time is usuallyj taken as the beginning
of thHe measurement. Table C.6 shows values of half-lives for the most important beta-partifle emitting

nucl

C.1!

walls of the extrapolation chamber, k.

The
beer

assumed to be the product of a shield factor and a scatter factor, the magnitudes of which de

charn
vary
fron
extr
thicl
mea

Alte

des[281[29][30][31][32],
B Correction for the perturbation of the beta-particle flux density by tl
perturbation of the beta-particle flux density by the.side walls of the extrapolation c

nber depth (. k,. can be determined by measurements of the ionization current w|
ing thickness and of the same inner diameter as the chamber walls, with the rings p
[ of the entrance window. This procedure simulates the addition of more wall mat
hpolation chamber. For various chamberdepths, the dependence of the ionization on thg
kness is measured, and the correction to zero wall thickness is determined by extrapol
sured data.

rnatively, values of k. can.be calculated by Monte Carlo transport simulations by perf

calc

wallp by air. Using this mgthod, values of k. have been calculated[121[24],

Oncg¢ this has been determined for a number of chamber depths, the numerical values of th{
factor kpe may be fitted to a polynomial function of the chamber depth ¢ of the form of Fori

Examples ‘of coefficients of such functions which can be used to calculate k. for varig

lations: one with the real-éxtrapolation chamber geometry and another one by repla

ve = fo +0L+ fg 12

ne side

hamber has

studied in detail by Bohml18l, The results show tliat the perturbation correction factor ko can be

pend on the
ith rings of
bsitioned in
erial to the
added wall
ation of the

prming two
Cing its side

b correction

nula (C.10):
(C.10)

us sources,

detepniined using an extrapolation chamber of the type shown in Figure 3, are given in Table C.7.

C.14 Correction 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[331[34], The reference beta 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[331[34], They can be fitted to a polynomial

function of the chamber depth ¢ of the form[121(24] and Formula (C.11):

kSA :CO +C1 €+C2 gz

(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, 85Kr at 30 cm distance, 29Sr/90Y at 30 cm distance and 106Ru/106Rh at 30 cm

distance, all with beam-flattening filters, respectively.

C.15 Cornection for ionization losses due to recombination, k_,,
A correction factor shall be applied to account for the losses in the collection of the ionization crefated
in the chanjber volume due to the effects of recombination. Different types of recombination (volume
recombinatjon and initial recombination) as well as diffusion loss have been reviewed in detajl by
Bohm(35]. These effects are accounted for by the correction factor k,,, which is given by Formula ((}12):
1 !
ksat = 2 4 * ( ‘12)
1_F0 LA | 1_E1 L 1_2-k -T
U? u

where

ré =(5)05+0,25)-103 v>.A™1.m™!

¢ is the chamber depth;

q,, isthe measured ionization density =1/ (a®);

a is the effective collecting electrode ared;

U isthe absolute value of the collecting voltage;

E; =44Vm7

e isthe elementary charge;

T  isthe air temperature, expressed in kelvins;

k* is the Boltzmann’s constant.
When / is gxpressed inm, [ is expressed in A, Uis expressed in 'V, a is expressed in m? and T is expressed
in K, this colrrection factor may also be given by Formula (C.13):

Koo = ! (C.13)

£ = .
(50510813 \ (440, 17,2410 T
a-U? U

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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Table C.4 — Parameters a and b to calculate kg, see Formula (C.4), for various beta emitting
radionuclides[101[19][24]

Radionuclide
9OSr/90Y 9OSr/90Y
106Ry /106Rh 90Gr/90y with 3 mm with 4 mm 85Kr,204T] 147pm
absorber absorber
a 7,38-10-5 1,57-10-4 1,111-10-4 1,144-10~4 3,81-10-% 6,17-10-4
b 0,613 0,506 0,516 0,494 0,249 0,159

Table T.5 — Typical values for the parameters for transmission functions for a = U,
see Formula (C.6)[101[11][19][24]

Value of the coefficient

Radionuclide aphd dgid?| YV dmax /
geometry Ty Ty T, Ts T, Ts Ty T, Tg uwm pm q/um

147pm with filte

1,672 2 -2,509 59 092046 |0,05396|-0,16166|0,01417 | 0,01564 | 0,008 89 |(-0,007054~ -1 558 25
aty,=20cm

147pm with no fifter

_ 0,483 5 -0,890 62 0,69086 |[-0,43061| 0,1937 |-0,02682|-0,04924| 0,0565  [0;03276| O 114 08 110
aty,=11cm

85Kr with filter

0,405 05 -0,574 59 0,157 18 | 0,042 94 (-0,03292 0,003 69 (-0,00423| 0,002.7) |0,00049| -2 2315 585
aty,=30cm

85Kr with filter
aty,=50cm

90Sr/90Y with
4 mm absorber 4t 0,423 02 -0,59573 0,13071 {0,129 22(-0,10115]0,005 24 | 0,016'68 | 0,00292 |-0,00622 0 114 03 860
Yo =20cm

90Sr/90Y with
3 mm absorber g
Yo=20cm

90Sr/90Y with filfer
aty,=30cm

90Sr/90Y with filfer
aty,=50cm

90Sr/90Y with nol
filter 0,576 9 -0,62535 | -0,11587 |0,179°45 | 0,019 67 |-0,02365(-0,01608| 0,003 68 | 0,001 52 0 114 11 710
atyy=11cm

90Sr/90Y with no
filter 0,560 35 -0,6312 -0,082.08 | 0,18187 | 0,002 25 |-0,02563|-0,01118| 0,004 32 |0,001 57 0 114 09 910
aty,=20cm

90Sr/90Y with no
filter 0,547 7 -0,629.737)| -0,06156 | 0,177 49 |-0,004 74 [-0,02559 [-0,00879 | 0,004 46 [0,00108 0 114 09 85
aty,=30cm

90Sr/90Y with no
filter 0,532 07 407623 87 -0,04086 | 0,168 04 |-0,007 28 |-0,026 04|-0,00796| 0,00463 |0,00171| -2 114 09 085
aty,=50cm

106Ru/106Rh with
filter 0,68318 | -0,53488 | -0,29439 |0,017120,11269 | 0,05504 |-0,00718| -0,021 01 |-0,01169| -1 18676 60
aty,=30cm
106Ru/106Rh with
filter 048855 =061021 003769 1014043 1.00400110021121000000! 000601 1000000/ -8 21459 785
aty,=50cm

106Ru/106Rh with
no filter 0,55902 | -0,63364 | -0,07661 |0,18264|0,00571(-0,03113|-0,0133 | 0,00681 |0,00177| O 214 57 860
aty,=11cm

106Ry/106Rh with
no filter 0,574 95 -0,627 7 -0,10174 | 0,171 07 | 0,017 84 |-0,02446{-0,01323| 0,00363 |0,00104| -1 186 76 910
aty,=20cm

0,307 01 -0,496 81 0,272 56 |-0,06098|-0,027 1 |0,02547 | -0,012 1~,%0,001 58 [-0,00663 0 3880 1135

d

0,452 55 -0,613 21 0,0889 |[0,15182|-0,08176(-0,01028(0,00959| 0,007 44 |-0,00368 0 11408 | 1085

0,524 85 -0,626 44 | -0,027 25 | 0,172 43 (-0,01523(-0,03018 (-0,00441| 0,00589 |0,00096| -4 11460 | 1090

0,502 26 -0,614 08 0,00142 |0,152 08%:0,01592 (-0,02762|-0,00524| 0,00671 |0,001 22 -3 11398 | 1085
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