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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
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part of ISO 6980 specifies methods for the measurement of the directional) absorbed-do
e-equivalent slab phantom in the ISO 6980 reference beta-particle radiation-fields. The ene
peta-particle-emitting isotopes covered by these reference radiations/is-0,066 to 3,54 Me
py). Radiation energies outside this range are beyond the scope of this.standard. While mea
erence geometry (depth of 0,07 mm at perpendicular incidence in atissue-equivalent slab p

a reference class extrapolation chamber are dealt with in detail, the\dse of other measurement
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ISO
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surements in other geometries are also described, althoughriniless detail. The ambient dos
D) as used for area monitoring of strongly penetrating radiation, is not an appropriate quantity
tion, even for that penetrating a 10 mm thick layer of ICRU tissue (i.e. E,,, > 2 MeV).
ction is provided at 0,07 mm, only rarely will one be concerned with other depths, for exampl

document is geared towards organizations wishing to establish reference-class dosimetry c3
particles, and serves as a guide to the performance of dosimetry with the reference class
nber for beta-particle dosimetry in other, fields. Guidance is also provided on the
surement uncertainties.

q

b

Normative references

following referenced documents are indispensable for the application of this documen
ences, only the edition cited applies. For undated references, the latest edition of theg
ment (including any@amendments) applies.

1993, International” Vocabulary of Basic and General Terms in Metrology, second edition
, 1ISO, IUPACAUPAP, OIML

b980:19967 Reference beta radiations for calibrating dosemeters and dose-rate met
'mining-their response as a function of beta-radiation energy

se rate in a
rgy range of

(maximum
surements in
hantom) with
systems and
P equivalent,
for any beta
If adequate
e 3 mm.

pabilities for
pxtrapolation
tatement of

. For dated
referenced

BIPM, IEC,

brs and for

ICRU 37:1984, Stopping Powers for Electrons and Positrons

ICRU 39:1985, Determination of Dose Equivalents Resulting from External Radiation Sources

ICRU 44:1989, Tissue Substitutes in Radiation Dosimetry and Measurement

ICRU 51:1993, Quantities and Units in Radiation Protection Dosimetry

ICRU 56:1997, Dosimetry of External Beta Rays for Radiation Protection
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in ICRU Report 51, the International
Vocabulary VIM:1993 and the following apply.

3.1
extrapolation curve
curve given by a plot of the corrected ionization current versus the extrapolation chamber depth

3.2
ICRU tissue

material with a density of 1 g-cm= and a mass composition of 76,2 % oxygen, 10,1 % hydrogen, 11,1 %
carbon, and|2,6 % nitrogen (see ICRU Report 39)

3.3
ionization chamber
ionizing radiption detector consisting of a chamber filled with a suitable gas (almost alwaysair), in whigh an
electric field] insufficient to induce gas multiplication, is provided for the collection at the'electrodes of chgrges
associated with the ions and electrons produced in the measuring volume of the detector by ionizing radigtion

NOTE 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 over the ionization chamber to simulate measurement at depth.

3.31
extrapolatign (ionization) chamber
ionization chamber capable of having an ionization volume whicly is continuously variable to a vanisHingly
small value|by changing the separation of the electrodes and which allows the user to extrapolatg the
measured ionization density to zero collecting volume

3.4
ionization density
ratio of measured ionization per unit volume of air.

3.5
leakage cunrent
g
ionization chhamber current measured at the operating bias in the absence of radiation

3.6
maximum beta energy

Emax
highest value of the energy of beta particles emitted by a particular nuclide which may emit one or sejeral

continuous dpectra of.beta particles with different maximum energies

3.7
parasitic current
A

p

negative current produced by beta particles stopped in the collecting portion of the collecting electrode and
diffusing to this electrode and the wire connecting this electrode to the electrometer connector

3.8
phantoms
objects constructed to simulate the scattering and attenuation properties of the human body

NOTE In principle, the ISO water slab phantom, ISO rod phantom or the ISO pillar phantom should be used [19]. For
the purposes of this standard, however, a polymethylmethacrylate (PMMA) slab, 10 cm x 10 cm in cross-sectional area by
5 cm thick, is sufficient to simulate the backscattering properties of the trunk of the human body, while tissue-equivalent
materials such as polyethylene terephthalate (PET) are sufficient to simulate the attenuation properties of human tissue
(see 5.2).

2 © ISO 2004 — All rights reserved
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3.9

reference conditions

conditions which represent the set of influence quantities for which the calibration factor is valid without any
correction

NOTE 1 The reference conditions for the quantity to be measured may be chosen freely in agreement with the
properties of the instrument to be calibrated. The quantity to be measured is not an influence quantity.

NOTE 2 For the purposes of this International Standard, the reference values for temperature, atmospheric pressure
and relative humidity are as follows:

— ambient temperature: Tp=293,15K

— ptmospheric pressure: po=101,3 kPa

— felative humidity: ro=0,65

3.10
reference point of a dosemeter
poin{ which is placed at the point of test for calibrating or testing purposes

NOTE 1 The point of test is the location of the reference point of the extrapolation.chamber at which the gonventionally
true yalue is determined during calibration.

NOTE 2 The distance of measurement refers to the distance between(the radiation source and the refefence point of
the dpsemeter.

3.10{1
refefrence point of the extrapolation chamber
poin{ to which the measurement of the distance from' the radiation source to the chamber at a given
orientation refers; the reference point is the centresof the back surface of the high-voltage elegtrode of the
chamber

3.1
refefence absorbed dose
Dr
perspnal absorbed dose, D, (0,07),.in a slab phantom made of ICRU tissue with an orientation of the phantom
in which the normal to the phantom:surface coincides with the (mean) direction of the incident radiation

NOTE 1 The personal absorbed dose Dy, (0,07) is defined in ICRU Report 51. For the purposes of this |standard, this
definftion is extended to a slab.phantom.

NOTE 2 The slab/sphantom is approximated with sufficient accuracy by the material surrounding [the standard
instryment (extrapolatior chamber) used for the measurement of the beta radiation field.

NOTE 3  Dguis approximated with sufficient accuracy by the directional absorbed dose in the ICRU spheref D' (0,07, 0°).

3111

refefence beta-particle absorbed dose

Drp .

reference absorbed dose, Dg, at a depth of 0,07 mm due only to beta particles

NOTE As a first approximation, the ratio Drg/Dg is given by the bremsstrahlung correction iy, (see C.3).
3.12

residual maximum energy

E

res
highest value of the energy of a beta-particle spectrum at the calibration distance after having been modified

by scatter and absorption

© 1SO 2004 - All rights reserved 3
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3.13

standard test conditions

range of values of a set of influence quantities under which a calibration or a determination of response is
carried out

NOTE 1 Ideally, calibrations should be carried out under reference conditions. As this is not always achievable (e.g. for
ambient air pressure) or convenient (e.g. for ambient temperature), a (small) interval around the reference values may be
used. The deviations of the calibration factor from its value under reference conditions caused by these deviations should,
in principle, be corrected for. In practice, the uncertainty aimed at serves as a criterion to determine if an influence quantity
has to be taken into account by an explicit correction or whether its effect may be incorporated into the uncertainty. During
type tests, all values of influence quantities which are not the subject of the test are fixed within the interval of the standard
test conditions.

NOTE 2  The range of values for ambient temperature, atmospheric pressure and relative humidity are as follows:
— ambient femperature: T=291,151t0 295,15 K

— ambient pressure: p =861to 106 kPa

— relative humidity: r=0,30t0 0,75

Working outside this range may result in reduced accuracy.

3.14
tissue equiyalence
property of 4 material which approximates the radiation attenuation and scattering properties of ICRU tisstie

3.15
transmissiqgn factor, 7, (o, 4 @)
ratio of absorbed dose, D,,(o, 9y @), in medium m at an areal depth, p,, 4,,,, and angle of radiation incidence,
a, to absorbgd dose, D, (0; 0°), at the surface of a phantom

3.15.1
tissue trangmission factor, Ti(p; d;; @)
ratio of absgrbed dose, Dy(p; dy; o), in ICRU tissue-atan areal depth, p; d;, and angle of radiation incidente, a,
to absorbed|dose, D; (0; 0°), at the surface of an JCRU tissue slab phantom

3.16

zero point
reading of the extrapolation chamber.depth indicator which corresponds to a chamber depth of zero, ¢r no
separation of the electrodes

4 Calibrgtion and traceability of reference radiation fields

The referenge absorbed-dose rate of a radiation field established for a calibration in accordance with this
standard shall be traceable to a recognized national standard. The method used to provide this calibration link
is achieved |through utilization of a transfer standard. This may be a radionuclide source or an apprpved
transfer stamdard instrument. The calibration of the field is valid in exact terms only at the time of the
calibration, and thereafter must be inferred, for example, from a knowledge of the half-life and isotopic
composition of the radionuclide source.

The measurement technique used by a calibration laboratory for calibrating a beta-particle measuring device
shall also be approved as required by national regulations. An instrument of the same, or similar, type to that
routinely calibrated by the calibration laboratory shall be calibrated by both a reference laboratory recognized
by a country’s approval body or institution, and the calibration laboratory. These measurements shall be
performed within each laboratory using its own approved calibration methods. In order to demonstrate that
adequate traceability has been achieved, the calibration laboratory should obtain the same calibration factor,
within agreed-upon limits, as that obtained in the reference laboratory. The use by the calibration laboratory of
standardized sources and holders which have been calibrated in a national reference laboratory is sufficient to
guarantee traceability to the national standard.
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The frequency of a field calibration should be such that there is reasonable confidence that its value will not
move outside the limits of its specification between successive calibrations. The calibration of the
laboratory-approved transfer instrument, and the check on the measurement techniques used by the
calibration laboratory should be carried out at least every five years, or whenever there are significant
changes in the laboratory environment or as required by national regulations.

For calibrations using beta-particle fields produced by radionuclide sources, traceability shall be provided
either by using a radionuclide source whose reference absorbed-dose rate has been determined by a
reference laboratory, or by determining the reference absorbed-dose rate at the instrument test position using

an agreed-upon transfer instrument, calibrated at a reference laboratory.

5
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General principles for calibrations of radionuclide beta-particle fields

General

and personal doses from beta-particle radiation are often difficult to measure-because of

Liniformity over the skin and variation with depth. In order to correctly measure the absorbed
nt in a phantom in a beta-particle field, one needs a very small detecter \with very similar abj

irse shall be made to compromise both in detector size and composition. The concepts of “s
transmission factor” are helpful to account for these compromiseés.

Scaling to derive equivalent thicknesses of various materials
ng factors have been developed by Cross [1] to relate’)the absorbed dose determined in on
in another. These were developed from the observation that, for relatively high-energy
Ces, dose distributions in different media have the same shape, differing only by a scaling
s denoted as 7. Originally observed in the comparison of beta ray attenuation curves in diff]
oncept has been extended such that,.for*a plane source of infinite lateral extent, whether i

lel beam, the absorbed dose at an areal depth p,,4d,4 in medium m1 is related to the absor
um m2, at the same areal depth pfo¢y,o, but scaled to 7,1 moPmadmz, bY

D1 (pm1dm1) =Tm1,m2 - D2 (77m1,m2 PmdeZ) =m1,m2 Dma2 (77m1,m2 Pm1dm1)
ded that
Pm1dm1 = Pm2dm2

o is defined~as the scaling factor from medium m1 to medium m2. It should be noted tha
rs are rafios, so that 7,1 m2="17m2.m1 @4 7m1.m3 = m1,m2m2,m3-

usénshould be cautioned that this concept has been demonstrated only for materials of 4

heir marked
dose rate at
sorption and
eal detector,
caling factor”

e material to
beta-particle
actor, which
erent media,
attenuation,
sotropic or a
bed dose, in

(1)

()

t the scaling

or effective
e are shown

icAumber, Z,,, less than 18. Values of 7., calculated for various materials relative to tissu

in Table 1 [2].

If we

If we

let m2 be tissue, and m1 be a medium m, Equation 1 reduces to
D, (pm dm) =1mt - Dt (77m,t Pmdm)

consider another depth, ', in medium m, one obtains a similar equation

D, (pm d;n) =1mt - Dy (77m,t pmd;n)
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The ratio of the absorbed dose at an arbitrary depth to that at the surface (d',,=0) is defined as the
transmission factor. Thus, making this substitution and dividing Equation 3 by Equation 4, we have

T (pm
or

Tm (Pm

Dp, (pmdm) _ Dy (Um,tpmdm)
Dm(0) D(0)

dm)=

dm):Tt (77m,t pmdm)

()

(6)

The transm
through a I
equivalent t
equivalent ti

m

dt

=7

In general th
medium. WH

5.3 Characterization of the radiation field in terms of penetrability

The transmi
Because of
characterize|
fluence of th
of the relati
detector wh
function sha
making this

are then used to construct transmission functions,examples of which are shown in Figure 1. The meag

transmissior
be used to ¢
non-medium
absorbed-dad
reference pd

For thick de
a detector. N
of the field,
surface is at

ssion through a layer of thickness of tissue, 7, 1omdn, in tissue is equal to the transm
yer of thickness of medium m, p,d,,, in medium m. Thus the thickness p,d,, is said
b tissue with a thickness of 7, ody, since the transmissions are equal. We can) defin

ssue thickness ™ as

1
n,tpmdmpt

e dose and the transmission factors are functions of both the depth.and angle of incidencs
en they are expressed as above with no angle given, the angle is to'be taken as 0°.

5sion function, Ty(p.d; «), is an important parameter of the*beta-particle reference radiation
the finite thickness of all detectors used to measure “absorbed-dose rate, it is necessa
the radiation field in terms of penetrability before it{Can be properly calibrated. Since the er
e beta particles in a field changes as the beta particles penetrate the medium, the determin
e dose as a function of depth (or depth-dosegZfunction) in a medium shall be performed w
ch is not sensitive to this change in energy fluence. For this reason, the relative depth-
| be determined with a thin (2 mm or less) air ionization chamber. A recommended metho
Hetermination with the extrapolation chamber is given in reference [24]. The depth-dose fung

functions, in conjunction with the‘ealculated equivalent tissue thicknesses described above
etermine corrections in the mé&asured absorbed-dose rate to account for finite detector size

se rate at the reference( point due to variations in the air density between the source an
int, and for attenuation’in non-tissue material in front of the detector (see Annex C).

ectors, one musttaccount for the fact that the absorbed-dose rate is averaged over the volur
leglecting any-variation in the absorbed dose rate in the plane transverse to the normal dire
the average.absorbed-dose rate of a detector with a thickness v and density p, whose
a depth.d in‘a phantom of unit density, is given by

d+ pv

i$sion

f

be
the

(7)

na

field.
ry to
ergy
ation
ith a
dose
d for
tions
ured
can
and

equivalence of the detector,'material. They can also be used to account for variations if the

i the

ne of
ction
front

[0 Du(9)ds D (0)[; " T(5)d0

m (d, g

S = DOV ()
7 v v o 7

(8)

For thick detectors (v > 0,1 mm), this effect may be compensated for by shifting the reference point towards
the source from the centre of the detector.

6 Calibration procedures using the extrapolation chamber

6.1 Gene

ral

The extrapolation chamber is the primary measurement device for specifying dose rate in beta-particle fields.
It is a parallel plate chamber which consists of components which allow a variable ionization volume to be
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achieved, by movement of one of the plates towards the other. A typical design [3] is shown in Figure 2, which
utilizes a fixed entrance window and a movable collecting electrode. The entrance window also serves as the
high-voltage electrode, and consists of a very thin conducting plastic foil. The window must be thin enough to
not unduly attenuate the beta-particle radiation, yet strong enough to not be deformed by attraction to the
grounded collecting electrode. Carbonized PET foils of about 0,7 mg - cm~2 are now typical of commercially
available devices. The collecting electrode is maintained at ground potential and defines the cross-sectional
area of the ionization volume. It must be of conducting material or have a conducting coating, and must be
surrounded by, and electrically insulated from, a guard region. This insulation must 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 2, the collecting electrode is constructed from
polymethylmethacrylate (PMMA) WhICh has a th|n coatlng of conductlve materlal in wh|ch a narrow groove has

Te . - - afe means to
d to as the
y employed.
ectrode, and
etails of the

mine mcremental changes in the dlstance between the two electrodes, hereafter referrg
hber depth; a micrometer attached to the piston which drives the collecting electrode isUsual
olar, variable voltage DC power source is used to supply the high voltage to the collecting el
v-noise electrometer is used to measure the current collected by the collecting electrode. [
surement of the ionization current are given in Annex B.

chan
A big
a lov
mea

6.2 | Determination of the reference beta-particle absorbed-dose rate

The
chan

determination of the absorbed-dose rate to tissue due to beta particles measured with an
hber is derived from the following general relationship:

Tl

Dt =—"sta
Al is the increment of ionization current and Aniy,is the increment of the mass of air in t

bxtrapolation

Al

Amg

9)

e

whe he collecting

volu
reali
corre

b

e under Bragg-Gray (BG) conditions. Unfortunately Bragg-Gray (BG) conditions are d
red in measurements of the beta-particle reference radiation fields, and to overcome this diffig
ctions are applied and the evaluation of the reference beta-particle absorbed-dose rate is 4

enerally not
ulty, various
ccomplished

with

(Vl_/o/e)st,a
Pa0 @

. d.
s = [&{kk 1(6)}1:0 (10)

whele

(Vl_/o/e) in air under
ed value of

tions without

is~the quotient of the mean energy required to produce an ion pair
neference conditions and the elementary charge e, with a recommeng
(33,83 + 0,06) J C~1[4,5] (this value may be used for standard test condi
correction);

is the density of air at the reference conditions of temperature, pressure|and relative

humidity;

0,

a0

is-the offactive-area of the r\nllnr\fing electrode:
1S40 Hecthe-area-01-th HSGHR +8GHOG6;

is the limiting value of the slope of the corrected current versus chamber depth /

d, .
{&{kk l(f)}}

(=0
function;
Sta is the ratio of the mean mass-electronic stopping powers in tissue to air;
4 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.
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The various correction factors are described in Tables 2 and 3, and methods for determining them are given in
Annex C. Methods for determining the limiting slope are given in Annex B.10. The quantity s; , is given by

Emax
D S/ dE
Sta = IO (26 p)el't (11)

Em X
j " (@r), (51p) g, dE

where (&), is the spectrum of electrons at the reference point of the extrapolation chamber, (S/p)g ¢ is the
mass- -electronic stopplng power for an eIectron W|th kinetic energy E in tissue- equwalent materlal and (S/p)e| a
ergy
where they are generated so that they do not contribute to the electron quence The upper limit of the integrals
is given by [the maximum 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 spéctrum|also
includes any electrons set in motion by bremsstrahlung photons but these are usually of negligible:importance.

Values for g , have been calculated [3] using Equation 11 for several beta-emitting radieisotopes, on the
idealized asfumption that the beta particles continuously dissipate their energy. Measuréments of (De); ere
performed [§] using electron spectrometers [2,6]. These data were not corrected for backscattering loss |(less
than 10 % of the incident beta particles are not detected due to backscattering from' the detector surfage) or
detector resplution. However, they can be used to calculate s; , to a sufficieptly good approximation gince
(S/p)erm depends only slightly on beta-particle energy. For the averaging, the values of (S/p)g; , of Seltzgr [2]
were used; the results are shown in Table 4.

For the det¢rmination of reference absorbed-dose rate, a thicknessyof 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
discussed in 5.2.

7 Calibrptions with other measurement devices

7.1 Calibrations with thermoluminescéence dosemeters

Thin (less than 25 mg-cm—2) thermoluminescence dosemeters (TLDs) of materials with low atomic number,
such as LiF | Li,B,O3, Mg,B,0-, or Al505, may be used successfully without correction for detector thickiness
for the calibfation of beta-particle radiation fields for all but the lowest energies (£, < 200 keV). For the|best
results, thege systems should be calibrated in reference beta-particle radiation fields. However, adequate
results can pe obtained withcabsorbed-dose calibrations in high-energy photon beams under conditions of
electronic equilibrium. It is{possible to use thicker dosemeters without corrections for thickness if they are
loaded with Jan opaque material to effectively limit the light emitted only to the dosemeter surface. If thicker
dosemeters [are used,then an independent means shall be used to determine the transmission function ip the
medium of |interestin” order to correct the dosemeter reading for volume averaging effects (see [5.3).
Measurements of\reference absorbed-dose rate should be performed with the centre of the dosemeter| at a
depth of 7 mg-cm=2 in a tissue-equivalent phantom.

7.2 Calibrations with thermally stimulated exo-electron emission dosemeters

Thermally or optically stimulated exo-electron emission from BeO can be used as a dosemeter for
beta-particle radiation at all reference radiation energies of interest, because the low energy of the emitted
exo-electrons limits their emission to only the very outer (100 nm or less) surface of the detector, thus making
them effectively extremely thin. As with thermoluminescence dosemeters, they are best calibrated in reference
beta-particle radiation fields.

7.3 Calibrations with ionization chambers

Thin (a few mm or less) fixed-volume parallel plate ionization chambers may be used to calibrate beta-particle
radiation fields for all but the lowest energies (£,,,, < 200 keV). Thicker detectors are suitable for the highest
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energies only (E, 5> 1 MeV). If calibrated in reference beta-particle radiation fields, fixed-volume ionization
chambers may be used as transfer instruments to establish traceability to national standards (see Clause 4).
Measurements should be performed on a phantom if the chamber rear wall is not sufficiently thick (less than
1 cm) to provide full backscatter.

7.4 Calibrations with scintillator detectors

A number of detection systems have been developed for beta-particle dosimetry which employ scintillators as
the sensitive detection elements. In the pulse-counting mode, these systems are quite sensitive and may be
employed successfully for the higher energy beta-particle fields. However, the dimensions of the scintillator
are an important determinant in the energy dependence of the response due to the volume effects described

in 5.8. Thus, scintillator systems used to calibrate beta-particle radiation fields shall be calibrated
betaiparticle radiation fields of the same type as they are to be employed. When used in the\pu
modg, particular care must be taken at higher absorbed-dose rates to account for possible’cou
due fo pulse processing dead time.

8 easurements at non-perpendicular incidence

Meagurements at non-perpendicular incidence to determine the absorbed=dose rate as a functio
incidence may be performed both with the extrapolation chamber and with thin thermolumi
exo-glectron dosemeters. When using the extrapolation chamber €or these measurements, ¢
taken to account for the angular dependence of some of the_ €orrection factors applied to th
currgnts. The correction which is the most sensitive is the perturbation correction, which should bg
for epch angle of interest using the method of B6hm [7]. When'thin TLDs are employed, only the
detegtors are suitable (effective thicknesses less than 25 ym) because of the complicated angulg
volume effects in thicker dosemeters [8].

9 Uncertainties
The
unce
mea
to th
For

unce
proc

rtainty of the quoted value. In( the determination of this value, all the uncertainties
surements and factors which contribute to the quoted value shall be assessed. The assignm
bse uncertainties [9,10] may_gither be based on statistical methods (Type A) or by other meq
both types of assessment;_the uncertainties are quoted as standard uncertainties. Typs
rtainties are estimated. from the standard deviation (o) of the mean that follows from 3
bdure or an appropriate-regression analysis.

In géneral, measurements may be in error in two ways: there may be a constant difference
meagured quantityand the true quantity (offset) and/or there may be a difference between th
quarntity and thetrue quantity which is not constant, but dependent on either the magnitude of
being measured and/or on other influencing quantities such as time or temperature (gain). For m¢
with he extrapolation chamber which are carried out over a range of chamber depths from wh

and those assoaated with current collection at the various chamber depths.
measurements include the following:

instrument,

in reference
Ise-counting
nting losses

n of angle of
hescence or
pre must be
e measured
b determined
very thinnest
r-dependant

calibration of a radiation field obtaingd) ' with an instrument shall be accompanied by a stat¢gment of the

of all the
ent of values
ns (Type B).
A standard
n averaging

between the
e measured
the quantity
basurements
ch a limiting
ecessary for
ptting up the
The set-up

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 0O;

a the angle between the beam axis and the extrapolation chamber axis, ideally O;

dpet the thickness of the entrance window plus material added to make a thickness equivalent to

7 mg-cm=2;
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C the capacitance of the electrometer feedback capacitor;
a the effective area of the collecting electrode.

The measurements associated with current collection are the following:
14 the chamber depths;

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

t the integration time between the measurement of U; and Uy;
T the ambient temperature;

p the ambient atmospheric pressure;

r the ambient relative humidity;

tm — to |the time between the measurement and the reference time;
U the polarizing voltage.

Each of thege measurements can, in principle, be subject to uncertainties’due to both offset and gain, gnd a
knowledge df these shall be included in the full analysis of uncertainty (see Annex D).

In addition, the uncertainties due to the application of the various correction factors discussed in Annex C|shall
be considergd, and in particular the effect of the uncertainties onthe limiting slope. Methods for making jsuch
an assessnjent are discussed in Annex D. The uncertainties“associated with the various componenis of
Equation 10|(see 6.2) are shown in Table 6, with referencesto where uncertainties for the various quartities
were obtaingd.
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Y

Key

X  Tissue depth, mg-cm2

Y Transmission factor

Upper part:  full depth dose curves with logarithmic scale for tissue depths.

Middle part:  measured functions for tissue depths up to 18 mg-cm2.

Lower part:  measured functions shown on a logarithmic scale for tissue depths up to 18 mg-cm=2.

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

Figure 1 — Depth dose curves measured at the calibration distances y,
for several beta-particle sources
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chamber depth

Fjgure 2 — Schematic cross-section of the main parts of an extrapolation chamber
Tiable 1 — Calculated beta-particle s¢aling factors of low-Z media relative to tissue
Medium, m Tt
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
Lithidm fluoride 0,840
Lithium tetraborate 0,864
Vagnesium tetraborate 0,883
Plastic scintillator (vinyltoluene based) 0,971
Polycarbonate 0,942
Polyethylene 1,012
Polyethylene terephthalate (PET) 0,933
Polyimide 0,916
Polymethylmethacrylate (PMMA) 0,963
Polystyrene 0,952
Polytetrafluoroethylene (PTFE) 0,884
Silicon 0,958
Skin 0,997
Water 1,015
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Table 2 — Correction factors which are constant for the entire extrapolation curve measurement

Symbol

Description

Extrapolation
chamber

Influencing parameters related to

Condition of
use

Source

Irradiation
conditions

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

+

4

+

Correction factor for the effect of
bremsstrahlung from the beta-particle

SUUTUT

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

Fhu

Correction factor for the effect of
humidity of the air in the collecting
volume on the average energy required
to produce an ion pair

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

Correction for the radial non-uniformity
of the beam, i.e. perpendicular to the
beam axis

Table 3 — Correction factors which.may vary during the extrapolation curve measurement

Influencing parameters relating to

Symbol Description Extrapolation | Condition of s rradiation
ource s
chamber use conditions
Correction factor. for” variations in the
attenuation of- beta particles between
abs the source.and the collecting volume + + +
due to~Variations from reference
conditions
: Correction for the attenuation of beta + + +
ac particles in the collecting volume
Correction factor for the variations of the
o air density in the collecting volume from +
referenceconditions
k Correction factor for the radioactive
de decay of the beta-particle source
e Correction  factor for the axial + + +
di non-uniformity of the beta-particle field
Correction factor for the perturbation of
kpe the beta-particle flux density by the side + + +
walls of the extrapolation chamber
k Correction factor for ionisation losses + + +
sat due to ionic recombination
© 1SO 2004 — Al rights reserved 13
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Table 4 — Calculated mean mass-electronic stopping power ratios

Relative
Value of s; , for the radionuclide uzt:en::iﬁy
(%)
140 147pm 2047) 85Ky 905490y 106R+106Rh
1,133 1,124 1,121 1,110 1,102 0,6
Table 5 — Examples of uncertainties (1 o) associated with the measurements necessary to determine
absorbed-dose rate with the extrapolation chamber
Correction Reference Method_ of Values of the standard uncertainty for the.radionuclides
factor or Unit for the evaluation
quantity q‘;‘a‘n‘:" 3‘;1"":;1:3 14c | 147pm | 204T) and 85Kr | 20SH90Y | 106Ry+109Rh
Yo mm B 043
z mm B 0,3
a degrees B 0,1
PPETAPET g-cm2 A 0,000 1
C pF A-B 0,1
a cm? [3] A-B 0,005
l mm B 0,001
Uy % A a
B 0,003
U, Y, A a
B 0,003
¢ s B 0,001
T K B 0,1
p kPa B 0,05
r B 0,02
tm— 1o s B 0,1
U \Y B 0,1
@  The magrjitdde of the statistical uncertainty depends on the signal level.
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Table 6 — Examples of uncertainties (1 o) associated with the parameters necessary to calculate
absorbed dose from measurements with the extrapolation chamber

Method of Values of the standard uncertainty for the
Correction . Values of the | gyajuation of radionuclides
factor or Unit | correction factor | ncertainty
quantity or quantity 90g,.90y | 2047y 85k, | 147pm | 14 106Ry-106Rh
(A orB) ’

Sta — 1,110-1,133 B 0,007

Wole J.c1 33,83 B 0,068

a cm? 7.251b B 0,005

P20 kg-m=3 1,197 40 B 0,000 5
I fA a A- 0,2 (A) and 0,4 (B)
L fA a A- 0,2 (A) and 0,4 (B)
l mm 0,25-2,5 B 0,001

kba — 1,0-1,01 B 0,003 0,003 0,004 | 0,004 0,003
kpr — 0.995 B 0,002
kel — 1 B 0,001

khy — 1 0,000 5 }.\0,000 5 0,001 0,001 0,000 5
ki — 1 B 0,000 1
kea — 1,0-1,01 B 0,005

slope d7/d¢ | fA-mm™" 300 B 0,4 0,6 0,9 1,5 0,6

kabs — 0,84 -1,25 B 0,003 0,002 0,006 | 0,008 0,002
kaqd — 0,95-1,10 B 0,006

kac — 1,0-1,013 B 0,000 5 0,001 0,002 0,000 5
ke — 1 B 0,0001 | 0,0001 | 0,0002 | 0,000 0,002
ki — 1,005 B 0,001

kpe — 15002 B 0,001

ksat — 1,005 B 0,002

a For values of 7, and I /between 5 fA and 400 0 fA.
b lypical value for a €ommonly used device.
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Annex A
(informative)

List of symbols

effective area of the extrapolation-chamber collecting electrode

Bragg-Gray conditions

backscatter factor, ratio of backscatter for medium m relative to that for air

external feedback capacitance

extrapolation chamber capacitance
coefficient of polynomial fitting functions
depth in a medium m

depth in ICRU tissue

tissue-equivalent thickness of medium m
reference depth in tissue of 0,07 mm
absorbed dose at a depth d,;, in medium m
reference absorbed dose

reference beta-particle absorbed dose
relative absorbed dose measured at (z,9)in a plane perpendicular to the beam axis

volume-averaged dose in a detegtor-of thickness v, density p,,, at depth 4,
personal absorbed dose at depth d in ICRU tissue
directional absorbed doseat depth d, on a radius having direction @2

electron kinetic energy.

constant in the safuration correction equation
maximum Kinetic energy of a beta-particle spectrum
residuakmaximum energy of a beta-particle spectrum

charge of an electron

coefficients used for the calculation of & and T (ad.: o)
pe T 7
personal dose equivalent at depth d in ICRU tissue

directional dose equivalent at depth d, on a radius having direction
International Commission on Radiation Units and Measurements
International Organization for Standardization

product of the extrapolation chamber correction factors which vary during the extrapolation
curve measurement

product of the extrapolation chamber correction factors which are constant during the
extrapolation curve measurement
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correction factor for variations in the attenuation and scattering of beta particles

between the

terial of the

the adjacent

walls of the

he entrance

s source and the collecting volume due to variations from reference conditions

kae correction factor for attenuation of beta particles in the collecting volume

kaqg 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 ma
collecting electrode and guard ring

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

kge correction factor for radioactive decay of the beta parlicle source

ki correction factor for axial non-uniformity due to divergence of the beta particle(fietd

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

khu correction factor for the effect of humidity of the air in the collecting volume on VI_/O

kin correction factor for interface effects between the air of the collecting volume and
entrance window and collecting electrode

koe correction factor for perturbation of the beta-particle flux density by the side
extrapolation chamber

kea correction factor for radial non-uniformity of the abserbed dose rate in the beam

kgat correction factor for ionisation collection losses:due to ionic recombination

k* Boltzmann’s constant

4 extrapolation chamber depth, the air-gap between the collecting electrode and {
window

Lo intercept of the extrapolation curve with the chamber depth axis

my mass of the air in the collecting volume of an extrapolation chamber

p ambient atmosphericipressure

Do reference atmospheric pressure

PMMA polymethylmethacrylate

PET polyethylene’terephthalate

9m measured ionization density

r ambient relative humidity

o reference relative humidity

(STPbim mass-electronic stopping power in medium m

Sta quotient of mass-electronic stopping powers of ICRU tissue and air

T ambient air temperature

Ty reference air temperature

Tin(6mdms @) transmission factor Dy (ondm: @)/Dp(0; 0°) in medium m

Tpydy; @)  transmission factor Dy(p; dy; a)/D(0; 0°) in tissue

T{(pydy a) specially normalized transmission factor Dy(1, t 3 Y0 + m dmPm: A/D(741Pa0 Yo + Pt dg; @) in

tissue

integration time for a current measurement

© 1SO 2004 - All rights reserved
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Im time at which a measurement is performed

fo reference time to which measurements are corrected to account for radioactive decay

)2 half life of a radioisotope

U absolute value of the collecting voltage in the extrapolation chamber

Uy, Uy initial and final voltages on the feedback capacitor charged by current from the extrapolation
chamber

v thickness of a detector

Wo average-energy-to-produce-anten-pairi-airtnderreference-conditions

Xg diameter of the geometric collecting electrode area

Xq 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 equation

&, dielectric constant for air

1 ionization current

I leakage current, not induced by pre-irradiation-afithe chamber

). 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

Tm1.m2 beta-particle attenuation scaling factor of medium m1 relative to medium m2

Pa density of air at ambient conditions

P20 density of air atyreference conditions

Prm density of medium m

Pt density of ICRU tissue

o standard deviation

D spectral distribution of beta-particle fluence

7 angle in a plane perpendicular to the beam axis
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Annex B
(normative)

Extrapolation chamber measurements

Electrometer warm-up and stability checks
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owered continuously. If power is removed, the electrometer should be allowed to warm.up

dt least 4 h when power is restored. Records should be kept on current measurements’ w

particle sources as quality checks on the overall current measurement system.

Determination of the leakage current

easurements in geometries or with sources which result in low ionization currents in the

chamber (< 100 fA), the leakage current should be measured frequently. to verify its magnitude
depgndence, if any. Preferably this should be accomplished with the’source removed from

remq@ve the contribution to the leakage (see B.3) due to bremsstrahlung produced in the source
low activity (< 200 MBq) sources of 204T| or 47Pm, it is often sufficiently accurate to leave th

plac

integ

B.3

At e

during these measurements, particularly when making measurements in an automated fas
ration times.

Measurements at both polarities

hch chamber depth, current measurements are made at both positive and negative polar

er should be
and stabilize
ith standard

pxtrapolation
and polarity
he stand to
shutter. For
P sources in
hion for long

ties. This is

becguse of the interaction of the beta-particle beam with the collecting electrode, which causes a negative
currgnt to be always superimposed upon.the polarity-dependant ionization current. If the current measured at
posifive polarity is denoted by /. and-that measured at negative polarity as /_, then the cufrent due to
ionization in the chamber volume js'given by

(= —-1)/2 (B.1)
This|equation assumes

hat the parasitic-Current I, is independent of the polarity,

hat any additional non-source induced currents, such as from leakage or electrical backgrou
referred-to as leakage current, 1, are also independent of polarity of the collecting voltage, an

hd, hereafter
d

hat—amy other—disturbimg——currents —due—toradiation=imduced—teakage—or —onizatiom—p

roduced 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 must 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

IP + IL =

+1)12 (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
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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,
it is recommended that a constant voltage gradient be used at each chamber depth. This involves changing
the high volfage every time the chamber depth is changed. The choice of the gradient employed is govdrned
by the desie to keep the recombination at a minimum, yet to not cause deformation of the highvoltage
electrode by attraction to the collecting electrode, or to exceed the level at which ion multiplication~eccufs. A
voltage gradient of 10 V.-mm~1 is recommended to achieve these ends.

B.5 Choi¢e of chamber depths

A range of ghamber depths should be chosen so as to uniquely specify the slope\of the extrapolation clrve.
The smallegt air gap should be chosen as close to zero as possible, yet large' enough that the currgnt is
measurable ] At least five air gaps should be chosen, which span a range over which the measured current is
linear with the chamber depth. The smallest air gap should be no greater than 0,5 mm, while the lafgest
should be ng greater than 2,5 mm. A recommended choice of air gaps.is from 0,25 to 2,5 mm in increments of
0,125 mm.

B.6 Modgs for measurement of current

The external| capacitor feedback mode is recommendedyover the direct measurement of current on an ampere
scale, becalise of the greater sensitivity and reading accuracy of this method. To use this properly} the
external cappcitor needs to be accurately calibrated; and the integration time accurately known and controllied.
The measurged current is then given by

I,_=QUy-Uq)lt B.3)
where

C is the extetnal 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 beginning
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 uGy/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
is recommended. 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 must 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 Determination of the zero point and the effective collecting electrode area

The

bridg
chan
indid]
zZero

The
Figu
diffe
is th

zero point can be determined from an electrical measurement of the chamber capacitance i
e circuit. For this determination, measurements of the chamber capacitance are) mad
nber depths; the inverse of the measured chamber capacitance is then plotted versus‘the ch
ator and least-squares fitted to a linear function. The intercept of this function with'the x-axis
point.

temperature dependence of the zero point of an extrapolation chamber such as the o
e 2 has been determined [3] to be (-3,3+0,1) um-K-!. This température dependenc
ences in the thermal coefficients of expansion of the various compenents of the extrapolatior]
us important to keep temperature drifts during measurements with the extrapolation cH

:

a capacitor
at several
amber depth
ndicates the

e shown in
is due to
chamber. It
amber to a

minimum. A recommended [20] maximum range of temperatures.@uring any one extrapolation measurement

is 0,

The
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effective electrode diameter is regarded as the sum of*x,, the geometric collecting electro
kg: the width of the insulator between the collecting@nd guard electrodes (see Figure 2). If 4
rode is accessible for demounting and microscopic examination, these dimensions can b
tly with a travelling or measuring microscope, df,"however, the collecting electrode is not ac
tive collecting area can be determined electrically using the measurements of the chamber
r several chamber depths described above! The capacitance for plane parallel circular elect
H ring is given by [11]

galxe +xg)2n
4/

_ &aa
l

Ck

! is the chamber depth;

- is the di€leetric constant for air, 8,859 78 pF-m~1.

a

pht ling’which has a slope 1/g,a from which the effective collecting electrode area, a, can be d

He diameter,
he collecting
e measured
cessible, the
capacitance,
rodes with a

(B.4)

e plots-the’ indicated chamber depth versus the inverse of the measured capacitance, ope obtains a

etermined.

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{kk'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 extrapolation curve is a straight line; in this case a
first-order polynomial is sufficient, i.e.

kk'[(f):CO +C1f (B5)
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where

€1

is the limiting slope, and is independent of /.

In this equation, cj is the intercept of the extrapolation curve with the current axis; the intercept with the
chamber depth axis is 7, and is given by

C

Lo

olcq

(B.6)

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

In the case
not be a strg
the case wh
more approy

kk'I(0)
where
C1 iS t

suh

—(
lg =

vhere the correction factors comprising & are inaccurate or incomplete, the extrapolation Curv
ight line but will exhibit some curvature, which is most often negative or “sub-linear”. dhis is
bn the correction factors deviate appreciably from unity, as is the case for 147Pm. Inthi$ case
riate [2] to use a least-squares fitted second-order polynomial of the form

= Co +C1€+02f2

he slope of the extrapolation where it intercepts the current axis. If ¢, <0, then the functi
linear (negative curvature), and ¢ is given by

1+ \[012 — 4006’2

While graph
data visually
[12] This is
functions, th
linearity are

262
ng the extrapolation curve with the fitted function’ superimposed is commonly done to evaluat
an extremely sensitive tool to evaluate ‘the linearity and also the quality of the fit. For |

e evaluated slope, c4, in this representation is a horizontal line. Even slight deviations
mmediately apparent in this representation of the data.

e will
bften
,itis

B.7)

bNn is

B.8)

e the

, it is very useful to also make a graph of the Al/A¢ values versus the corrected chamber d¢pths.
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Annex C
(normative)

Extrapolation chamber measurement correction factors

Type of correction
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the ¢
othe

1 P12}
SEHORS-WHIEH—afe TP PTCotoOtCcThcasurct cufreRtare-ot vau ty PCo oSt Wt arc—Consta

surement of the extrapolation curve and those which are dependent on the chamber depthiefr
ng parameter. The correction factors are summarized in Tables 2 and 3. The determinatio
b correction factors is discussed in the following sections.

Correction for the difference in backscatter between tissue-and the mat
collecting electrode and guard ring, /p,

e of the incident beta particles are backscattered into the collecting. volume by the collecti

adjoining parts of the guard ring. Ideally, the beta particles should be backscattered in the sa
ollecting electrode and the guard ring consisted of tissue, but as the collecting electrode m
materials, this difference must be corrected for (correction factor ).

Variations in backscatter of a medium m relative to a reference medium such as air are quantifig

know
tissu
radid
[14].
varig
147p

The
the B,
sma
absd
factd

whele

n as the backscatter factor. Measurements of backseatter factors B, of PMMA, graphite an
e-equivalent substance M3 [13] relative to air were performed for secondary standard so|
nuclides 20Sr+%0Y and 204T| by means of ultra*thin CaSO,: Dy/Teflon thermoluminescence,
The backscatter factors were all equal (aboeut 1,10) within the experimental uncertainty (

M was much closer to unity (0,99).

uncertainties of the experimentally-determined backscatter factors are so large that small d
values of materials with slightly different effective atomic numbers Z

| dlfference in the atomic numbers can be considered by assuming that, in the first appro

rbed-dose rate due to backscattered radiation is proportional to Zm. This means that the
rs B; and Bpya for tisSue and PMMA are related by

Bt =1+ (Bpmma—NZt/ Zpmma

= 6,498, and

nt during the
some other
h of each of

erial of

ng electrode
me way as if
py consist of

d by a ratio,
d the almost
urces of the
dosemeters
coefficient of

tion of 2 % obtained from five measurements). The experimentally determined backscatter factor for

ifferences in

Zm [2] could not be recognized. A

imation, the
backscatter

(C.1)

Zoxa = 5.858 are the effective atomic numbers of tissue and PMMA.

The correction factor k, is given by

ky,

a = Bt/ Bpmma

(C.2)

The experimentally determined values of Bpyya and the values of ky, calculated by means of Equations C.1
and C.2 are summarized in Table C.1. The relative standard uncertainty of k., is much lower than that of
Bppyma (about 2 %) because only the difference in backscatter of two substances with only slightly differing

Zm

must be corrected.
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C.3 Correction for the effect of bremsstrahlung from the beta-particle source, %,

In addition to that caused by beta particles, a small part of the ionization current, I, is caused by
bremsstrahlung emitted from the source. As the bremsstrahlung has a much greater penetrating ability than
the beta-particle radiation, the ionization current 7, due to bremsstrahlung can be measured by means of an
absorber of low atomic number (PMMA, PET) positioned in front of the entrance window of the extrapolation
chamber, and just sufficiently thick to stop the beta-particle radiation but only slightly attenuate the
bremsstrahlung. The correction factor k. for bremsstrahlung is defined by the equation

ke I=1- I, (C.3)

Bremsstrahlling generated by the beta particles in the absorber can be neglected.

The contribytion of bremsstrahlung to the absorbed-dose rate may be important if the calibration is)net rejated
to D; (0) but to D; (0,07), and the ratio D; (0,07)/D; (0) is small, which is the case for the 1C-and 47Pm
sources [16]} Values for k. are given in Table C.2.

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

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\«woltage at a chamber depth of
2,5mm. A |deflection of (2,2+1,2) um was measured [3] at a field\strength of 100 V.mm-1. As all
measurements are recommended to be performed at field strengths: ten times lower, the electrostatic
attraction cah be neglected and thus the correction factor kg = 1 cancbe 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, 4,

This correctfon factor is applied to the recommended conventional value of the average energy requir¢d to
produce an fion pair at reference conditions, Wyate 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 =0,
(dry air) as k;,, (=0) = 1,004 [5]. For standard test conditions, &, may be taken as unity with an estimated
uncertainty ¢f 0,1 % (10).

C.6 Correction for interface effects between the air in the collecting volume and the
adjacent ¢ntrance window and collecting electrode, £,

A graphited [PMMA collgeting electrode and a graphited PET entrance window, such as are employed in the
extrapolation chamber shown in Figure 2, have somewhat lower effective atomic numbers than the air ip the
collecting vdlumesHowever, the disturbance of the secondary electron flux at these graphite-air interface$ can
be neglected as‘\was deduced by measurements [15,17] at a Sn-air interface, if the extrapolation chamber is
operated athtandard test conditions and at chamber depths larger than 0,5 mm. For chamber depths of
0,5 mm or less, there is no information available. Until more information is available, the correction factor for
interface effects is considered to be k;, = 1, independent of the chamber depth employed.

C.7 Correction for the radial non-uniformity of the absorbed-dose rate in the beam,
kra

Use of a 30 mm diameter of the collecting electrode area results in a measurement of absorbed-dose rate
averaged over this area. The reference absorbed-dose rate, on the other hand, is specified on the axis of the
beam. Thus, any non-uniformity perpendicular to the beam axis must be corrected for. The beam
non-uniformity can be mapped, e.g. by a photographic film [18], TLDs or radiochromic film positioned
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perpendicular to the beam axis in the plane of the reference point of the extrapolation chamber. This
correction factor is denoted k., and can be calculated from

2 Lorig)l? D(0,0°)m(xg +x4)2
b = (D00l +xg PV [ 8o [ Dl =— o e )
0 0

on  (xctxg)2
4 J. de J. D(z,p)zdz
0 0

where

D(z,p) is the relative dose determined from the field map.

When the ISO Series 1 reference radiations are used, k., = 1 can be assumed, with a standard yncertainty of
0,21p 0,5 %.

C.8| Correction for the air density in the collecting volume, k44
The [density of the air in the collecting volume of the extrapolation chamber influences the collgcted current
becquse, for a constant absorbed-dose rate, it is proportional to the’/number of air molecules avgilable to be
ionized, which is itself proportional to the air density. Thus the measured ionization must be cortected to the
air density at reference conditions.

To algood approximation, the density of air at ambient conditions, p, can be expressed as [20]

T 17,97 T
)
Pa = Pao | ot (—J =1k (C.5)

100,726 114,2 T T
whete
7 is the absolute temperaturée, expressed in K, of the air in the collecting volume;
D is the air pressure, expressed in kPa;
8 is the relative humidity of the air, expressed as a fraction;

b0 is the airdensity for the reference conditions which are defined for the following paramgters:
To< 293,15 K;

po = 101,325 kPa;

ro=0,65.
For these conditions:
Pa0 = 1,197 40 kg-m~3

Equation C.5 is valid only for standard test conditions. The correction factor for the variations of the air density
within the collection volume, k4, is then given by

Pao (C.6)
Pa

kag =
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C.9 Correction for variations in the attenuation and scattering of beta particles

between t

he source and the collecting volume due to variations from reference

conditions, k4

The reference thickness of the entrance window of the extrapolation chamber is d = 0,07 mm of ICRU tissue,
or an areal density of 7 mg-cm~2. The reference thickness of the air layer between the source and the surface
of the extrapolation chamber is y, at the reference conditions or an air density of p,,. Using Equation 7, this
air thickness corresponds to a tissue depth of 7,p,0190¢ . Any deviation of the entrance window
tissue-equivalent thickness from 0,07 mm, or ambient air density, p,, from the reference air density, p,q
results in a different absorption of the beta radiation compared with reference conditions. The correction factor,

k4ps» Which accounts for this is given by

kaps = /Tt,(ﬂa,tPaJ’O + mtdmPm; a) C.7)
where

TmitdmAn s the tissue-equivalent thickness of a window of medium m, thickness @y, -and density g;

T{(pi di} @) is atransmission function which is specially normalized to be unity-for reference conditiops.
For low-ene[gy fields (£, < 200 keV), these specially normalized functions, are adequately representgd by
functions of fhe form

’ 3

Ty (pt {1 @) = exp[ fo (@) + f1 (@) py dy + f2 (@) (Pt dy) ] C.8)

while for higher energy sources, functions of the form
' 2

T (pidt @) = f3 (@) + f4 (@) prdy + f5 (@) (prdt) C.9)
may be used. Values for these fitting parameters for some reference fields defined in 1ISO 6980:1996¢ are
shown in Tgble C.3 for o= 0°. These values were obtained as fits of measurements of transmission thrpugh
thin PET foilp [21].
C.10 Coftrection for the attenuation of beta particles in the collecting volume, &
The averageg air layer in the éxtrapolation chamber volume corresponds to a tissue depth of na,tpao(K/Z)pt’1
where / is the chamber depth. The effect of this extra layer can be estimated from the transmission factof as

kac =T (ptdO tMa,tV0Pa0 a)/Tt (PtdO + Mat [J’O + E/Z] Pa0; 0‘) (€.10)
Attenuation [of-beta particles by the air in the collecting volume need only be considered for low energy
sources such-as147Pm_Ag this | i he i i ity i Y the
reference air density p,.
C.11 Correction for radioactive decay of the beta-particle source, iy,
The radioactive decay of the beta sources can be taken into account by the correction factor

kde = exp|(tm — o) IN(2)/t42 | (C.11)
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t4;2 is the half-life of the radionuclide;
is the time at which the measurement is made;

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

For the measurement of an extrapolation curve, the reference time is usually taken as the beginning of the
measurement. Table C.4 shows values of half-lives for the most important beta-particle emitting nuclides [22].

C.12 Correction for axial non-uniformity, %

Axial| non-uniformity of a beta-particle radiation beam is caused by the divergence of(the radiation field due to
the point-like nature of the source, and by attenuation in the phantom. The phantom is partly slibstituted by
the pir in the extrapolation chamber collecting and guard regions. The attentuation shall therefore be
consjidered for air instead of phantom material.

The |absorbed-dose rate in air, D,, averaged over the collecting volunie is calculated from D} (yq) at the
entrgnce window by integration between yy and yg + /. If the variation of the absorbed-dose fate in air is
assumed to obey the inverse square law over this short distance,\()and its variation transverse [to the beam
neglected , then the average absorbed-dose rate in air is given by

e e
D, = D (yo)=—dy'/ dy'=Dg4(y (C.12)
a y.[) a( O)y'z yJ.O a( O)yo-i-f

whetlle
o is the distance from the source.to.the entrance window;
¢ is the chamber depth.

Since the entrance window remains fixed as /¢ is varied, the axial non-uniformity correction factor js given by

g = Lalio) g (C.13)

D, Yo

C.183 Correction for the perturbation of the beta-particle flux density by the|side
walls of the extrapolation chamber, &,

The perturbation of the beta-particle flux density by the side walls of the extrapolation chamber has been
studied in detail by B6hm [7]. The results show that the perturbation correction factor &, can be assumed to
be the product of a shield factor and a scatter factor, the magnitudes of which depend on the chamber depth
(. kye can be determined by measurements of the ionization current with rings of varying thickness and of the
same inner diameter as the chamber walls, with the rings positioned in front of the entrance window. This
procedure simulates the addition of more wall material to the extrapolation chamber. For various chamber
depths, the dependence of the ionization on the added wall thickness is measured, and the correction to zero
wall thickness is determined by extrapolation of the measured data. Once this has been determined for a
number of chamber depths, the numerical values of the correction factor kpe may be fitted to a polynomial
function of the chamber depth ¢ of the form:

kpe = fo + 70+ fgl? (C.14)
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Examples of coefficients of such functions which can be used to calculate &, for various sources, determined
using an extrapolation chamber of the type shown in Figure 2, are given in Tpable C.5.

C.14 Correction for ionization losses due to recombination, kg

A correction factor shall be applied to account for the losses in the collection of the ionization created in the
chamber volume due to the effects of recombination. The three types of recombination, volume recombination,
initial recombination and diffusion loss have been reviewed in detail by Bohm [23]. These effects are
accounted for by the correction factor kg, which is given by

1

1 T8 (Bt 2T
U? U elU

—~

.15)

ksat =

where

5,05+0,25)x10" v2.A"1.m ™"

~
oN

Il
—_~

¢ is the chamber depth;

dm is the measured ionization density = 7 /(a ¢ );

a is the effective collecting electrode area;

U s the absolute value of the collecting voltage;
E; =4{4VmT,

e is the elementary charge;

T s the air temperature, expressed in kelvins;
k* is the Boltzmann’s constant.

When ¢ is gxpressed in m, I is.éxpressed in A, U is expressed in V, a is expressed in m2 and T is expressed
in K, this correction factor may-also be given as

1
Fsat = 5 05590 13173 5
5,05%10%1/ J[1_4,4zj{1_17,24x10 TJ

—~~

.16)

1
al? U U

where
the first term in brackets is the volume recombination;
the second term in brackets is the initial recombination;

the last term in brackets is the diffusion.

The total estimated relative uncertainty of kg, is lower than 0,2 % for values of kg, below 1,02, which usually
occur in practice.
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Table C.1 — Backscatter factors Bpy;,a and the correction factor i, for some beta-particle

radionuclides

Radionuclide

908|’+90Y 85KI’,204T| 147pm 14C
Bpmva 1,10 1,10 0,99 0,99
kba 1,01 1,01 1,00 1,00
Relative standard uncertainty of &y, 0,3 % 0,3 % 0,4 % 0,4 %
Table C.2 — The correction factor k. for some beta-particle sources
Radionuclide
905490y 85Kr,204TI 147pm 14¢
kpr 1,000 1,000 ;990 0,983
Relgtive standard uncertainty 0,2 % 0,2 % 0,2 % 0,2 %

Table C.3 — Typical values for the parameters for transmission functions for « = 0° [rgnge of
applicability is (1, ;g P40 + 0,000 6) g-cm~2 to (77,1 vg P40 + 0,016 ¥) g-cm~2; see Equations C

8 and C.9]

Radionuclide and
geometry

Value)of the coefficient

fo

S

(cm2g™)

12

(cm® g73)

/3

Ja

(cm2g™)

f5

(cm*g2)

14C
Yo =

vith no filter at
10 cm

5,610 = 0,001

-229 £ 0,1

— 258 736 + 240

147p

Yo =

M with flattening filter at
PO cm

5,688 + 0,002

-A74£0,12

—27 187 £59

204

Yo =

with flattening filter at
30 cm@

0,848 £ 0,002

17,3+ 0,08

-338,2+0,8

85K

Yo =

with flattening filter at
30 cm@

0,813 £0,003

20,92 £0,16

-406,9+1,9

%0sr
filter

Yo =

+ 90Y with flattening
at

30 cm

0,632 £ 0,004

13,86 + 0,19

-116,0 £ 2,2

%0sr

Yo =

+ 90Y with no filter at

11 cm

0,795 + 0,001

14,03 £ 0,07

-171,5+£1,6

%0sr

+3%Y" with no filter at

Yo =

0,673 + 0,002

15,7101

-152,2+ 1,6

20 cm

%0sr

Yo =

+ 90Y with no filter at
30 cm

0,511 £ 0,003

18,27 £ 0,15

-151,1+£1,7

%0sr

Yo =

+ 90Y with no filter at
50 cm

0,163 + 0,006

21,95+£0,2

-136,0+1,6

at
Yo =

106Ry + 106RK with no filter

10 cm

0,844 + 0,001

11,45 +£ 0,06

-154,7 £ 1,7

a

For 8%Kr and 2%TI the values of the coefficients are applicable from (7, vy, +0,0016)gcm=2 to
1Y0Pa0 + 0,000 6) g-cm2 to (17, yp250 + 0,001 6) g-cm? the transmission

(Wa,tyopao +0,016 7) g-cm™2. In the range from (7 ,
factors are constant (1,050 for 85Kr and 1,039 for 204aTI).
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