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To develop a primary standard for192Ir sources, the basic science on which this standard is based,
i.e., Spencer–Attix cavity theory, must be established. In the present study Monte Carlo techniques
are used to investigate the accuracy of this cavity theory for photons in the energy range from 20 to
1300 keV, since it is usually not applied at energies below that of137Cs. Ma and Nahum@Phys.
Med. Biol. 36, 413–428~1991!# found that in low-energy photon beams the contribution from
electrons caused by photons interacting in the cavity is substantial. For the average energy of the
192Ir spectrum they found a departure from Bragg–Gray conditions of up to 3% caused by photon
interactions in the cavity. When Monte Carlo is used to calculate the response of a graphite ion
chamber to an encapsulated192Ir source it is found that it differs by less than 0.3% from the value
predicted by Spencer–Attix cavity theory. Based on these Monte Carlo calculations, for cavities in
graphite it is concluded that the Spencer–Attix cavity theory withD510 keV is applicable within
0.5% for photon energies at 300 keV or above despite the breakdown of the assumption that there
is no interaction of photons within the cavity. This means that it is possible to use a graphite ion
chamber and Spencer–Attix cavity theory to calibrate an192Ir source. It is also found that the use
of D related to the mean chord length instead ofD510 keV improves the agreement with Spencer–
Attix cavity theory at60Co from 0.2% to within 0.1% of unity. This is at the level of accuracy of
which the Monte Carlo code EGSnrc calculates ion chamber responses. In addition, it is shown that
the effects of other materials, e.g., insulators and holders, have a substantial effect on the ion
chamber response and should be included in the correction factors for a primary standard of air
kerma. @S0094-2405~00!02008-3#
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I. INTRODUCTION

For low-energy photons, primary standards of air kerma
usually based on free-air chambers in which a direct mea
is made of the charge released in the air. These standard
not normally be applied above about 300 keV because
range of the electrons generated by the electrons beco
too long.1 For higher-energy photons such as from60Co and
137Cs sources~1250 and 662 keV average energies for b
sources!, it is common to base primary standards of
kerma on the use of graphite-walled cavity ion chambers
the Spencer–Attix schematization of Bragg–Gray cav
theory.2,3 In the past, the National Institute for Standards a
Technology~NIST! developed a primary standard for192Ir
sources based on this approach.4 However,192Ir sources have
a wide spectrum of photon energies, from less than 100 u
about 900 keV with an average energy, and the stron
photon intensities being at slightly over 300 keV.5,6 Ma and
Nahum7 showed that at lower photon energies, a large fr
tion of the dose to the gas in an ion chamber is from pho
interactions in the gas itself. This violates one of the m
assumptions of Bragg–Gray cavity theory and thus they c
cluded: ‘‘Bragg-Gray cavity theory can be safely applied
megavoltage photon radiation dosimetry but not to low-~up
to 100 keV! and medium-energy~100–300 keV! photon
beams.’’ At the 300 keV energy typical in an192Ir source,
they found a 3% breakdown in the assumptions, w
1804 Med. Phys. 27 „8…, August 2000 0094-2405 Õ2000Õ27„8
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roughly a 30% breakdown at 100 keV. If the breakdown
the assumptions led to a reduction in the accuracy of
theory, then a primary standard for192Ir based on a cavity ion
chamber would be inappropriate.

The main purpose of the present work is to establish
accuracy of Spencer–Attix cavity theory as applied with
graphite-walled ion chamber for photon energies from 20
1300 keV, with particular emphasis on photon energies
plicable to192Ir. For this purpose we study in detail the re
sponse of:~a! the cylindrical NRC ion chamber which i
used as Canada’s primary standard for air kerma in a60Co
beam,3 ~b! the pancake chamber used by the BIPM for t
same purpose,8 and ~c! the spherical chambers used as p
mary standards by NIST.9

The approach used is a pragmatic one rather than a t
retical one. We calculate the ion chamber’s response u
Monte Carlo techniques and we also calculate the respo
predicted by Spencer–Attix cavity theory using the standa
state-of-the-art calculations of stopping-power ratios a
other correction factors. We then investigate any discrep
cies.

To accomplish this goal requires accurate calculation
ion chamber response using Monte Carlo techniques. Up
til recently, the calculation of ion chamber response was
of the most difficult tasks for electron-photon Monte Car
codes. Despite a long history of such calculations,10–18 the
1804…Õ1804Õ10Õ$17.00
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1805 Borg et al. : Monte Carlo study of correction factors 1805
overall accuracy was still limited to about 1%.19 However,
there has been significant progress in this area and with
development of the EGSnrc Monte Carlo code20 it is now
possible to calculate absolute ion chamber response~normal-
ized against its own cross sections, i.e., independent of
uncertainties in the cross sections! to within 0.1% for 60Co
photons21 and with a similar accuracy for photons at energ
down to 10 keV.22 Using the techniques described belo
this development allows us to verify directly the accuracy
cavity theory with a similar accuracy.

In doing this study we started with the assumption that
small amount of nongraphite material in the chamber had
effect. This assumption is used by all standards laborato
that we are aware of. However, we have found that it ha
significant effect in the case of the NRC chamber and he
we have also studied the size of this correction.

II. THEORY

The Spencer–Attix schematization of Bragg–Gray cav
theory is based, amongst other things, on the assumption
the dose to the gas in the cavity is caused by electrons
erated in the walls of the cavity. All photons are assumed
pass through the cavity. This is stated in the following tw
Bragg–Gray conditions,1 where a gas layerg is placed in a
materialw.

~a! The thickness of theg-layer is assumed to be so sma
in comparison with the range of charged particles str
ing it that its presence does not perturb the charg
particle field.

~b! The absorbed dose in the cavity is assumed to be
posited by charged particles crossing it.

Spencer and Attix23 showed that the effect of seconda
electrons needs to be considered, an effect which the Bra
Gray theory does not take into account. Later Nahum24 re-
worked Spencer–Attix theory to consider energy dissipat
by the electron track-ends explicitly. Nahum’s formulatio
of the Spencer–Attix theory gives a ratio of the doses
mediaw andg of

Dw

Dg
5S L̄

r
D

g

w

5

E
D

Emax
FES L~D!

r D
w

dE1FE~D!S S~D!

r D
w

D

E
D

Emax
FES L~D!

r D
g

dE1FE~D!S S~D!

r D
g

D

, ~1!

whereFE is the fluence of particles with energyE,(S(D)/r)
is the unrestricted mass collision stopping-power evalua
at energyE5D, andD is the lowest energy for which sec
ondary electrons are considered part of the elect
spectrum.24 All secondaries with energy belowD are consid-
ered absorbed on the spot and are accounted for in the
stricted stopping-power, (L(D)/r).
Medical Physics, Vol. 27, No. 8, August 2000
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Using the Spencer–Attix relationship for a parallel bea
of photons, the air kerma,Kair , at the location of the cente
of an ion chamber when the chamber is not there is gi
by25

Kair5DgasS L̄

r
D

gas

wallS m̄en

r D
wall

air 1

~12ḡwall!
KKSA, ~2!

where (m̄en/r)wall
air is the average ratio of mass energ

absorption coefficients in the air and the wall material;ḡ is
the average fraction of the electron’s energy lost via radia
processes, i.e., to bremsstrahlung production;26 and the
Spencer–Attix correction factor,KSA, is introduced here to
account for any departure from Spencer–Attix cavity theo
as it is normally applied. In the Monte Carlo simulation
this case, the correction factorK reduces toKwall , a correc-
tion factor for attenuation and scattering in the chamber w
since no humidity correction is required for the dry air us
in the simulations, and we use a parallel photon beam,
there is no correction for axial nonuniformity of the beam
Since we can calculateKair(12ḡ) from the incident photon
spectrum and the mass energy-absorption coefficients fo
@see Eq.~4! below#, and except forKSA, we can calculate all
the quantities on the right-hand side in the equation us
Monte Carlo techniques, thus we can use this equation
deduceKSA. The factorKSA will account for any corrections
such as fluence corrections27,28 or a breakdown in the calcu
lation of stopping-power ratios and is given by

KSA5
Kair~12ḡwall!

DgasS L̄

r
D

gas

wallS m̄en

r
D

wall

air

Kwall

. ~3!

In this work we explicitly calculateKSA using the EGSnrc
Monte Carlo system, which has been shown to calculate
chamber response with an accuracy at the 0.1% level.21,22

Accuracy in this context means ‘‘relative to the given cro
sections,’’ and hence for Eq.~3! to be meaningful it is criti-
cal to use a self-consistent set of cross-section data fo
calculated quantities.

III. CALCULATIONS AND RESULTS

The newly developed and substantially improved vers
of the Monte Carlo code EGS4, i.e., EGSnrc,20 is used to
calculate the various factors in Eq.~3! to obtain the values of
KSA. The dose to the air in the cavity,Dgas, and the correc-
tion factor for scattering and attenuation in the wall,Kwall ,
are calculated using the NRC user codes CAVRZnrc~for
cylindrical geometry! and CAVSPHnrc~for spherical geom-
etry!. These codes are based on the CAVRZ code origin
developed by Bielajewet al.11 which was updated recently t
work with EGSnrc29 and from which several bugs were re
moved. These codes have been used extensively30 and shown
to give the same results as CAVRZ working with EGS4 f
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1806 Borg et al. : Monte Carlo study of correction factors 1806
corrections such atKwall , although the overall calculated re
sponse differs because it uses the EGSnrc Monte Carlo s
lation system.20,21,31 The calculation ofKwall with Monte
Carlo techniques has been extensively studied12,30,32 and is
thought to be accurate to better than 0.1%.

In all cases the EGSnrc system is used without bindi
relaxation, or spin effects taken into account. Since this st
is independent of the cross sections used, in principl
doesn’t matter if we include these effects or not. Moreov
for the calculations being done here, we find that turning
or off any of these effects has no effect on the calcula
values ofDgas at the 0.1% level at 100 keV and 1.25 MeV

Electrons are followed down to 521 keV~total! and pho-
tons down to 1 keV ~i.e., AE5ECUT50.521 and
AP5PCUT50.001). As shown in Fig. 1, for the chambe
under investigation here, we have found that using low
values of ECUT led to the same values ofDgas. We have
found that the value of ECUT needed to obtain a stable
timate of the dose to the gas depends very much on
dimensions of the cavity involved and smaller cavities
quire lower values of ECUT.

For all graphite densities used, the ICRU Report 37 d
sity correction for graphite with density 1.70 g cm23 is
applied.33,34The conclusions of this study are independent
the details of which density effect is used. The photon sp
tra used for192Ir and 60Co sources are based on Monte Ca
simulations of the relevant sources.5,35

A. Ion chambers

Three types of graphite ionization chambers are mode
in the calculations in order to examine the issues in a w
variety of geometric shapes. These ion chambers are
rently used as standards for air kerma in60Co beams at the
National Research Council of Canada~NRC!, at the Bureau

FIG. 1. Variation in the dose to the gas as a function of the threshold
creation of secondary electrons~AE! which was equal to ECUT in all cal-
culations. The filled symbols are for an incident beam of60Co photons and
the open symbols are for incident 100 keV photons~which require much
longer calculations!. All values are normalized to the dose in each case
the standard value ofAE-m of 10 keV, wherem is the rest mass of the
electron.
Medical Physics, Vol. 27, No. 8, August 2000
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International des Poids et Mesures~BIPM, France!, and at
the National Institute for Standards and Technology~NIST!,
respectively.

The NRC~3C! ion chamber3 was built by W. H. Henry at
NRC and has been used as the Canadian60Co air-kerma
standard since the late 1950s. A small mass of air is s
rounded by enough material to ensure full buildup. The m
terial of the wall and central electrode are graphite with
density of 1.66 g cm23 and one end cap is made of polyst
rene. Figure 2~a! shows the cross section of the NRC io
chamber which has cylindrical geometry. The chamber
modeled as shown and any effects from stem scatter are
counted for elsewhere. Basic cavity theory applies to a ca
in one material only. For the calculations related to the
curacy of Spencer–Attix cavity theory, the polystyrene in t
NRC chamber is replaced with graphite in the calculatio
A correction for materials different from the wall in the io
chamber,Kcomp, is discussed in Sec. III H.

The BIPM ion chamber8 has a flat cylindrical shape and
made of graphite with a circular collecting plate in th
middle of the cavity as shown in Fig. 2~b!. The collector
plate is held by two small rods of Duralumin~aluminum
alloy!. The density of the graphite used for this chamber
1.84 g cm23. Monte Carlo calculations are performed for
model of the BIPM chamber with no Duralumin holders a
for a model with the area of the holders exposed to the
modeled as two rings in the chamber~to maintain cylindrical

r

r

FIG. 2. Cross sections of the models of the cylindrical NRC ion chamber~a!,
the parallel plate BIPM ion chamber~b!, and the 50 cm3 spherical NIST ion
chamber~c!. In the calculation of the departure from Spencer–Attix theo
the nongraphite materials in the chambers are replaced with graphite.
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1807 Borg et al. : Monte Carlo study of correction factors 1807
geometry! to estimate the effect of the holders on the cha
ber response, i.e.,Kcomp.

The NIST ion chambers9 used as primary standards a
spherical with volumes of 1, 10, 30, and 50 cm3. Only the
chambers with wall thicknesses of approximately 4 mm
modeled, and for these chambers the collector electrod
not included in the calculation, since the user co
CAVSPHnrc only allows spherical geometries and the c
lector electrode is a cylinder. The density of graphite for
NIST chambers is 1.73 g cm23. An example of one of these
spherical ion chambers is shown in Fig. 2~c!.

Detailed dimensions of the ion chambers are availa
elsewhere and are not critical to the issues under discus
here.3,8,9

B. Photon interactions in cavity

The breakdown of the assumption that photons do
deposit energy in the cavity is studied for an air cylind
placed in a vacuum. The absorbed dose to the air is ca
lated using CAVRZnrc for monoenergetic, parallel phot
beams incident on the side of the cylinder. The air cavity
a diameter of 1.58 cm and is 1.61 cm long, similar to t
actual dimensions of the air cavity in the NRC chamb
when ignoring the electrode. The ratio of absorbed dose f
photon interactions in the air divided by the air kerma
shown in Fig. 3. This represents the extreme nonequilibr
situation, since no photons are scattered and attenuated i
wall, and no electrons are starting or reflected from the wa

FIG. 3. Fraction of dose to the air in the cavity from photon interactions
the air for the NRC chamber is shown together with the ratio of m
energy-absorption coefficients graphite to air. The curve with filled d
monds is the ratio of the dose in an air cavity~same dimensions as the cavit
of the NRC ion chamber! in vacuum to the air kerma for the actual photo
beam. The curve with open circles is the ratio of two simulations wh
include the walls of the chamber in the calculation, but in one case elec
transport in the walls is turned off so that only the dose from photon in
actions in the cavity is included. The difference in the two ratios is cau
by the contribution of photons scattered in the walls.
Medical Physics, Vol. 27, No. 8, August 2000
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This result is similar to that of Ma and Nahum,7 taking the
larger diameter and length of the air cavity into account.

The absorbed dose due to photon interactions in the
cavity when it is part of the graphite chamber is calcula
by simulating the entire chamber and discarding all electr
set in motion in the graphite wall. Only photons which inte
act in the air contribute to the dose. These can be prim
photons which are attenuated by the walls or photons s
tered in the wall. There is a slight underestimate of this d
because electrons generated in the air do not scatter
from the walls in the calculations. The ratio of dose in t
cavity from photon interactions there to the total dose in
cavity is shown as a function of photon energy in Fig. 3. F
the actual cavity, the fraction of the dose due to photon
teractions in the cavity at 300 keV is 7%, and at 100 keV
fraction is 60%.

C. Data on ḡ

The fraction of the electron’s energy lost via radiati
processes,ḡ, is calculated in a Monte Carlo calculation usin
the PEGS4 data sets with the ICRU radiative cro
sections.33,36 EGSnrc includes a correction31 to the EGS4
bremsstrahlung sampling routines which causes a 2% or
change in the calculated value ofḡ in this case compared to
EGS4 ~but which had no effect for more typical cases f
electrons with energies@ AP!. A small user code is used
which scores all the energy radiated by electrons slow
down after being created by photons interacting in an infin
medium and also scores all the energy transferred by th
photons to electrons.ḡ is just the ratio of these two quant
ties. Figure 4 shows the values ofḡ over the energy range
from 100 to 1300 keV compared to the values taken fr
Boutillon26 which are based on a simpler calculation usi
the ICRU Report 37 radiative yields.33 The present values
are about 2% higher than the previous values near60Co en-

s
-

n
r-
d

FIG. 4. Values ofḡ for air and graphite. The closed symbols represent
values from Boutillon~Ref. 26! and the open symbols are values calculat
from the cross-section data set used in the present Monte Carlo calcula
~for E>100 keV). The new60Co values and the192Ir values are plotted at
the mean energy of the spectrum used~Refs. 5 and 35! The statistical un-
certainties are typically 0.5% but the overall uncertainty is determined
the 5% uncertainty in the underlying radiative stopping power from ICR
Report 37~Ref. 33!.
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1808 Borg et al. : Monte Carlo study of correction factors 1808
ergies. This is consistent with the results of Seltzer,37 who
found that in this energy range the radiative yields calcula
using Monte Carlo simulations are 3% higher than those
culated using CSDA models as used in ICRU Report 37. T
values for60Co from the current calculations are plotted
the mean energy for the spectrum used, viz. 1055 keV
emphasize that one cannot interpolate for the value of a s
trum based on using a mean photon energy.

These comparisons to previous work are to emphasize
accuracy of the code and its internal consistency. The ove
uncertainty on the calculated value ofḡ is dominated by the
uncertainty on the bremsstrahlung cross section which is
timated as 5% in ICRU 37~pg. 48!.

D. Mass energy-absorption coefficients and air kerma

In the calculation ofKSA it is important to ensure consis
tent use of photon cross sections. Therefore the mass en
absorption coefficients for air and for graphite are deriv
using the cross sections in EGSnrc via the user-code D
RZnrc. The dose to a 2mm thick air or graphite slab o
‘‘infinite’’ radius is calculated for a monoenergetic parall
photon beam which is forced to interact in the slab. Ther
no electron transport and thus no radiation loss due to bre
strahlung. Hence we are calculating the kerma,K, when we
calculate the dose. The mass energy-absorption coeffic
in air and graphite are calculated from

KZ5CS men

r D
E,Z

1

~12ḡE,Z!
@Gy#, ~4!

whereC is the energy fluence andE andZ denote the photon
energy and the effective atomic number, respectively.25

The graphite to air ratios of mass energy-absorption co
ficients calculated in this way are shown in Fig. 3. Abo
300 keV the mass energy-absorption coefficient is the s
for air and graphite to within 0.1%. These values above 3
keV, which are calculated with the PEGS4 data sets,
within 0.4% of the latest values by Hubbell and Seltzer38

although the disagreement reaches 3% for energies b
100 keV.

Given the mass-energy absorption coefficients andḡ, it is
a straightforward extension of Eq.~4! to calculate the air
kerma in a photon spectrum. Alternatively, one can calcu
the kerma directly as described above using a Monte C
calculation. We get the same answer both ways.

E. Stopping-power ratios

The restricted stopping-power ratios graphite to air
calculated using the NRC user code SPRRZnrc,29,39 which
makes use of the restricted stopping powers based on IC
Report 37.33,34The density of graphite used in the calculati
of stopping-power ratios is 1.66 g cm23, since that is the rea
bulk density of the NRC chamber, and the density correct
used is for graphite with a density of 1.70 g cm23, since that
is one of the two values for which the density effect w
calculated by the ICRU. The standard cutoff energy for
calculation of the stopping-power ratios is the same as fo
Medical Physics, Vol. 27, No. 8, August 2000
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other Monte Carlo calculated values in this work, name
521 or D510 keV. This value is used for consistency wi
the other calculated values and because it is the widely u
value in radiation dosimetry.40,41 However, as will be dis-
cussed below, this value requires more careful considera
for primary standards of air kerma.8,9,42

We study two methods of calculating the stopping-pow
ratio,

~1! The stopping-power ratios are calculated for the act
electron spectrum in the mini-phantom or wall mater
at the point of measurement~this is the commonly used
method!;

~2! the stopping-power ratios are calculated for the elect
spectrum at the same point but created only by the u
tenuated primary photons—a geometry independent
culation.

1. Method 1

A parallel photon beam is incident on the side of a cyl
der with dimensions similar to the NRC chamber but co
sisting entirely of the material for which the stopping-pow
ratio is calculated, with a scoring volume of the same dim
sions as the ion chamber’s air cavity. The stopping-pow
ratios are calculated with track-ends using the scoring-
the-fly techniques described earlier.39 The track-ends include
both electrons slowing down and crossing theD value~‘‘in-
cluded fraction’’!, and electrons created~by photon interac-
tions! with energies belowD ~‘‘excluded fraction’’!. Elec-
trons created with energies belowD are not included in the
calculated stopping-power ratio, whereas those slow
down pastD are properly included. Figure 5 shows the fra
tion of the dose from included and excluded track-ends a
function of photon energy. The complex shapes reflect
change in mean electron energy as photoelectric and Co
ton scattering dominate at different energies. Note that
1.25 MeV photons if one ignores the ‘‘included’’ compo
nents of track-ends when calculating the stopping-power

FIG. 5. Fraction of dose from track-ends included and excluded in the tra
end term when calculating stopping-power ratios for monoenergetic pho
incident on a graphite mini-phantom. The dose fraction from excluded tra
ends is less than 2% at energies higher than 200 keV.
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1809 Borg et al. : Monte Carlo study of correction factors 1809
tio ~a 5% dose component!, the effect on the stopping-powe
ratio is at most a few tenths of a percent. However, it is
clear how to interpret the excluded fraction.

If one takes the Spencer–Attix formulation at face va
and considers the track ends as part of the in-phantom e
tron spectrum, then these electrons must somehow be t
into account. Given the large contribution to the dose fr
the excluded component of the track-ends at low energie
is hard to estimate the effect on the stopping-power ratio
these excluded track-ends. Presumably it is negligible ab
200 keV where this component represents at most 2% of
dose and the mass energy-absorption coefficients for grap
and air are so similar. However, it could become signific
at lower energies.

Alternatively, one can ask, what do these electrons co
spond to when we consider the cavity situation? They
only correspond to photon interactions in the cavity wh
create these electrons with energies belowD since phantom
generated electrons created belowD cannot get into the cav
ity region. From this perspective we are free to exclude th
from the calculation of the stopping-power ratio sin
Spencer–Attix cavity theory assumes such interactions
not occur. However, once one adopts this point of view,
that the calculations somehow include interactions in
cavity, then, one must ask how do we exclude the effect
electrons generated in the cavity with energies greater
D?

With either of the above approaches, Fig. 5 implies t
there are problems calculating stopping-power ratios for p
ton energies of around 100 keV or lower. The issue of pro
calculation of stopping-power ratios will require further r
search to sort out all the subtleties, but in the meantime
are adopting a pragmatic approach to assessing the siz
the problem. As we show below, the factorKSA becomes
significant for photon energies of 100 keV and below a
hence the need for calculated stopping-power ratios at th
energies for practical applications is negligible.

2. Method 2

The first method is appropriate for stopping-power rat
needed at depth in a phantom, since the effects of attenua
and scatter in the phantom are needed. However, for an
chamber free in air, the theory of ion chamber response c
for stopping-power ratios for the unattenuated primary p
ton beam.27,28 To calculate these stopping-power ratios,
option has been added to SPRRZnrc in which photons
regenerated after interactions and secondary photons are
carded. With this calculation there is no attenuation in
wall and the calculation of stopping-power ratio is indepe
dent of the geometry of the ion chamber. Figure 6 prese
the graphite to air stopping-power ratio for monoenerge
photon beams with energies from 20 to 1300 keV and for
spectra for192Ir and 60Co. Note that the issue regarding th
excluded fraction affects stopping-power ratios calcula
with method 2 as well as method 1.

Figure 7 shows the ratio of the stopping-power ratios c
culated using methods 1 and 2. Method 1 includes the eff
Medical Physics, Vol. 27, No. 8, August 2000
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of lower-energy scattered photons and thus calculate
slightly higher stopping-power ratio, although the differen
is not significant.

F. Departure from Spencer–Attix cavity theory

The calculation of all the terms on the right-hand side
Eq. ~3! has been described and from these the values ofKSA

can be calculated and are shown as a function of pho
energy in Figs. 8 and 9 for the homogeneous NRC and BI
ion chambers, respectively. TheKSA corrections for incident
beams from an encapsulated192Ir HDR brachytherapy source
~microSelectron! with an average energy of 345 keV,6 and
from 137Cs and60Co sources are shown as well. It is seen th
a straightforward application of Spencer–Attix cavity theo
is valid within 0.2% down to a photon energy of 500 keV f
the NRC chamber and down to a photon energy of 600 k
for the BIPM chamber. At 100 keV, the deviation ofKSA

FIG. 6. Stopping-power ratios calculated with the user-code SPRRZnrc
the geometry independent method 2 as described in Sec. III E. The gra
density effect used is for 1.70 g cm23.

FIG. 7. Ratio of Spencer–Attix graphite to air stopping-power ratios cal
lated using method 1~including scatter and attenuation in the wall! and
method 2~geometry independent with no scatter! as described in Sec. III E.
The value ofD for the calculations is 10 keV.
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from unity is only about 2% for the NRC chamber, desp
the fact that over 60% of the ion chamber response is com
from photon interactions in the gas as shown by Fig. 3 a
this violates one of the Bragg-Gray conditions.

For the NRC chamber, Fig. 8 shows that straightforw

FIG. 8. Values of the Spencer–Attix correction factors,KSA , for the NRC
cylindrical ion chamber made entirely of graphite as a function of energy
monoenergetic photon beams and for three spectra. All calculations are
with D510 keV and shown with a statistical uncertainty of 1 standard
viation. The inset shows the agreement for the full interval from 20 to 1
keV.

FIG. 9. Values of the Spencer–Attix correction factors,KSA , for the BIPM
pancake ion chamber made entirely of graphite as a function of energ
monoenergetic photon beams and for three spectra. All calculations are
with D510 keV and shown with a statistical uncertainty of 1 standard
viation. The inset shows the agreement for the full interval from 20 to 1
keV.
Medical Physics, Vol. 27, No. 8, August 2000
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application of Spencer–Attix cavity theory is only 0.3% le
accurate at 200 keV than it is at60Co and about 0.1% les
accurate at192Ir than at 60Co. For the BIPM chamber the
breakdown is somewhat worse relative to60Co but the break-
down for 192Ir is still very small ~0.2%! as seen in Fig. 9.

In Fig. 10 the agreement with Spencer–Attix cavi
theory for60Co and192Ir beams is compared for the NRC, th
BIPM and the NIST ion chambers. For all chambers t
agreement at60Co is within 0.2% and at192Ir within 0.3%.
These results are obtained usingD510 keV but have been
plotted vs the value ofD appropriate to their geometries~see
next section!.

G. Variation of stopping-power ratios with D

As mentioned above, theD value, i.e., the cutoff~kinetic!
energy in the Monte Carlo calculation of stopping-power
tio, is traditionally taken as 10 keV for dosimetr
protocols.40,41,43However, for primary standards of air kerm
it is usually varied according to the size of the cavity.8,9,42

The exact definition ofD within Spencer–Attix theory is
rather vague, but it is related to the lowest energy of el
trons, which can just cross the cavity. This can be related
the mean chord length across the cavity, which for a con
cavity in an isotropic field is given by1 l 54 V/A, whereV is
the volume of the air in the cavity, andA its surface area.
Taking D to be the electron energy for which the residu
CSDA range is just the mean chord length impliesD values
for the NRC and BIPM chambers of 19 keV~530 keV total!
and 14 keV~525 keV total!, respectively, and for the NIST
chambersD varies from 20 to 42 keV. Figure 11 shows th
normalized stopping-power ratio graphite to air at60Co and
at 192Ir as a function ofD. At 60Co there is a variation of
0.17% between the stopping-power ratios calculated withD
510 andD542 keV. The values ofKSA calculated usingD
values based on the mean chord length are shown in Fig

r
ne
-
0

or
ne
-
0

FIG. 10. Values ofKSA for 192Ir and 60Co beams, calculated when using th
standardD510 keV cutoff to calculate stopping-power ratios for the NIS
spherical ion chambers, and the NRC and BIPM ion chambers. They
plotted as a function of the value ofD implied by the simple 4 V/A chord
length prescription for each chamber as discussed in the text. At60Co and
192Ir the departure from Spencer–Attix theory usingD510 keV for all types
of ion chambers is less than 0.2% and 0.3%, respectively.
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Using aD value based on the mean chord length brings
calculatedKSA values for60Co within 0.1% of unity and for
192Ir, within about 0.2% of unity. The choice ofD value is
thus very important for the calculation of the agreement w
Spencer–Attix cavity theory.

H. Composite wall materials

Practical ion chambers do not consist of graphite alo
since the collector electrode must be held in place and in
lated by another material. As seen in Fig. 2 the insulato
the NRC chamber is a ring of polystyrene, and in the BIP
chamber there are holders made of Duralumin~aluminum
alloy!. To take this into account one introduces a correct
factor Kcomp into Eq. ~2! as another of theK factors.25 The
correction is not required for the investigation of the agr
ment with Spencer–Attix cavity theory, but for obtaining th
dose or air kerma from a measurement, this correction
principle, should be applied, although usually it does
appear to be considered.8,9,42

Using Monte Carlo simulations the value ofKcomp is cal-
culated as the ratio of the calculated dose to the air~corrected
for attenuation and scatter! for a model with only graphite

FIG. 11. Normalized stopping-power ratio graphite to air at60Co and at192Ir
as a function ofD, the cutoff energy for the Monte Carlo calculation.D is
derived from the mean chord length. Note that the x-axis is logarithmic.
stopping-power ratios are normalized to 1.000 at 10 keV, where the va
are 1.0018 and 1.0138 for60Co and192Ir, respectively.
to

ak
th
n
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walls and end caps to the calculated dose for a model w
graphite walls and a polystyrene insulator~for the NRC
chamber! or a model with holders of Duralumin~for the
BIPM chamber!.

Kcomp,MC5
~DgasKwall!graphite

~DgasKwall!polystyrene or Duralumin

. ~5!

The Monte Carlo calculatedKcompvalues for the NRC cham
ber as a function of photon energy are shown in Fig. 13.

To estimate theKcomp value through Monte Carlo calcu
lations for the BIPM chamber the two holders for the colle
tor plate are modeled as two rings, one on the side of
collector and one behind the collector with outer radius eq
to that of the collector. Care is taken to have the same m
and the same area of Duralumin exposed to the air as in
real BIPM ion chamber. Modeling the holders correctly
not possible with the user code CAVRZnrc, since it mod
cylindrical geometries only.

An analytical expression of the effect of composite wa
is generally used for calculating the influence of a build
cap made of a different material than the chamber wall,25

e
es

FIG. 12. Values ofKSA for 192Ir and 60Co beams, calculated when stoppin
power ratios are calculated using values ofD implied by the simple 4V/A
chord length prescription for each chamber as discussed in the text. The
plotted as a function of the value ofD used in each case. At60Co and192Ir
the departure from Spencer–Attix theory for the NIST chambers is larg
for the 50 cm3 chamber (D542 keV) but still less than 0.1%.
Kcomp,ana5
1

S L̄
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air
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wall
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air

wall

1~12a!S L̄

r
D

cap

air S m̄en

r
D

air

capG , ~6!
ose
l-
m-
lu-
wherea is the fraction of the ionization in the cavity due
electrons originating in the wall material and (12a) is the
fraction from the buildup cap. In the present case, we m
the rough approximation that this expression applies for
effect of different materials near the cavity, e.g., polystyre
e
e
e

or Duralumin. For the analytical calculation ofKcomp,a must
be estimated. For the NRC chamber the fraction of the d
to the air in the cavity originating from the graphite is ca
culated using the user code DOSRZnrc. For the BIPM cha
ber thea value is estimated from the surface area of Dura
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min compared to that of graphite. This latter value is only
very crude estimate! A worst case scenario for the BIP
chamber is obtained by fitting the mass of Duralumin in
the two rings and covering the actual area of graphite in
Monte Carlo model. This means that much more Duralum
surface is exposed to the air andKcomp,MC is 0.9970
60.0003.

Table I shows the results of calculations ofKcomp from
Eqs. ~5! and ~6! for the NRC chamber and for the BIPM
chamber with polystyrene and Duralumin, respectively,
part of the chamber material. The results of calculations
ing the simple analytical expression agree well with t
Monte Carlo calculated values, andKcomp indicates either a
decrease (Kcomp.1) or an increase (Kcomp,1) in the dose to
the cavity compared to the dose in a homogeneous cham
depending on what material is used in addition to the gra
ite. The values calculated are surprisingly large given t
standards laboratories have not traditionally considered
correction factor of 0.4% for the NRC chamber and
20.07% for the BIPM chamber.

IV. CONCLUSIONS

The calculations demonstrate that the standard form
tion of Spencer-Attix cavity theory withD510 keV has an
accuracy, when using graphite-walled ion chambers for c

FIG. 13. Monte Carlo calculated correction factors for nongraphite mate
in the NRC 3C ion chamber,Kcomp,MC as a function of incident photon
energy. The average value ofKcomp,MC is 1.00460.001 ~1 standard devia-
tion!.

TABLE I. Correction for composite materials in the NRC and BIPM io
chambers in a60Co beam.Kcomp,anaand Kcomp,MC are calculated from Eqs
~5! and ~6!, respectively. The analytically calculatedKcomp for the NRC
chamber is based on a Monte Carlo calculation~with the user code DOS-
RZnrc! of the fraction of dose,a, in the cavity due to particles originating in
the graphite wall. The Monte Carlo calculated values are given with 1 s
dard deviation uncertainties in brackets.Kcomp,anafor the BIPM chamber is
not given with an uncertainty since the areas of graphite and Duralumin
‘‘exact’’ ~same as used in the Monte Carlo simulation!.

Chamber Kcomp,ana Kcomp,MC

NRC 1.0041~5! 1.0038~2!
BIPM 0.9990 0.9993~2!
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brating 192Ir sources, which is comparable to that for60Co
sources. For 200 keV photons, the theory is within 0.3%
the accuracy at60Co energies despite the demonstrat
breakdown of the assumption that there are no photon in
actions in the cavity. This conclusion must not be gene
ized to chambers of other wall materials, and is not expec
to hold in general since we have only shown the theory to
accurate, which is different from being correct!

We have shown that the standard formulation of Spenc
Attix cavity theory used in dosimetry protocols~i.e., D
510 keV) breaks down in60Co beams by amounts rangin
from 0.02% to 0.2%. This breakdown can be characteri
by the mean chord length of the electrons crossing the ca
of the ion chambers involved and henceD ~see Fig. 10!.
However, we have also shown that this is mostly explain
by the inadequacy of usingD510 keV in the standard for-
mulation instead of using aD value more closely associate
with the mean chord length~see Fig. 11!. Many standards
laboratories already take this into account.8,9,42

Calculating the stopping-power ratio for the electr
spectrum created by the unattenuated primary photon in
actions in the graphite~geometry independent! gives a
slightly smaller value—up to 0.04% at60Co—than calculat-
ing the value for the actual electrons in the cavity as see
Fig. 7. Although the difference is not large, it is the form
values which are required by the underlying theory.27,28

Although the main emphasis in this study has been low
energy photons, the results for60Co beams demonstrate th
Spencer–Attix theory, as normally applied by standa
laboratories, is accurate, at least within the calculational
certainty of EGSnrc of 0.1% or so. Note that this assessm
of the cavity theory can be made at this high level of ac
racy because the uncertainty in cross-section data drops
of consideration.

In addition, we have shown that a correction for compo
ite wall material, e.g., insulators and holders, should be
cluded in the correction factors applied to a measurem
This factor is found to be 0.999~BIPM! and 1.004~NRC! for
two of the chamber types studied, which leads to a 0.
difference in the measured responses of air kerma if no s
correction is applied. This is of significance in a prima
standard of air kerma.

Viewed overall, these calculations demonstrate a rema
able consistency of cavity theory and high-quality Mon
Carlo calculations. However, it must be recognized that if
use these results to justify the application of Spencer–A
cavity theory for192Ir beams, this amounts to making th
Monte Carlo calculations an intrinsic part of the standard
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