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To develop a primary standard f&tir 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 thdfafs. Ma and NahunfiPhys.

Med. Biol. 36, 413-428(199])] 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
192y 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 encapsulat&dir 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 with10 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®m source. It is also found that the use

of A related to the mean chord length instead\ef 10 keV improves the agreement with Spencer—
Attix cavity theory at®®Co 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. [S0094-2408)0)02008-3
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[. INTRODUCTION roughly a 30% breakdown at 100 keV. If the breakdown in

the assumptions led to a reduction in the accuracy of the

For low-energy photons, primary standards of air kerma ar?heory then a primary standard f8fir based on a cavity ion
usually based on free-air chambers in which a direct measureh ' . .
chamber would be inappropriate.

is made of the charge released in the air. These standards can . . .
i The main purpose of the present work is to establish the
not normally be applied above about 300 keV because the . : . )
curacy of Spencer—Attix cavity theory as applied with a

range of the electrons generated by the electrons becom . ) .
g g y graphite-walled ion chamber for photon energies from 20 to

too long? For higher-energy photons such as fr6#6o and _ ) . )
137Cs source$1250 and 662 keV average energies for bare1300 keV, with particular emphasis on photon energies ap-

source} it is common to base primary standards of 4ir Plicable to**4r. For this purpose we study in detail the re-

kerma on the use of graphite-walled cavity ion chambers an§P°nse of:(@ the? cylindrical NRC ion chamber which is
the Spencer—Attix schematization of Bragg—Gray cavity!S€d as Canada’s primary standard for air kerma fCa
theory23 In the past, the National Institute for Standards and®®@m; (b) the pancake chamber used by the BIPM for the
Technology(NIST) developed a primary standard f6¥r ~ same purpos@ and (c) the spherical chambers used as pri-
sources based on this approddtiowever,}%r sources have Mary standards by NIST.

a wide spectrum of photon energies, from less than 100 up to The approach used is a pragmatic one rather than a theo-
about 900 keV with an average energy, and the Strongeggtical one. We calculate the ion chamber’s response using
photon intensities being at slightly over 300 ké¥Ma and ~ Monte Carlo techniques and we also calculate the response
Nahuni showed that at lower photon energies, a large fracpredicted by Spencer—Attix cavity theory using the standard,
tion of the dose to the gas in an ion chamber is from photorstate-of-the-art calculations of stopping-power ratios and
interactions in the gas itself. This violates one of the mainother correction factors. We then investigate any discrepan-
assumptions of Bragg—Gray cavity theory and thus they coneies.

cluded: “Bragg-Gray cavity theory can be safely applied to To accomplish this goal requires accurate calculation of
megavoltage photon radiation dosimetry but not to Igwp  ion chamber response using Monte Carlo techniques. Up un-
to 100 keV} and medium-energy100—300 keV photon til recently, the calculation of ion chamber response was one
beams.” At the 300 keV energy typical in df4r source, of the most difficult tasks for electron-photon Monte Carlo
they found a 3% breakdown in the assumptions, withcodes. Despite a long history of such calculatiths® the
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overall accuracy was still limited to about 1% However, Using the Spencer—Attix relationship for a parallel beam
there has been significant progress in this area and with th&f photons, the air kermas;,, at the location of the center
development of the EGSnrc Monte Carlo c#ti is now  of an ion chamber when the chamber is not there is given
possible to calculate absolute ion chamber respemsenal-  by?®

ized against its own cross sections, i.e., independent of the

uncertainties in the cross sectiorie within 0.1% for®Co L\ " @

1 - . . _ en
photon$! and with a similar accuracy for photons at energies  Kar=Dga » (7) WKKSAa 2
down to 10 keV?? Using the techniques described below, gas wall wall

this development allows us to verify directly the accuracy of ar i
cavity theory with a similar accuracy. where (wen/p)ua 1S the average ratio of mass energy-

In doing this study we started with the assumption that théabsorption coeffipients in the air a,nd the wall maf[ergalsf .
small amount of nongraphite material in the chamber had néhe average fractlon of the electron’s energy lost via radiative
effect. This assumption is used by all standards laboratoriel °°€SS€S: 1.€., to_bremsstrahlung productforand the

that we are aware of. However, we have found that it has §pencer—Attix correction factoKsa, is introduced here to

significant effect in the case of the NRC chamber and henc86COunt for any departure from Spencer—Attix cavity theory
we have also studied the size of this correction. as it is normally applied. In the Monte Carlo simulation of
this case, the correction factérreduces tK,,,,, a correc-
tion factor for attenuation and scattering in the chamber wall,
since no humidity correction is required for the dry air used
Il. THEORY in the simulations, and we use a parallel photon beam, i.e.,
The Spencer—Attix schematization of Bragg—Gray cavityth.ere IS no correlctltl)n for axial r}onunl;;orr_nltydof theh beam.
theory is based, amongst other things, on the assumption thg{nce we can calculaté,(1-g) from the incident photon

the dose to the gas in the cavity is caused by electrons ge(f_pectrum and the mass energy-absorption coefficients for air

erated in the walls of the cavity. All photons are assumed t rs]ze Egl(,i.)t.t;?%vx]’ tagdthcfﬁ;:]%r(ss.%wr? fr?g ZaIC:tl% tr? ag.n
pass through the cavity. This is stated in the following two quantiti '9 e 1 quation using

Bragg—Gray conditionswhere a gas layeg is placed in a Monte Carlo techniques, thys we can use this equgtlon to
materialw. deduceKg,. The factorK g, will account for any corrections

such as fluence correcticig® or a breakdown in the calcu-
(@ The thickness of thg-layer is assumed to be so small lation of stopping-power ratios and is given by
in comparison with the range of charged patrticles strik-

wall

ing it that its presence does not perturb the charged- K air(1 = Gua)
partiCIe field. Kga= —wal, _ \ ar . 3)
(b) The absorbed dose in the cavity is assumed to be de- L Men
H ; P H D a - KwaII
posited by charged particles crossing it. g p p
gas

Spencer and Atti® showed that the effect of secondary
electrons needs to be considered, an effect which the Bragg

Gray theory does not take into account. Later Naffura- hamb ith t the 0.1% VRl
worked Spencer—Attix theory to consider energy dissipationc amoer response with an accmiracy'a € o.17% '
Accuracy in this context means “relative to the given cross

by the electron track-ends explicitly. Nahum’s formulation - . o .
y picrty sections,” and hence for E¢3) to be meaningful it is criti-

of the Spencer—Attix theory gives a ratio of the doses in . .
mediaw andg of cal to use a self-consistent set of cross-section data for all

calculated quantities.

In this work we explicitly calculatég, using the EGSnrc
Monte Carlo system, which has been shown to calculate ion

Ill. CALCULATIONS AND RESULTS

Emax (A) S(A)
L q)E( P ) dE+‘bE(A)(T> A The newly developed and substantially improved version
— 7y w 55 “—, (1) of the Monte Carlo code EGS4, i.e., EGSfds used to
f "‘axq)E( ) dE+<I>E(A)(—) A calculate the various factors in E@) to obtain the values of
A Ksa- The dose to the air in the cavitly,, and the correc-
tion factor for scattering and attenuation in the w&l|,,
where®¢ is the fluence of particles with ener@y(S(A)/p) are calculated using the NRC user codes CAVRZfior
is the unrestricted mass collision stopping-power evaluatedylindrical geometry and CAVSPHnrdfor spherical geom-
at energyE=A, andA is the lowest energy for which sec- etry). These codes are based on the CAVRZ code originally
ondary electrons are considered part of the electromleveloped by Bielajewet all! which was updated recently to
spectrunt* All secondaries with energy below are consid-  work with EGSnré® and from which several bugs were re-
ered absorbed on the spot and are accounted for in the reaoved. These codes have been used extensfaiyl shown
stricted stopping-power,L(A)/p). to give the same results as CAVRZ working with EGS4 for

g g
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Fic. 1. Variation in the dose to the gas as a function of the threshold for
creation of secondary electrof&E) which was equal to ECUT in all cal-
culations. The filled symbols are for an incident beani@fo photons and
the open symbols are for incident 100 keV photdwhich require much
longer calculations All values are normalized to the dose in each case for
the standard value oAE-m of 10 keV, wherem is the rest mass of the
electron.

0
777 graphite B8 duralumin

correcnons such &y, _althoth the overall calculated I‘Q- FiG. 2. Cross sections of the models of the cylindrical NRC ion chartd)er
sponse differs because it uses the EGSnrc Monte Carlo simMike parallel plate BIPM ion chambéb), and the 50 crhspherical NIST ion
lation systent®?13! The calculation ofK,, with Monte  chamberc). In the calculation of the departure from Spencer—Attix theory,
Carlo techniques has been extensively stUdidtf2and is  the nongraphite materials in the chambers are replaced with graphite.
thought to be accurate to better than 0.1%.
In all cases the EGSnrc system is used without binding,
relaxation, or spin effects taken into account. Since this study
is independent of the cross sections used, in principle itnternational des Poids et MesuréIPM, France, and at
doesn’t matter if we include these effects or not. Moreoverthe National Institute for Standards and Technol@giST),
for the calculations being done here, we find that turning orfespectively.
or off any of these effects has no effect on the calculated The NRC(3C) ion chambetwas built by W. H. Henry at
values ofD s at the 0.1% level at 100 keV and 1.25 MeV. NRC and has been used as the Canadf@o air-kerma
Electrons are followed down to 521 ketbtal) and pho- standard since the late 1950s. A small mass of air is sur-
tons down to 1 keV (i.e., AE=ECUT=0.521 and rounded by enough material to ensure full buildup. The ma-
AP=PCUT=0.001). As shown in Fig. 1, for the chambers terial of the wall and central electrode are graphite with a
under investigation here, we have found that using lowegensity of 1.66 g cm® and one end cap is made of polysty-
values of ECUT led to the same values @f,;. We have rene. Figure &) shows the cross section of the NRC ion
found that the value of ECUT needed to obtain a stable esshamber which has cylindrical geometry. The chamber is
timate of the dose to the gas depends very much on theodeled as shown and any effects from stem scatter are ac-
dimensions of the cavity involved and smaller cavities re-counted for elsewhere. Basic cavity theory applies to a cavity
quire lower values of ECUT. in one material only. For the calculations related to the ac-
For all graphite densities used, the ICRU Report 37 dencuracy of Spencer—Attix cavity theory, the polystyrene in the
sity correction for graphite with density 1.70 g cfis  NRC chamber is replaced with graphite in the calculations.
applied**3*The conclusions of this study are independent ofA correction for materials different from the wall in the ion
the details of which density effect is used. The photon specehamberK o, is discussed in Sec. Il H.
tra used fort®3r and®°Co sources are based on Monte Carlo  The BIPM ion chambérhas a flat cylindrical shape and is
simulations of the relevant source®’ made of graphite with a circular collecting plate in the
middle of the cavity as shown in Fig.(l®. The collector
plate is held by two small rods of Duralumi@luminum
Three types of graphite ionization chambers are modeledlloy). The density of the graphite used for this chamber is
in the calculations in order to examine the issues in a widel.84 g cm . Monte Carlo calculations are performed for a
variety of geometric shapes. These ion chambers are cumodel of the BIPM chamber with no Duralumin holders and
rently used as standards for air kerma®¥@o beams at the for a model with the area of the holders exposed to the air
National Research Council of CanaéRC), at the Bureau modeled as two rings in the chamhligs maintain cylindrical

A. lon chambers
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7-3 E M E from the cross-section data set used in the present Monte Carlo calculations
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the mean energy of the spectrum ug@efs. 5 and 3pThe statistical un-
energy/keV certainties are typically 0.5% but the overall uncertainty is determined by
the 5% uncertainty in the underlying radiative stopping power from ICRU
Fic. 3. Fraction of dose to the air in the cavity from photon interactions in Report 37(Ref. 33.
the air for the NRC chamber is shown together with the ratio of mass
energy-absorption coefficients graphite to air. The curve with filled dia-

monds is thg ratio of the _dose in an airca\('ﬂ;yxme dimensions as the cavity This result is similar to that of Ma and Nahdmaking the
of the NRC ion chambegiin vacuum to the air kerma for the actual photon | di t dl th of th . ity int t
beam. The curve with open circles is the ratio of two simulations which arger alameter and lengtn or the air CG}VI y In O acc'oun -
include the walls of the chamber in the calculation, but in one case electron The absorbed dose due to photon interactions in the air
transport in the walls is turned off so that only the dose from photon inter-cavity when it is part of the graphite chamber is calculated
actions in the cavity is included. The difference in the two ratios is causedoy simulating the entire chamber and discarding all electrons
by the contribution of photons scattered in the walls. . . . . L.
set in motion in the graphite wall. Only photons which inter-
act in the air contribute to the dose. These can be primary
geometry to estimate the effect of the holders on the cham-photons which are attenuated by the walls or photons scat-
ber response, i.eK comp- tered in the wall. There is a slight underestimate of this dose
The NIST ion chambePsused as primary standards are because electrons generated in the air do not scatter back
spherical with volumes of 1, 10, 30, and 50 trdnly the  from the walls in the calculations. The ratio of dose in the
chambers with wall thicknesses of approximately 4 mm arecavity from photon interactions there to the total dose in the
modeled, and for these chambers the collector electrode gavity is shown as a function of photon energy in Fig. 3. For
not included in the calculation, since the user codethe actual cavity, the fraction of the dose due to photon in-
CAVSPHnrc only allows spherical geometries and the colteractions in the cavity at 300 keV is 7%, and at 100 keV the
lector electrode is a cylinder. The density of graphite for thefraction is 60%.
NIST chambers is 1.73 g cm. An example of one of these
spherical ion chambers is shown in FigcR C.Dataon g
Detailed dimensions of the ion chambers are available . , . .
The fraction of the electron’s energy lost via radiative

elsewhere and are not critical to the issues under discussiaon — . . ;
389 processegy, is calculated in a Monte Carlo calculation using

here: the PEGS4 data sets with the ICRU radiative cross
sections’>*® EGSnrc includes a correctidhto the EGS4
bremsstrahlung sampling routines which causes a 2% or 3%
The breakdown of the assumption that photons do nothange in the calculated value @fin this case compared to
deposit energy in the cavity is studied for an air cylinderEGS4 (but which had no effect for more typical cases for
placed in a vacuum. The absorbed dose to the air is calcielectrons with energies> AP). A small user code is used
lated using CAVRZnrc for monoenergetic, parallel photonwhich scores all the energy radiated by electrons slowing
beams incident on the side of the cylinder. The air cavity haslown after being created by photons interacting in an infinite
a diameter of 1.58 cm and is 1.61 cm long, similar to themedium and also scores all the energy transferred by these
actual dimensions of the air cavity in the NRC chamberphotons to electrong is just the ratio of these two quanti-
when ignoring the electrode. The ratio of absorbed dose fromies. Figure 4 shows the values gfover the energy range
photon interactions in the air divided by the air kerma isfrom 100 to 1300 keV compared to the values taken from
shown in Fig. 3. This represents the extreme nonequilibriunBoutillon?® which are based on a simpler calculation using
situation, since no photons are scattered and attenuated in ttee ICRU Report 37 radiative yieldS.The present values
wall, and no electrons are starting or reflected from the wallsare about 2% higher than the previous values %20 en-

B. Photon interactions in cavity
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ergies. This is consistent with the results of SelfZemho 0.7F A T 3
found that in this energy range the radiative yields calculated g oe-— ]
using Monte Carlo simulations are 3% higher than those cal-§ | 14 ]
culated using CSDA models as used in ICRU Report 37. Theg 05 ; "‘/ excluded fraction —

values for®Co from the current calculations are plotted at g 04'_ / '\\ ]

the mean energy for the spectrum used, viz. 1055 keV to% I S '\.\ ]
emphasize that one cannot interpolate for the value of a spec é’ 0.3| . "-.. i v i eluded fraction -
trum based on using a mean photon energy. s T 7 Ao l

These comparisons to previous work are to emphasize the.§ 0'2__ i" \ T ]
accuracy of the code and its internal consistency. The 0vera||§ 01} A "\.\ "w...’_.‘ .
uncertainty on the calculated value @fis dominated by the oo e _":".':'I':‘“
uncertainty on the bremsstrahlung cross section which is es- %% 100 "1000°
timated as 5% in ICRU 37pg. 48. ' energy/keV

Fic. 5. Fraction of dose from track-ends included and excluded in the track-

D. Mass energy-absorption coefficients and air kerma end term when calculating stopping-power ratios for monoenergetic photons
incident on a graphite mini-phantom. The dose fraction from excluded track-
In the calculation 0K gy it is important to ensure consis- ends is less than 2% at energies higher than 200 keV.

tent use of photon cross sections. Therefore the mass energy-
absorption coefficients for air and for graphite are derived

using the cross sections in EGSnrc via the user-code DOSther Monte Carlo calculated values in this work, namely
RZnrc. The dose to a Zum thick air or graphite slab of 521 orA=10keV. This value is used for consistency with
“infinite” radius is calculated for a monoenergetic parallel the other calculated values and because it is the widely used
photon beam which is forced to interact in the slab. There ig/ajue in radiation dosimetd?** However, as will be dis-

no electron transport and thus no radiation loss due to bremgyssed below, this value requires more careful consideration
strahlung. Hence we are calculating the keridawhen we  for primary standards of air kernig:*?

calculate the dose. The mass energy-absorption coefficients we study two methods of calculating the stopping-power

in air and graphite are calculated from ratio,
[ Men (1) The stopping-power ratios are calculated for the actual
Kz=¥|=7| === [Gy], @ . = :
Pley (1-9e2) electron spectrum in the mini-phantom or wall material

) at the point of measuremetfthis is the commonly used
whereV is the energy fluence ari€landZ denote the photon method:

energy and the effegtive_ atomic number, respecti%_ly. (2) the stopping-power ratios are calculated for the electron
The graphite to air ratios of mass energy-absorption coef- spectrum at the same point but created only by the unat-

ficients calculated in this way are_shown i_n_Fig._ 3. Above tenuated primary photons—a geometry independent cal-
300 keV the mass energy-absorption coefficient is the same culation.

for air and graphite to within 0.1%. These values above 300
keV, which are calculated with the PEGS4 data sets, are
within 0.4% of the latest values by Hubbell and Selt¥er, 1. Method 1
although the disagreement reaches 3% for energies below
100 keV. A parallel photon beam is incident on the side of a cylin-
Given the mass-energy absorption coefficientsgnid is der with dimensions similar to the NRC chamber but con-
a straightforward extension of E@4) to calculate the air Sisting entirely of the material for which the stopping-power
kerma in a photon spectrum. Alternatively, one can calculatgatio is calculated, with a scoring volume of the same dimen-
the kerma directly as described above using a Monte Carlgions as the ion chamber’s air cavity. The stopping-power
calculation. We get the same answer both ways. ratios are calculated with track-ends using the scoring-on-
the-fly techniques described earlféiThe track-ends include
both electrons slowing down and crossing thealue (“in-
cluded fraction”), and electrons createthy photon interac-
The restricted stopping-power ratios graphite to air ardions) with energies belowA (“excluded fraction”). Elec-
calculated using the NRC user code SPRRZArE,which  trons created with energies belaware not included in the
makes use of the restricted stopping powers based on ICRthlculated stopping-power ratio, whereas those slowing
Report 373***The density of graphite used in the calculation down pastA are properly included. Figure 5 shows the frac-
of stopping-power ratios is 1.66 g ¢ since that is the real tion of the dose from included and excluded track-ends as a
bulk density of the NRC chamber, and the density correctiorfunction of photon energy. The complex shapes reflect the
used is for graphite with a density of 1.70 g cinsince that change in mean electron energy as photoelectric and Comp-
is one of the two values for which the density effect waston scattering dominate at different energies. Note that for
calculated by the ICRU. The standard cutoff energy for thel.25 MeV photons if one ignores the “included” compo-
calculation of the stopping-power ratios is the same as for alhents of track-ends when calculating the stopping-power ra-

E. Stopping-power ratios
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tio (a 5% dose componenthe effect on the stopping-power 1.020r —— T .
ratio is at most a few tenths of a percent. However, it is not : \*\',/’*\-\ ]
clear how to interpret the excluded fraction. 1015 N ]
If one takes the Spencer—Attix formulation at face value B, 19<:>\ 1
and considers the track ends as part of the in-phantom elec i LI
tron spectrum, then these electrons must somehow be take Qa: 010 \ .
into account. Given the large contribution to the dose from 2 i \\
the excluded component of the track-ends at low energies, 1.005[- _ \ ]
is hard to estimate the effect on the stopping-power ratios o T ‘\
these excluded track-ends. Presumably it is negligible abov [ ®Co Ay
200 keV where this component represents at most 2% of th U000 v oveereee e e i"'\‘ ..... _

L L Lo gl L 1 P ST ST A
dose and the mass energy-absorption coefficients for graphi 10 100 1000
and air are so similar. However, it could become significant energy/keV

at lower energies.
| . ? k what do th | Fic. 6. Stopping-power ratios calculated with the user-code SPRRZnrc and
Alternatively, one can _as » what 0 t e_Se e_eCtronS COITee geometry independent method 2 as described in Sec. Ill E. The graphite
spond to when we consider the cavity situation? They camensity effect used is for 1.70 g ¢rh

only correspond to photon interactions in the cavity which
create these electrons with energies belbwince phantom

generated electrons created beléwannot get into the cav- of |ower-energy scattered photons and thus calculates a

ity region. From this perspective we are free to exclude theng|ightly higher stopping-power ratio, although the difference
from the calculation of the stopping-power ratio sincejs not significant.

Spencer—Attix cavity theory assumes such interactions do _ _
not occur. However, once one adopts this point of view, viz - Departure from Spencer—Attix cavity theory
that the calculations somehow include interactions in the The calculation of all the terms on the right-hand side of
cavity, then, one must ask how do we exclude the effects oEq. (3) has been described and from these the valudssaf
electrons generated in the cavity with energies greater thagan be calculated and are shown as a function of photon
A? energy in Figs. 8 and 9 for the homogeneous NRC and BIPM
With either of the above approaches, Fig. 5 implies thaion chambers, respectively. Tl corrections for incident
there are problems calculating stopping-power ratios for phobeams from an encapsulatedr HDR brachytherapy source
ton energies of around 100 keV or lower. The issue of prope(microSelectron with an average energy of 345 ké\and
calculation of stopping-power ratios will require further re- from 13’Cs and®°Co sources are shown as well. It is seen that
search to sort out all the subtleties, but in the meantime we straightforward application of Spencer—Attix cavity theory
are adopting a pragmatic approach to assessing the size igfvalid within 0.2% down to a photon energy of 500 keV for
the problem. As we show below, the factig, becomes the NRC chamber and down to a photon energy of 600 keV
significant for photon energies of 100 keV and below andfor the BIPM chamber. At 100 keV, the deviation Kfsa
hence the need for calculated stopping-power ratios at these
energies for practical applications is negligible.

1.0006 — ————rr

2. Method 2

. : . . . 1.0005
The first method is appropriate for stopping-power ratios

needed at depth in a phantom, since the effects of attenuatiol «
and scatter in the phantom are needed. However, for an ior*f
chamber free in air, the theory of ion chamber response callx
for stopping-power ratios for the unattenuated primary pho-
ton beant’?® To calculate these stopping-power ratios, an
option has been added to SPRRZnrc in which photons ar
regenerated after interactions and secondary photons are di
carded. With this calculation there is no attenuation in the
wall and the calculation of stopping-power ratio is indepen-
dent of the geometry of the ion chamber. Figure 6 presents
the graphite to air stopping-power ratio for monoenergetic 0.9999 e sl
photon beams with energies from 20 to 1300 keV and for the R 1 100 1000
spectra fort®r and ®°Co. Note that the issue regarding the energy/keV

excluded fraction affects stopping-power ratios calculated
with method 2 as well as method 1 Fic. 7. Ratio of Spencer—Attix graphite to air stopping-power ratios calcu-
. . ’ . . lated using method lincluding scatter and attenuation in the wadnd
Figure 7 shows the ratio of the stopping-power ratios Calinethod 2(geometry independent with no scaitas described in Sec. il E.

culated using methods 1 and 2. Method 1 includes the effectene value ofA for the calculations is 10 keV.
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[ 0.51-0 $ ... “:II(IJO S “:II&)IOO ] I Fic. 10. Values oK g, for 1%3r and %°Co beams, calculated when using the
0.97 A A el standardA =10 keV cutoff to calculate stopping-power ratios for the NIST
) ﬁOO 1000 spherical ion chambers, and the NRC and BIPM ion chambers. They are

plotted as a function of the value &f implied by the simple 4 V/A chord
length prescription for each chamber as discussed in the teXCat and
Fic. 8. Values of the Spencer—Attix correction factdfs,, for the NRC 192|‘r the departurg from Spencer—Attix theory usiig 10_kev for all types
cylindrical ion chamber made entirely of graphite as a function of energy forOf ion chambers is less than 0.2% and 0.3%, respectively.
monoenergetic photon beams and for three spectra. All calculations are done

with A=10 keV and shown with a statistical uncertainty of 1 standard de-

viation. The inset shows the agreement for the full interval from 20 to 1300application of Spencer—Attix cavity theory is only 0.3% less

kev. accurate at 200 keV than it is 8Co and about 0.1% less
accurate at®dr than at®Co. For the BIPM chamber the
breakdown is somewhat worse relativéi6o but the break-

from unity is only about 2% for the NRC chamber, despitedown for 1% is still very small(0.2% as seen in Fig. 9.

the fact that over 60% of the ion chamber response is coming |n Fig. 10 the agreement with Spencer—Attix cavity

from photon interactions in the gas as shown by Fig. 3 andheory for®Co and™®ar beams is compared for the NRC, the

this violates one of the Bragg-Gray conditions. BIPM and the NIST ion chambers. For all chambers the

For the NRC chamber, Fig. 8 shows that straightforwardagreement at’Co is within 0.2% and at®ar within 0.3%.

These results are obtained using=10 keV but have been
plotted vs the value oA appropriate to their geometri¢see
next section

photon energy/keV

1.000 . ——

[ oy mg AT - . o
[ § U ¢ \137 ‘}’ i G. Variation of stopping-power ratios with A
0.995 - /,I’ Cs\ Co As mentioned above, the value, i.e., the cutoftkinetic)
[ /,’ 1.0 gareeeege ] energy in the Monte Carlo calculation of stopping-power ra-
- ¥ - L, ’]\ T 1 1 tio, is traditionally taken as 10 keV for dosimetry
0.990 /) 09f f 102, 800, ] protocols?®4143However, for primary standards of air kerma
< i ,/ . ; ] 1 it is usually varied according to the size of the cafify*?
" | I o8 / 3 The exact definitic_)n_ ofA within Spencer—Attix theory is
0985 j’ F ¢ 1] rather vague, but_ it is related to th_e Iowc_est energy of elec-
I B o7k ! q - trons, which can just cross the cavity. This can be related to
[/ L) 1] the mean chord length across the cavity, which for a convex
L/ L . EE cavity in an isotropic field is given By =4 V/A, whereV is
0.980 __/I 0'6:_ 1] the volume of the air in the cavity, andl its surface area.
T 05: T I Taking A to be the electron energy for which the residual
b ™10 100 1000 CSDA range is just the mean chord length impliesalues
0.97340 ' s for the NRC and BIPM chambers of 19 k%30 keV tota)

and 14 keV(525 keV total, respectively, and for the NIST
chambersA varies from 20 to 42 keV. Figure 11 shows the

Fic. 9. Values of the Spencer—Attix correction factdfs,, for the BIPM  normalized stopping-power ratio graphite to airf%o and
pancake ion chamber made entirely of graphite as a function of energy fogt 1934y as a function ofA. At °Co there is a variation of

monoenergetic photon beams and for three spectra. All calculations are dort? 17% between the stopping-power ratios calculated with

with A=10 keV and shown with a statistical uncertainty of 1 standard de- .
viation. The inset shows the agreement for the full interval from 20 to 1300— 10 andA =42keV. The values oKs, calculated usingh

keV. values based on the mean chord length are shown in Fig. 12.

photon energy/keV
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Fic. 11. Normalized stopping-power ratio graphite to aif%to and at-*ar
as a function ofA, the cutoff energy for the Monte Carlo calculatiak.is
derived from the mean chord length. Note that the x-axis is logarithmic. Th
stopping-power ratios are normalized to 1.000 at 10 keV, where the vaIueS
are 1.0018 and 1.0138 f8fCo and'®ar, respectively.

Fic. 12. Values oK g, for *%r and ®°Co beams, calculated when stopping-
ower ratios are calculated using valuesdofmplied by the simple 4V/A

hord length prescription for each chamber as discussed in the text. They are
lotted as a function of the value df used in each case. AfCo and*®ar

the departure from Spencer—Attix theory for the NIST chambers is largest
for the 50 cni chamber A =42 keV) but still less than 0.1%.

Using aA value based on the mean chord length brings all

calculatedK g values for®Co within 0.1% of unity and for walls and end caps to the calculated dose for a model with
192r, within about 0.2% of unity. The choice af value is  graphite walls and a polystyrene insulatdor the NRC
thus very important for the calculation of the agreement withchambey or a model with holders of Duralumiffor the

Spencer—Attix cavity theory. BIPM chambey.
H. Composite wall materials K _ (D gasK wall) graphite 5)
comp,MC— D K ) -
Practical ion chambers do not consist of graphite alone, (D gasKwail)polystyrene or puratumin

since the collector electrode must be held in place and insuFhe Monte Carlo calculateld .oy, values for the NRC cham-
lated by another material. As seen in Fig. 2 the insulator irber as a function of photon energy are shown in Fig. 13.
the NRC chamber is a ring of polystyrene, and in the BIPM  To estimate the&K qy,, value through Monte Carlo calcu-
chamber there are holders made of Duralurf@luminum lations for the BIPM chamber the two holders for the collec-
alloy). To take this into account one introduces a correctiortor plate are modeled as two rings, one on the side of the
factor Komp into Eq. (2) as another of th& factors®® The  collector and one behind the collector with outer radius equal
correction is not required for the investigation of the agree+o that of the collector. Care is taken to have the same mass
ment with Spencer—Attix cavity theory, but for obtaining the and the same area of Duralumin exposed to the air as in the
dose or air kerma from a measurement, this correction, imeal BIPM ion chamber. Modeling the holders correctly is
principle, should be applied, although usually it does notot possible with the user code CAVRZnrc, since it models
appear to be consideréd:*? cylindrical geometries only.

Using Monte Carlo simulations the value K, is cal- An analytical expression of the effect of composite walls
culated as the ratio of the calculated dose to thécairected is generally used for calculating the influence of a buildup
for attenuation and scatjefor a model with only graphite cap made of a different material than the chamber #wall,

1
K comp,anz 3 wal, | air T ar __ \ wall T air '\ cap|’ (6)
(g Hen a(_ Hen +(1_a)(_ Hen
p air p wall p wall p air p cap p air

wherea is the fraction of the ionization in the cavity due to or Duralumin. For the analytical calculation I omp: @ Must
electrons originating in the wall material and{k) is the  be estimated. For the NRC chamber the fraction of the dose
fraction from the buildup cap. In the present case, we makeo the air in the cavity originating from the graphite is cal-
the rough approximation that this expression applies for theulated using the user code DOSRZnrc. For the BIPM cham-
effect of different materials near the cavity, e.g., polystyreneber thea value is estimated from the surface area of Duralu-
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10100 T T ] brating 1°4r sources, which is comparable to that ffCo
I ] sources. For 200 keV photons, the theory is within 0.3% of

1.008]- . the accuracy at®Co energies despite the demonstrated
breakdown of the assumption that there are no photon inter-
©1.006- ] actions in the cavity. This conclusion must not be general-
z [ ] ized to chambers of other wall materials, and is not expected
j [ i IEI; ] to hold in general since we have only shown the theory to be
1.004f H H oo 1] accurate, which is different from being correct!
I I We have shown that the standard formulation of Spencer—
1.002 L . Attix cavity theory used in dosimetry protocolg.e., A
] =10keV) breaks down if°Co beams by amounts ranging
1000 - T from 0.02% to 0.2%. This breakdown can be characterized

by the mean chord length of the electrons crossing the cavity
of the ion chambers involved and hende(see Fig. 1D
Fic. 13. Monte Carlo calculated correction factors for nongraphite materiaidiowever, we have also shown that this is mostly explained
in the NRC 3C ion chambecompmc @s a function of incident photon by the inadequacy of using=10keV in the standard for-
energy. The average value oy yc is 1.004£0.001(1 standard devia-  m|ation instead of using A value more closely associated
ton). with the mean chord lengtfsee Fig. 11 Many standards
laboratories already take this into accofifit
min compared to that of graphite. This latter value is only a Calculating the stopping-power ratio for the electron
very crude estimate! A worst case scenario for the BIPMspectrum created by the unattenuated primary photon inter-
chamber is obtained by fitting the mass of Duralumin intoactions in the graphitegeometry independentgives a
the two rings and covering the actual area of graphite in thelightly smaller value—up to 0.04% &%Co—than calculat-
Monte Carlo model. This means that much more Duralumiring the value for the actual electrons in the cavity as seen in
surface is exposed to the air arklgmpyc is 0.9970  Fig. 7. Although the difference is not large, it is the former
+0.0003. values which are required by the underlying thedrs?

Table | shows the results of calculations Kfom, from Although the main emphasis in this study has been lower
Egs. (5) and (6) for the NRC chamber and for the BIPM energy photons, the results fficCo beams demonstrate that
chamber with polystyrene and Duralumin, respectively, asSspencer—Attix theory, as normally applied by standards
part of the chamber material. The results of calculations uslaboratories, is accurate, at least within the calculational un-
ing the simple analytical expression agree well with thecertainty of EGSnrc of 0.1% or so. Note that this assessment
Monte Carlo calculated values, alt,n, indicates either a of the cavity theory can be made at this high level of accu-
decreasel comp>1) or an increasel,ms<1) in the dose to  racy because the uncertainty in cross-section data drops out
the cavity compared to the dose in a homogeneous chambef consideration.
depending on what material is used in addition to the graph- In addition, we have shown that a correction for compos-
ite. The values calculated are surprisingly large given thaite wall material, e.g., insulators and holders, should be in-
standards laboratories have not traditionally considered thigluded in the correction factors applied to a measurement.
correction factor of 0.4% for the NRC chamber and of This factor is found to be 0.998IPM) and 1.004NRC) for

energy/keV

—0.07% for the BIPM chamber. two of the chamber types studied, which leads to a 0.5%
difference in the measured responses of air kerma if no such
V. CONCLUSIONS correction is applied. This is of significance in a primary

The calculations demonstrate that the standard formulr;ms—tan.dard of air kerma. .
Viewed overall, these calculations demonstrate a remark-

tion of Spencer-Attix cavity theory witlh =10keV has an able consistency of cavity theorv and high-auality Monte
accuracy, when using graphite-walled ion chambers for cali- Istency Vity theory Igh-quality VIC
Carlo calculations. However, it must be recognized that if we

use these results to justify the application of Spencer—Attix
TasLE |. Correction for composite materials in the NRC and BIPM ion cavity theory for'®r beams, this amounts to making the

chambers in &Co beam K comp,ana@nd K comp uc are calculated from Egs.  Monte Carlo calculations an intrinsic part of the standard.
(5) and (6), respectively. The analytically calculatét,y, for the NRC

chamber is based on a Monte Carlo calculatiaith the user code DOS-

RZnro) of the fraction of doseg, in the cavity due to particles originatingin  ACKNOWLEDGMENTS
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