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As part of the standard practice for obtaining consistent ion chamber measurements with cavities
open to the surrounding atmosphere, the raw measured response is corrected to the response at a
reference temperature and pressure using the standard temperature-pressure correction factor (Pyp).
In this study, the EGSnrc Monte Carlo code was used to investigate the validity of the Py p correc-
tion factor for kilovoltage x rays incident on various geometrically distinct ion chambers. The
calculated Ppp-corrected chamber response deviated by over 2% relative to expected values for a
40 kV spectrum incident on a graphite thimble chamber at an air density typical of Mexico City.
The relative deviation from the expected response was much worse for a large spherical graphite
chamber, exceeding 16% at an air density of 0.6 kg/ m? (=0.5 atm at 22 °C) for the same beam
energy. The breakdown of the P;p correction factor was also observed for a 26 kV mammography
spectrum incident on two mammography chambers. For %Co beams, the Prp correction factor
behaved as expected. For day-to-day variations in pressure, only a negligible of the Pyp correction
factor was observed with low x-ray energies. Factors contributing to the breakdown of the Prp
correction factor at low x-ray energies and large pressure variations, such as the range of electrons,
the material of the wall, the chamber dimensions and air-photon interactions, are discussed in

depth. © 2006 American Association of Physicists in Medicine. [DOI: 10.1118/1.2392407]
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I. INTRODUCTION

When using ion chambers with cavities open to the atmo-
sphere it is common practicelf3 to correct the chamber re-
sponse to the response under reference atmospheric condi-
tions, M', given by

M'=MPp, (1)

where M is the charge collected by the ion chamber in the
local environment, and P;p is a correction factor used to
relate ion chamber response measured at the temperature, 7,
and pressure, P, of the surrounding air to a set of reference
conditions. Using the ideal gas law, Pyp can be shown to be

273.15+T/°C \[ P,
Prp=\or -~ I\ | (2)
27315+ Ty/°C/\ P

where T, and P, are the reference temperature and pressure,
respectively. In North America, the reference temperature is
22°C (295.15 K) and the reference pressure is 101.325 kPa
(=1 atm, 760 mmHg), corresponding to a reference density
of dry air, py=1.205 kg/m3.4 Prp is constructed such that
Po= pPTP,5 where p is the local air density.

The charge, M, collected by an ion chamber is the result
of ionization produced by electrons as they travel through the
cavity. Assuming that the energy deposited per unit charge
released, (W/e),;,, is independent of beam quality, this ion-
ization is directly proportional to the energy deposited by the
electrons. For high-energy photon beams the majority of
electrons producing ionization are assumed to emerge from
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the wall of the chamber and have enough energy to cross the
cavity. For low-energy beams the number of photon interac-
tions in the air of the cavity contributing to the response is
non-negligible. In either case, the energy deposited by an
electron, Ejgeps is

- 0
dep_p pdt >

where 1 is the track length of an electron in the cavity, and
(dE/pdt)y is the mass-stopping power of the air appropri-
ately averaged over the electron energy as it changes travers-
ing t. The mass-stopping power is independent of the density
of the air since the effect of density on collisional energy loss
is completely negligible at the energies of interest (
<250 keV).° For electrons that completely cross the cavity,
the average physical track length is, to a very good approxi-
mation, fixed, and the energy deposited is proportional to the
density, p. From the relation py=pPrp, it follows that Eg,
Prp, and hence M’, are independent of p for a given beam
energy.

Although the form of the Pp correction factor may be
theoretically justified using the above arguments, it has been
observed to break down when applied to well ionization
chambers used to determine the air kerma strength of brachy-
therapy seeds. Bohm et al.” and Griffin et al.® reported that
the relative response to 20 keV photons was overcorrected
by as much as 18% at low air pressures associated with re-
gions of high altitude, and noted the discrepancies were re-
lated to the ranges of electrons and the material of the cham-
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FiG. 1. EGSnrc models of (a) an NE 2571 chamber with 0.061 g/cm? thick
graphite walls and a cavity and Al electrode with 0.68 and 0.1 cm diameters,
respectively. A 0.59 g/cm? thick delrin buildup cap was included for calcu-
lations in a %°Co beam; (b) An Exradin A12 chamber with 0.088 g/cm? thick
C-552 plastic walls and inner diameter of 0.71 c¢m; (c) A spherical chamber
with 0.085 g/cm? thick graphite walls and the same dimensions as the Exra-
din A4 chamber. The wall thickness was increased to 0.5 g/cm? for ®°°Co
calculations, and this chamber was also modeled using C-552 plastic as the
wall material; (d) a monitor chamber used in the x-ray standard at NRCC,
where the center line represents a 0.27 mg/cm? thick aluminum electrode.
The beryllium walls of this chamber are 0.092 g/cm? thick.

ber wall. In principle, the same problems may exist for
cavity ion chamber measurements used in kilovoltage x-ray
beams. If this is the case, use of the standard P7p correction
with calibration coefficients in regions high above sea level
(asl), such as Calgary (1000 m asl), Denver (1620 m asl), or
Mexico City (2240 m asl) may be inappropriate.

In this article we investigate the application of the Pyp
correction factor to ion chamber measurements of kilovolt-
age x-ray beams. The responses of four ion chambers, repre-
senting a range of dimensions and wall materials, were cal-
culated as a function of air density using the Monte Carlo
technique. Our results show that, for low-energy x rays, the
Pp correction factor does not properly account for changes
in ion chamber response due to deviations of air density from
reference conditions.

Il. CALCULATIONS
A. lon chambers

Several types of geometrically distinct ion chambers were
investigated to elucidate any dependence of the P;p correc-
tion factor on the cavity dimensions and wall materials.
Cross sections of these chambers as modeled in our Monte
Carlo calculations are shown in Figs. 1 and 2. The Farmer-
type thimble chambers in Fig. 1 are based on the NE 2571
chamber [Fig. 1(a)] and the Exradin A12 [Fig. 1(b)]. The
former model is taken from previous investigations.g"0 Fig-
ure 1(c) shows an idealized spherical ion chamber with
graphite walls. The radial dimensions of this chamber are the
same as the Exradin A4 chamber made with C-552 air-
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FIG. 2. Geometries of the Capintec PS-033 chamber (a) and the Exradin
Magna A600 chamber (b). Mylar was used as the front wall material of the
PS-033 chamber and is 0.5 mg/cm? thick in this model. The front wall of
the Magna A600 chamber is a 0.0036 g/cm? thick kapton window. The
collecting regions of these chambers are defined by the dashed lines.

equivalent plastic. Calculations with this geometry were also
done using C-552 plastic as the wall material. The chamber
in Fig. 1(d) is based on the parallel-plate monitor chamber
used with the x-ray standard at the Ionizing Radiation Stan-
dards laboratory at the National Research Council of Canada
(IRS-NRCC).

Figure 2 shows our models of two commonly used mam-
mography chambers, the Capintec PS-033 [Fig. 2(a)], and
the Magna A600 from Standard Imaging [Fig 2(b)]. The col-
lecting regions of these chambers are defined by the front
and back wall and the dashed lines. For each of the cham-
bers, Table I lists the mean chord length, L, calculated from
the relation L=4V/S, where V is the volume of the cavity
and S is the surface area.’ Also listed are the energies of
electrons having a range equal to L at an air density of p.

B. X-ray spectra

Representative narrow (NS) and high-rate (HR) x-ray
spectra were obtained from a catalog by Ankerhold."" The
average photon energies of these spectra are listed in Table

TABLE I. Mean chord lengths (L) for the chambers shown in Fig. 1 and Fig.
2, calculated using the prescription L=4V/S, where V is the volume of the
cavity and S is the surface area (Ref. 5). For the mammography chambers, L
was calculated for the collecting region only, defined by the dashed lines in
Fig. 2(a) and 2(b). The corresponding energies of electrons with a continu-
ous slowing down approximation (CSDA) range in air (Rcgpa) equal to L,
were obtained by interpolating data in Attix (Ref. 5).

e~ energy for

L Respa=L at py

Chamber model (cm) (keV)
NE 2571 0.48 14.5
Exradin A12 0.52 15.2
spherical 2.55 38.4
NRC monitor chamber 2.55 38.4
PS-033 0.37 12.5
Magna A600 0.10 5.8
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TABLE II. Average photon energies for the narrow (NS) and high-rate (HR) x-ray spectra from the PTB (Ref. 11)
used in this study. Also listed are the average electron energies emerging from a slab of graphite (0.073 g/cm?),
a slab of beryllium (0.092 g/cm?), a slab of C-552 plastic (0.076 g/cm?), along with the corresponding CSDA
ranges in air for these mean energies. The average electron energies were calculated using FLURZnrc (Ref. 19)
and the CSDA ranges were interpolated from range data in Attix (Ref. 5).

avg. e~ energy

Respa (air) at p,

Avg. photon
energy Graphite C-552 Be Graphite Be
PTB spectra (keV) (keV) (cm)

20 kV (HR) 13.1 8.6 8.7 8.5 0.20 0.19
40 kV (NS) 333 222 22.6 19.3 0.99 0.78
60 kV (NS) 47.9 27.1 30.4 17.0 1.40 0.63
120 kV (NS) 100.4 232 31.2 17.7 1.07 0.67
250 kV (NS) 207.1 54.1 57.0 52.3 4.56 4.33

II. For the mammography chambers, a 26 kV mammography
spectrum was obtained from IPEM Report 78,'% and is simi-
lar to the spectrum published by Boone et al.”® A “Co spec-
trum published by Mora et al." was used for calculations
with the NE 2571 and spherical chambers. With the excep-
tion of the NRCC monitor chamber, which made use of a
parallel beam with a 2 cm beam radius, all calculations used
a point source with a 100 cm source-to-surface distance
(SSD) and a beam radius large enough to cover the entire
chamber.

C. Monte Carlo calculations
1. Structure of the calculations

With the exception of the continuous slowing down ap-
proximation (CSDA) ranges of electrons in air, all quantities
in this study were computed using the EGSnrc Monte Carlo
computer code.” "7 The accuracy of EGSnrc for calculating
the response of ion chambers in low-energy x-ray beams has
been demonstrated previously.18 Ton chamber response was
calculated using the CAVRZnrc user code for the cylindri-
cally symmetric chambers and the CAVSPHnrc user code for
the spherical chambers.'” The omission of a central electrode
and stem from the spherical chambers in our model was due
to the inability of CAVSPHnrc to model cylindrical shapes.
Nevertheless, it is expected that the calculated response of
these simplified models will adequately reflect the real re-
sponse of spherical chambers of this size as long as the ma-
terial of the neglected components is the same as the wall,
and the volume of the cavity is comparatively larger.

The Monte Carlo calculated Py p-corrected response of the
various ion chambers was extracted from calculations of the
dose to the air in the cavity, D.,,. Corrections for changes in
air density are inherent in these calculations since D,, is the
ratio of Ey, over the mass of air in a fixed volume. Thus, to
the extent that (W/e),, is constant with respect to p for a
given beam quality,

Dcav x M(P) X PTP’ (4)

where M(p) is the chamber response at an air density of p.
The validity of the Pyp correction factor can thus be checked
by varying the density of air in the calculation. To relate the
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calculated results to physical models, additional Monte Carlo
calculations of the spectra of electrons emerging from walls
of various materials were done using the EGSnrc user code
FLURZnrc."

2. Cross-section data sets

To simulate a change in air pressure within the cavity, a
series of interaction cross sections was created for dry-air
densities ranging from 0.602 to 1.566 kg/m?, corresponding
to pressures ranging from 0.5 to 1.3 atm at 22 °C. Setting up
the calculations in this way is convenient and assumes that
air density is directly related to pressure at a constant tem-
perature. This assumption is valid to within 0.1% over the
range of pressures used in this study according to van der
Waals approximations for deviations from ideal conditions.”
All data sets were based on the XCOM photon cross
sections” ™ and density-effect corrections prescribed by
Berger and Seltzer’* and ICRU Report 37.°

3. EGSnrc parameters

For calculations of ion chamber response, electrons and
photons were followed down to a kinetic energy of 1 keV.
That is, the lowest energy of secondary electrons created
(AE) and the lowest energy of electrons tracked (ECUT)
were both set to 0.512 MeV (rest mass plus 1 keV). Like-
wise, the analogous values for photons (AP and PCUT) were
set to 0.001 MeV. In order to calculate the contribution of
photon interactions in the cavity to the response, ECUT was
increased to 0.800 MeV in the walls of the chambers so only
electrons set in motion in the cavity contributed to the re-
sponse. In all calculations, Rayleigh scattering, atomic relax-
ations, electron impact ionization, photoelectric angular sam-
pling, and bound Compton scattering were used at all times.
The only time-saving options implemented were electron
range rejection and a variance reduction technique known as
photon splitting, with a splitting number of around 30.1%%6
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FiG. 3. EGSnre-calculated responses of the NE 2571 chamber [Fig. 1(a)] as
a function of air density for five PTB x-ray beam qualities and ®’Co. The
data points are inherently corrected for temperature and pressure (Prp) and
normalized to unit response at a dry air density of 1.205 kg/m?. The inset
shows the data for the 20 kV (solid line), 40 kV (dashed line) and 60 kV
(dashed and dotted line) for air densities ranging from p/py=0.95
(1.145 kg/m?>) to p/py=1.05 (1.265 kg/m?), corresponding to a 5% devia-
tion from reference temperature and pressure conditions.

lll. RESULTS
A. NE 2571 chamber

The EGSnrc-calculated response of the NE 2571 chamber
as a function of air density is shown in Fig. 3. The data
inherently include the Prp correction and are normalized to
unity at the reference air density of 1.205 kg/m>. If the
variation in the calculated response as a function of pressure
was properly accounted for by the Pp correction factor, the
Prp-corrected response would be unity as a function of air
density. However, at an air density of p/py=0.76, typical of
Mexico City, the calculated Py p-corrected response is below
unity by as much as 1.5% for the 20 and 60 kV spectra, and
by over 2% for the 40 kV spectrum. The relative deviation
for the 120 kV spectrum is much less, and the response is
constant within 0.25% for the 250 kV and *’Co beams. The
inset shows the calculated Prp-corrected response for the 20,
40, and 60 kV, spectra over air densities ranging 5% above
and below the reference density, p,. Here, the relative devia-
tion of the normalized response is as much as 0.5% for the
40 kV spectrum at p/py=0.95. Although this is quite sub-
stantial from the perspective of a primary or secondary stan-
dards laboratory, the pressure rarely deviates to that extent.
In fact, pressure variations measured at the NRC over a
6 month period between May and November 2005 were
within about 1.2% of the mean (100.32 kPa) at the 95%
confidence level. Interpolating the data to within these limits
brings the expected variation to more acceptable levels
(0.1%), and so it is not surprising that problems associated
with the Pyp-correction were not detected previously. For the
120, 250 kV and ®Co spectra, the calculated Py p-corrected
response is within 1% of unity over the range of air densities
considered here.
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FIG. 4. As in Fig. 3 for the spherical chamber with graphite walls [Fig.
I(c)]. The inset in this figure shows the variation in the calculated
Pp-corrected response for ®°Co over the whole range of air densities inves-
tigated here. Note that the range of the y axis is nearly 3 times greater than
in Fig. 3. All relative uncertainties are 0.05% or smaller.

B. Spherical chambers
1. Graphite walls

Figure 4 shows the calculated Prp-corrected response of
the spherical chamber with graphite walls [Fig. 1(c)] as a
function of air density, normalized to the response at p.
Unlike the response for the NE 2571 chamber, the largest
variation is seen for the 40 and 60 kV spectra, deviating
from unity by roughly 17% and 13%, respectively, at an air
density of p/py=0.5. The inset to Fig. 4 shows the relative
calculated response function for the °°Co beam over the
whole range of air densities. In this case the chamber can be
regarded as a Bragg-Gray cavity since photon interactions in
the is are negligible and the range of electrons is large com-
pared to the dimensions of the chamber. Here, the slight
variation with respect to air density is attributed to the varia-
tion in A, the low-energy cutoff used in determining the
Spencer-Attix stopping power ratio.””

2. C-552 walls

Figure 5 shows results for the spherical chamber with
C-552 air-equivalent plastic walls rather than graphite. In
contrast to the spherical chamber with graphite walls, all
normalized responses are within 0.7% of the response at the
reference density. The largest deviation is seen for the 20 kV
spectrum.

C. Exradin A12

As in the case of the spherical chambers, the EGSnrc-
calculated response of the Exradin A12 Farmer-type thimble
chamber with C-552 plastic walls [Fig. 1(b)] is also substan-
tially different from the graphite-walled equivalent; the NE
2571 chamber. The largest deviation from unity in the nor-
malized Pyp-corrected response is observed for the 20 kV
spectrum, but it is less than 1% low at p/py=0.5 (Fig. 6).
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FI1G. 5. As in Fig. 3 but for the spherical chamber with C-552 plastic walls.
Note the much reduced range of the y axis.

The normalized response due to the remaining x-ray spectra
is nearly constant over the whole range of air densities
tested.

D. NRC monitor chamber
1. NRC monitor chamber with aluminum electrode

Figure 7 shows the calculated Pyp-corrected response for
the five spectra as a function of air density for the NRC
monitor chamber [Fig. 1(d)] normalized at p/py=1.0. Here
we observe a deviation above unit response at low air den-
sities for the 20 and 40 kV spectra by as much as 10% and
2%, respectively. Also, the substantial variation for the
250 kV spectrum is unique to this chamber.

2. NRC monitor chamber without aluminum
electrode

To investigate the influence of the aluminum electrode on
the response of the monitor chamber, the calculations were
repeated with this electrode removed from the geometry. The
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FIG. 6. As in Fig. 3 for the Exradin A12 chamber, which is a Farmer-type
thimble chamber with C-552 air-equivalent walls [Fig. 1(b)].
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Fi1G. 7. As in Fig. 3 for the NRC monitor chamber used in the primary x-ray
standard at NRC in Ottawa [Fig. 1(d)]. All statistical relative uncertainties
are 0.05% or smaller.

normalized Pyp-corrected response for this modified cham-
ber is shown in Fig. 8. None of the normalized response
functions for the five PTB spectra tested deviated above
unity for low relative air densities. Furthermore, the largest
variation in relative response is observed for this chamber
geometry, with the 60 kV spectrum deviating below unity by
nearly 24% at an air density of p/py,=0.5. The response for
the 120 kV spectrum is relatively constant over the whole
range of air densities tested, as in the case where the elec-
trode is present. For these same air densities, the responses of
the 250 and 40 kV spectra varied by 9% and 25%, respec-
tively.

E. Mammography chambers

For the Capintec PS-033 and Exradin Magna A600 cham-
bers, only the 26 kV mammography spectrum was used. The
average photon energy of this spectrum is 13.5 keV. Calcu-
lated Pyp-corrected responses of both these chambers are
shown in Fig. 9, which demonstrates that the breakdown of
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FiG. 8. As in Fig. 7 for the NRC monitor chamber [Fig. 1(d)] with no
aluminum electrode.
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FIG. 9. Normalized Ppp-corrected response for the Capintec PS-033 [Fig.
2(a)] and Exradin Magna A600 [Fig. 2(b)] as a function of air density,
calculated using EGSnrc. A 26 kV. mammography spectrum from IPEM
Report 78 (Ref. 12) was investigated with these chambers.

the Ppp correction factor also applies to mammography
chambers. The extent of the breakdown is chamber depen-
dent, with relative deviations below the expected response
exceeding 3% for the PS-033 chamber, and approaching 5%
for the Magna A600 at p/p,=0.5.

IV. DISCUSSION

The Monte Carlo calculations presented in the previous
section demonstrate that the standard temperature-pressure
correction factor breaks down for x-ray beam qualities as
high as 250 kV in some cases. These results also indicate
that the extent of the breakdown has a strong dependence on
beam quality. The following sections discuss how the extent
of the breakdown depends on several other contributing fac-
tors, including the range of electrons, material of the wall
and electrode, and the fraction of photons interactions in the
cavity.

-1

4595
A. Influence of electron ranges on chamber response

Since ion chamber response is the result of ionization pro-
duced by electrons as they cross the cavity, one might expect
the failure of the P;p correction factor to be directly related
to the range of electrons set in motion in the wall by the
incident beam. For instance, consider the hypothetical situa-
tion where the electrons have a range just sufficient to cross
the cavity at an air density of p/py=0.5. As the air density is
increased, the electrons that escaped the cavity at the lower
density are now stopped, depositing all of their energy as
opposed to depositing an amount of energy which is propor-
tional to the air density. So, the measured charge becomes
constant as the density increases further, which means MPp
decreases instead of being constant as expected. Alterna-
tively, if the number of electrons that stop in the cavity con-
tinues to increase as the pressure increases, more energy is
deposited beyond what is expected if they had crossed since
the stopping power also increases as the electron slows to a
stop. As a result, the Ppp-corrected response increases with
increasing air density. In either case, Eq. (3) no longer holds
and the response is not proportional to pt.

To explore the above notion in detail the EGSnrc user-
code FLURZnrc was used to calculate the spectra of elec-
trons emerging from slabs of graphite, C-552 plastic, and
beryllium. The results for the four lowest-energy photon
beams (20—120 kV) are shown in Fig. 10. The thicknesses
of the slabs are equivalent to those used in the walls of the
NE 2571 (graphite), spherical (C-552 plastic), and NRC
monitor (beryllium) chambers. Table II lists the average elec-
tron energies along with the corresponding ranges in dry air
at the reference density (py) for each of the five PTB spectra.
The average energies of electrons emerging from each of the
three wall materials does not increase in proportion to the
incident x-ray beam energy. This makes it difficult to account
for the extent of the breakdown in the P;p correction factor
in terms of electron ranges alone. As an example, contrary to
what is observed (Fig. 3), it would be expected that the rela-

FiG. 10. EGSnrc-calculated spectra of electrons emerg-
ing from slabs of beryllium (dotted line, 0.09 g/cm?),
graphite (solid line, 0.06 g/cm?), and C-552 air-
equivalent plastic (dashed line, 0.09 g/cm?) upon irra-
diation by the broad-beam PTB spectra listed in Table
II. The low-energy peaks (absent in 20 kV case) are

Compton secondaries, which are roughly the same in-
tensity in each material, and become relatively more

important as the photon energy increases due to the
increase in Compton cross section. The higher-energy
electrons are from the photoelectric interactions, which
are strongly material dependent and relatively less im-
portant at higher photon energies. The distribution of
the high-energy peaks produced by the 40, 60, and
120 kV beams are similar for each material but differ
significantly in intensity.
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tive response of the 20 kV beam incident on the NE 2571
chamber would be different from that due to the 40 kV spec-
trum since the respective average electron energies differ by
about 50%, and the corresponding distributions of electron
energies differ even more significantly. Similarly, for the
spherical graphite chamber, it would be expected that the
relative responses of the 40 and 60 kV beams (Fig. 4) be
more dissimilar owing to the differences in the correspond-
ing spectra of electrons emerging from the wall. On the other
hand, by considering only the average electron energies, the
40 and 60 kV beams should exhibit deviations in their rela-
tive response comparable to the 120 kV spectrum for this
chamber. This is clearly not the case. Similar difficulty also
arises when attempting to explain the results for the mam-
mography chambers (e.g., the energy needed by an electron
to travel a distance L through the cavity is less for the Magna
A600 than it is for the PS-033) and the NRC monitor cham-
ber with and without the aluminum electrode in terms of
electron ranges. Thus, although the breakdown of the Pgp
correction factor is associated with the range of electrons, the
magnitude of the breakdown is influenced by other factors.

B. Influence of wall material

The influence of wall material can be seen by comparing
the response of the chambers with graphite and air-
equivalent C-552 plastic walls along with the spectra of elec-
trons emerging from the respective materials. With the ex-
ception of the 120 kV beam, the average energies and
corresponding ranges of electrons emerging from C-552
plastic are similar to those of graphite for the respective
beam qualities (Table II). However, despite these similarities,
almost no breakdown of the Pp correction factor is observed
for the chambers with C-552 plastic walls (Figs. 5 and 6),
even when the range of electrons is short in comparison to
the mean chord length of the cavity. This may be explained
using the theory of Fano, which states that for an infinite,
homogeneous medium in a uniform field of indirectly ioniz-
ing radiation with negligible attenuation, the field of second-
ary radiation is also uniform and independent of density
variations in the medium.>*" Thus, ignoring the effects of
attenuation, chambers with air-equivalent walls will always
have charged-particle equilibrium between the chamber wall
and the air in the cavity regardless of air density, and we
should not expect any variation in the Py p-corrected response
as a function of p. The results shown in Figs. 5 and 6 for the
spherical and thimble chambers with C-552 plastic walls are
consistent with this analysis within 1% for all beam qualities.
A similar result was also observed by Bohm er al.” when
comparing the Monte Carlo calculated response of realistic
well-ionization chambers with hypothetical chambers of the
same dimensions made with C-552 plastic walls.

Unlike the chambers made of C-552 plastic, no charged
particle equilibrium exists between the wall and the air in the
cavity for chambers with non-air-equivalent walls. The de-
gree of disequilibrium is related to the extent that the photon
cross sections between the material of the wall and air are
different. Figure 11 shows the ratio of photon cross sections
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FIG. 11. Ratios of the total photon interaction cross sections (Refs. 21 and
22) as a function of photon energy for aluminum, beryllium, graphite, and
C-552 air-equivalent plastic with respect to air. Similar data for mylar and
kapton ratios to air are less than unity, with the ratio with mylar closer to
unity.

of several materials with air. At the photon energies consid-
ered in this study, the mismatch in the photon cross sections
between graphite and air is substantial, ! differing by as
much as a factor of 2 at 10 keV. The difference between the
photon cross sections of beryllium and air is even greater,
approaching a factor of 10 at 5 keV and only converging to
within 10% at energies above 2 MeV. In general, the mag-
nitude of breakdown of the P;p correction factor for a given
energy correlates with the extent that the photon cross sec-
tions between the wall and the air are different. Exceptions to
this apply to the 20 kV beam incident on the chambers in
Fig. 1, for which the overall variation is often less than the
variation exhibited by higher energy beams despite there be-
ing a larger mismatch in air/wall cross sections at lower en-
ergies (Figs. 4 and 8). This can be explained by considering
the fraction of the response that comes from photon interac-
tions in the cavity, which is discussed in the next section.
Other exceptions apply to the chambers with aluminum elec-
trodes (NE 2571 and NRC monitor chamber) since, unlike
the other materials considered here, aluminum has larger
photon cross sections than air at low energies and tends to
have a compensating effect or even an overcompensating
effect for the 20 and 40 kV spectra incident on the NRC
monitor chamber.

C. Influence of F;,

It has been demonstrated that the breakdown of the Prp
correction factor is contingent on the combination of short
electron ranges and a mismatch in photon cross sections be-
tween the wall and the air. However, the overall magnitude
of the breakdown is also influenced by the fraction of the
response due to photon interactions in the air of the cavity,
denoted here as F,,. Ma and Nahum,* as well as Borg
et al.,’" have investigated F,;. for Farmer-type thimble cham-
bers, and have shown it to be nonlinear as a function of
incident photon energy. We have approximated F,, as the
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FIG. 12. Fraction of response due to photon interactions in the cavity (F,)
as a function of the average photon energy for the NE 2571 chamber (a),
spherical graphite chamber (b), and NRC monitor chamber (c) with (dashed
line) and without (dashed and dotted line) the aluminum electrode. The
average photon energies refer to those listed in Table II for the five PTB
spectra used in this study. The corresponding beam qualities are shown in
(b). Fy, is estimated as the ratio of chamber response with high and low
values of ECUT in the chamber walls and electrode, and is calculated at an
air density of p/py=1. Computing F, in this way ignores the contribution
from backscattered electrons which is assumed to be negligible. Previous
studies (Refs. 31 and 32) suggest a peak in F,;, around a mean energy of
80 keV. However, a beam quality with an average energy of 80 keV was not
considered here.

ratio of calculated responses with high and low values of
ECUT in the walls and electrode of the chamber. Specifi-
cally,

o~ M(ECUT =800 keV in walls)
4 M(ECUT =512 keV everywhere)

The high ECUT values (800 keV) inhibit electron transport
in the regions where it is applied, so the calculated response
is entirely due to photon interactions in the cavity. Figure 12
shows values of F,; for the three chamber geometries as a
function of the average photon energy for each of the PTB
beam qualities (Table II). In each case F;, is highest for the
20 kV beam, approaching unity for the spherical graphite
chamber and NRC monitor chamber with no electrode.
These large values of F,, reduce the impact that non-air-
equivalent walls have on the breakdown of the Prp correc-
tion factor since a large portion of the response is from the
“air-equivalent” air. This explains why the variation in the
calculated Ppp-corrected response of the spherical graphite
chamber and NRC monitor chamber with no electrode is less
at 20 kV than at 40 and 60 kV, where F; is considerably
lower. This same reasoning also explains the relative varia-
tions in the Ppp-corrected response due to the 120 and
250 kV beams for the NRC monitor chamber with no elec-
trode. Similar arguments can be made for the NE 2571 and
NRC monitor chambers; however, fully accounting for the
results in this way is complicated by the aluminum elec-

)
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trodes. Regardless, in situations where the mean range of
electrons is short compared with the dimensions of the cav-
ity, it is clear that one must consider the contribution of both
photon interactions in the cavity and the material of the
chamber wall toward any breakdown in the P;p correction
factor.

D. Proposed experimental verification

Having established the causes of the breakdown of the
Prp correction factor using Monte Carlo simulations, it is
worthwhile to consider a method of experimental verifica-
tion. One approach is to measure the calibration coefficient
for a chamber in labs situated at different altitudes using the
same set of beam energies. Although straightforward, this
approach ignores the possibility that primary standards and
transfer standards may have similar problems associated with
the Pyp correction factor. Additional issues related to incon-
sistencies between beam qualities from place to place may
also complicate these comparisons, but would not be a major
concern for chambers with Ny values that do not fluctuate
significantly with changes in beam quality.

In order to circumvent the problems mentioned above, the
ratio of responses for two geometrically distinct chambers
(different wall materials and chamber dimensions) could be
compared at different altitudes. This eliminates the need for
primary or transfer standards. Alternatively, one could mea-
sure the response of chambers in an environmental chamber
under precise control of the temperature and pressure. This
allows comparisons to be made in one location but presents
many challenges in controlling and determining the pressure
and temperature within the system. Regardless, if the
Prp-corrected response of both chambers is linear with re-
spect to air density, then so should the ratio of their respec-
tive Prp-corrected responses. Therefore, any deviation in this
normalized ratio from unity is an indication that the Pgp
correction factor is breaking down for at least one of the
chambers. In principle, if both normalized Pp-corrected re-
sponses of the chambers are deviating the same way, then the
possibility exists that problems with the Py correction factor
will not be reflected in the ratio of response since the effect
of each chamber will cancel out. Such problems can be
avoided if one of the chambers is made of C-552 plastic
walls, such as the Exradin A12, assuming the Ppp-corrected
response is as stable as predicted here.

Figure 13 shows the ratio of responses as a function of
p/p,y for the NE 2571 chamber and Exradin A12 chamber
predicted using the results for Fig. 3 and Fig. 6 for the five
PTB spectra considered in this investigation. The deviation
of MNE 2571/ MA12 s about 4.5% below unity for the 20 and
40 kV spectra and 3% for the 60 kV spectrum at p/py=0.5.
Thus, an NE 2571 chamber calibrated at NRC in Ottawa, at
roughly the standard temperature and pressure conditions, is
predicted to underestimate the air kerma in Mexico City,
corresponding to an air density of p/p,=0.78, by about 2%
for a 40 kV spectrum. The situation is less severe in Calgary,
Alberta (p/py=0.88), where a roughly 1% underestimation
would occur for the same beam quality. These predictions
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ignore contributions from impurities in or on the walls of the
chambers. However, calculations involving impurities, incor-
porated according to prescriptions of a previous study,18 did
not appear to have a large effect on the response as a func-
tion of air density, even though changes in the absolute re-
sponse were significant (data not shown).

Given the extent of the breakdown of the Pyp correction
factor indicated in Fig. 13, it is interesting to note that this
problem has not been previously reported by either primary
or secondary standards laboratories. This may be due to the
fact that comparisons between primary standards labs with a
single type of ion chamber do not involve appreciable differ-
ences in air density. It is also possible that such discrepancies
were not identified by standards labs at high altitudes (e.g., in
Mexico City) if they consistently use the same calibrated ion
chamber as their standard, or the chambers involved always
had air-equivalent walls. Presumably, problems with the Prp
correction factor would be detected in the latter case by com-
paring the ratio of measurements with two distinctly different
ion chambers in a standards lab at altitude with the ratio of
measurements at sea level.

V. CONCLUSIONS

The EGSnrc Monte Carlo code was used to compute the
Prp-corrected response of several geometrically distinct ion
chambers irradiated by five low-energy PTB x-ray spectra
and one IPEM mammography spectrum. Our calculations in-
dicate that the standard P;p correction factor may break
down when the ranges of electrons are short relative to the
dimensions of the cavity in chambers with non-air-equivalent
walls. The extent of the breakdown is also influenced by the
mismatch of photon cross sections between the chamber wall
and air, and the fraction of photon interactions in the cavity
contributing to the response. For chambers made with C-552
plastic walls, the Pyp correction was accurate within 1% over
the range of air densities evaluated, at least to the extent that
C-552 plastic is air-equivalent in terms of the photon cross
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sections. Based on this result, it is advised that the use of
chambers with air-equivalent walls be given priority at low
x-ray energies when variations in air pressure are significant.
This especially applies to regions of high altitude where air
densities may differ significantly from those at the standards
laboratory where the chamber was calibrated.
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