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The EGSnrc Monte Carlo user-code CSnrc is used to calculate wall correction factors, Py, for
thimble ionization chambers in photon and electron beams. CSnrc calculated values of P, give
closer agreement with previous experimental results than do the values from the standard formalism
used in current dosimetry protocols. A set of P, values, computed at the reference depth in water,
is presented for several commonly used thimble chambers. These values differ from the commonly
used values by up to 0.8% for megavoltage photon beams, particularly for nominal beam energies
below 6 MV. The sleeve effect, which is not currently taken into account by the TG-51 dosimetry
protocol, is computed to be up to 0.3% and is in some cases larger than the P, correction itself.
In electron beams, where dosimetry protocols assume a wall correction of unity, CSnrc calculations
show P,y values of up to 0.6% at the reference depth, depending on the wall material. P, is
shown to be sensitive to the depth of measurement, varying by 2.5% for a graphite-walled cylin-
drical Farmer-like chamber between a depth of 0.5 cm and R, in a 6 MeV electron beam. © 2006

American Association of Physicists in Medicine. [DOI: 10.1118/1.2161403]

I. INTRODUCTION

Ionization chambers are commonly used in radiation therapy
to determine the absorbed dose to water in high-energy pho-
ton and electron beams. The procedure for relating the mea-
sured response of the ionization chamber to the absorbed
dose to water is described by dosimetry protocols such as the
AAPM’s TG-51 protocol' and the IAEA’s TRS-398 code of
practice.2 These protocols rely upon ionization chamber mea-
surements performed in a water phantom.

The absorbed dose to water formalism employed by cur-
rent dosimetry protocols uses several correction factors in
transferring from the ionization chamber response to the ab-
sorbed dose to water. The correction factors must account for
the presence of the chamber within the phantom since the
desired quantity is the absorbed dose to a point in water, in
the absence of the chamber. The ionization chamber correc-
tion factors are determined through a combination of Monte
Carlo calculations, experimental measurements, and empiri-
cal formulas. Many of the correction factors used in the cur-
rent dosimetry protocols are taken directly from previous,
air-kerma based protocols.3’4

Previous studies have used Monte Carlo techniques to
compute radiation dosimetry correction factors.”® Such cal-
culations are difficult since they are often in-phantom calcu-
lations and require hundreds of millions of particle histories
in order to acheive reasonable statistical uncertainties in the
results. The current availability of computing power and ac-
curate Monte Carlo codes with sophisticated variance reduc-
tion techniques makes it possible to efficiently calculate a
wide variety of these correction factors.

In the present study we focus upon the wall correction
factor, Py, for thimble ionization chambers. The wall cor-
rection accounts for the fact that the chamber wall is com-
posed of a material different from the phantom material. Sev-
eral studies have shown that there are problems with the
current values of P,,; used in the dosimetry pl‘OtOCOlS.9715
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The current calculations are performed using the EGSnrc
Monte Carlo code systf:m.16’17 EGSnrc is the first Monte
Carlo code that has been shown to simulate ion chamber
response to an accuracy of 0.1%, with respect to its own
cross sections.'® The recent addition of a correlated sampling
variance reduction technique to an EGSnrc user code'” im-
proves the calculation efficiency for ion chamber calcula-
tions.

Il. THEORY

Dosimetry protocols use absorbed dose to water calibra-
tion coefficients and are based upon Spencer—Attix cavity
theory. In this formulation, the dose to the water, D g, is
related to the dose to the cavity gas, Dy, by the stopping

power ratio, (L/ p)fb,‘fsd. In an idealized case, we assume that
the ion chamber does not perturb the electron spectrum, and

this relationship is given by

—\ med
Dmed=Dgas(_) . (1)
P gas
In practice, the presence of the ion chamber will affect the
electron fluence spectrum and therefore corrections are re-
quired to the Spencer—Attix cavity theory. The absorbed dose
to water formalism, with corrections, becomes

med
L
DmedzDgas - PrepIPwallPstemPcel' (2)
P gas

P, accounts for the fact that the chamber wall is of a dif-
ferent material than the phantom. The replacement correc-
tion, Py, consists of two parts: Py and Py, Py is the fluence
correction and corrects for changes in the electron fluence
spectrum due to the presence of the cavity and Py, is the
gradient correction that accounts for the shift upstream of the
effective point of measurement of the ion chamber, due to
the cavity. The stem correction, P, is much smaller than
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the other corrections and is often not included in the above
equation. It is used to correct for the presence of the chamber
stem and is included here for completeness. The central elec-
trode correction, P, accounts for the presence of an elec-
trode within the cavity. For chambers that are not inherently
waterproof, an additional correction factor, P, is used to
account for the presence of a waterproofing sleeve during the
ion chamber measurements, although this can be considered
to be part of P,. The sleeve correction is not included in
the TG-51 formalism, however, the IAEA’s TRS-398 code of
practice does account for Pye.

In electron beams, P, is traditionally assumed to be
1.00. A theoretical model developed by Nahum® shows the
effect of the wall material on the electron spectrum in the
cavity. This model shows that the wall effect in electron
beams due to changes in the spectrum should be less than
1%, however there have been no systematic studies to inves-
tigate this for thimble ionization chambers.

In photon beams, dosimetry protocols use P,,,; values
given by the Almond-Svensson formula (Eq. (3)):*

- 1, — —\ sheath , —— - d

I: wal b med é sheat b med I: me
a + 7 +(l-a-17

P/ air P/ wal P/ air P/ sheath P/ air

—\ wall j—— —\ med

L med L
a(—) (—Men> +(1—a)<—>

P/ air P/ wall P/ air

Pyan = N\ med s (3 )
P/ air

where « is the fraction of ionization in the cavity due to
electrons originating in the chamber wall, 1 - « is the fraction

due to electrons originating in the phantom, (L/p)™} is the
stopping power ratio of medium 1 to medium 2, and
(en! p)™ed} is the ratio of mass-energy absorption coeffi-
cients for medium 1 to medium 2. In the limits @=0 and
a=1, this formulation gives identical results to an alternative
formula derived by Shilragai.zz’23 For physical situations, the
two equations for P, give the same values, to within 0.1%.

When a waterproofing sleeve is used, the Almond-—
Svensson equation is extended to include the effect of the

sleeve (Eq. (4)): 10,11

Py =

—\ med
P/ air

where 7 is the fraction of ionization in the cavity due to
electrons from the waterproofing sheath and (1-a—17) is the
fraction due to electrons from the phantom.

The P, correction factor is similar to the K.y, correc-
tion factor used in earlier, air-kerma-based protocols.” In an
air-kerma-based formalism, Koy, is used with in-air mea-
surements to account for the composite wall materials in an
ion chamber. This correction accounts for the use of a
build-up cap that is not of the same material as the chamber
wall. The equation for Koy, used by the TG-21 protocol3
resembles the equation for P,

—\ wall j——\ _: =\ Cap / T\ 4j

L air L air
a( ) ( en) +(1_a)< ) ( en)

P/ air P/ wal P/ air P cap

Kcomp = _ n,— .
P/ air P/ wall
()

Here, « is the fraction of the ionization in the cavity due to
electrons from the chamber wall and (1-«) is the fraction
due to electrons that originate in the buildup cap.

As pointed out previously,24 the above formalism for P,
and Ko, ignores changes in attenuation. The above formu-
las only include the cross section data and do not include
effects due to the change in density between materials. Such
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; (4)

effects are inherently included in any experimental measure-
ments and in Monte Carlo simulations involving materials of
differing densities.

The correction factors, including P,y are used by
absorbed-dose-based dosimetry protocols for determining the
change with beam quality of absorbed dose calibration coef-
ficients for ion chambers. Calibration coefficients are mea-
sured in a ®°Co beam and are converted to a calibration co-
efficient in an arbitrary beam by the factor, ky. In terms of
the ion chamber correction factors described above and the

stopping power ratios, (L/p), kg is given by

Z w
- PwaIIPrep]Pcel
p .

air 0] ) (6)

kQ = —
L
- Pwallprep]Pcel
P/ air 60co

Problems with the values of the correction factors will there-
fore affect the value of ky and, in turn, will influence the
calibration coefficients for the user’s beam.

lll. MONTE CARLO CALCULATIONS

The values of P, are computed using the EGSnrc user
code, CSnrc. CSnrc uses correlated sampling as a variance
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TABLE L. Details of the chamber geometries for the thimble chambers studied here. Chambers constructed from a nonconducting plastic such as PMMA have
an inner graphite layer on their walls. For these chambers, both materials comprising the wall are shown, along with their thicknesses.

‘Wall thickness

Cavity length Cavity diameter

Chamber Wall material (g/cm?) (mm) (mm) Waterproof
Al2 C-552 0.088 25.8 6.1 Y
NE2561 graphite 0.090 9.2 74 N
NE2571 graphite 0.061 24.0 6.4 N
NE2581 A-150 0.041 24.0 6.4 N
PRO6C C-552 0.053 22.0 6.4 N
PTW30001 PMMA 0.033 23.0 6.2 N

+graphite (0.012)
PTW30004 graphite 0.079 23.0 6.2 N
Wellhofer IC10 C-552 0.068 6.3 6.0 Y
reduction technique and can simulate a cylindrical chamber elsewhere."”  For P, calculations, CSnrc improves

in a rectangular phantom. This user code permits multiple
geometries to be simulated in a single execution of the code,
maintaining correlations between similar particle trajectories
within the geometries. CSnrc is based upon, and is improved
from, an earlier correlated sampling code for the EGS4
Monte Carlo system.25 The details of the correlated sampling
technique as it is implemented with EGSnrc are described

the efficiency by a factor of 3-4 over the EGSnrc
user-code CAVRZnrc.*

The wall correction factor, P,,,, corrects for the fact that
the chamber wall is composed of a material different from
the phantom material. Equation (2) is often applied as if the
correction factors are independent and can be included in any
order. However this is not, in general, true and especially for

TaBLE II. Details of the input spectra used for the P,,; calculations. For photon beams, the nominal beam
energy is shown along with the %dd(10), and the TPng. For electron beams, the nominal energy is shown
along with Rs, and the reference depth for each beam. The input spectra were taken from previously published

works (Refs. 27-29).

Photon beams

Description Eomina (MV) %dd(10)," TPR3}
Eldorado 6 “Co — 58.3 0.571
4 62.7 0.616
6 66.5 0.658
Varian Clinac 10 73.8 0.728
15 77.7 0.750
18 81.3 0.774
Elekta SL25 25 82.7 0.786
Electron beams
Description E omina (MeV) Rso (cm)® det (cm)
6 2.63 1.48
9 4.00 2.30
Varian Clinac 12 5.20 3.01
15 6.50 3.80
18 7.72 4.53
2.18 1.21
Therac 20 9 342 1.95
20 8.10 4.76
Philips SL75-20 5 2.08 1.15
Siemens KD2 21 8.30 4.88
Racetrack MM50 25 10.36 6.12

“Taken from Kalach and Rogers (Ref. 37).
*Taken from Ding and Rogers (Ref. 29).
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the purposes of Monte Carlo calculations, it is important to
have a consistent set of definitions for the various correction
factors. In a previous CSnrc study,19 the central electrode
correction factor was computed by comparing the cavity
dose for a real chamber to that for a chamber with no central
electrode. The stem correction is then defined consistently by
comparing the chamber with no central electrode to the same
chamber with no stem. Thus, for consistency, in the current
P, calculations only the air cavity, the chamber wall, and,

where necessary, the waterproofing sleeve, remain. The final
water

correction in Eq. (2) is the product (L/p)3: P,p1, Which ac-
counts for the air cavity in the P, calculations and corrects
it to a small air cavity satisfying the Spencer—Attix equation.
Using these definitions of the correction factors, CSnrc is
used to compute P, as the ratio of doses to the cavity for a
chamber wall composed entirely of water relative to a cham-
ber wall of the actual material and thickness used for a given
chamber.

For the current P, calculations, the relevant details of
the individual chamber geometries are shown in Table I. For
the nonwaterproof chambers, the sleeve effect is investigated
by adding a 1 mm thick PMMA waterproofing sleeve to the
outside of the chamber wall in the simulation geometry. This
is typical of waterproofing sleeves used in practice, although
thinner PMMA sleeves are also common. CSnrc uses the
same geometrical approximation used in CAVRZnrc: that is,
that the cylinder is a right cylinder and does not model
spherical or conical cylinder ends. For the calculations here,
the cavity volume is kept the same as the air volume in the
real chamber geometry.

For all of the in-phantom simulations, the ionization
chamber is placed in a 30 X 30 X 30 cm? water phantom. The
midpoint of the chamber is placed at the reference depth in
water, as defined by the TG-51 protocol:l 10 cm for photon
beams, and at d,;=0.6R5,—0.1 cm for electron beams, where
Rs5,, expressed in centimeters, is the beam quality specifier
for the electron beam. The electron cutoff energy, AE, is
521 keV and the photon cutoff energy, AP, is 10 keV. Photon
splitting, with a splitting factor of 120, is used in all photon
beam calculations. The incident photon spectra include a
co spectrum27 and several higher-energy photon spectra28
previously published. The incident electron beam spectra are
taken from the work of Ding and Rogers.29 Table II shows
the details of the input spectra. A typical in-phantom calcu-
lation in photon beams took between 20 and 30 h on each of
10 2.0 GHz machines. The CPU time for electron beam cal-
culations varied between 3 and 14 h on the same system.

Values of P, used in the TG-51 dosimetry protocol are
computed using the PROT program30 that uses the Almond-—
Svensson formulation described in Egs. (3) and (4) with a set
of parameters from TG-51 for computing P,,;. A second,
internally consistent set of P,y values are computed using
the Almond—Svensson formulation with all quantities com-
puted using the EGSnrc system. The stopping-power ratios
are computed using the user-code SPRRZnrc*® and the mass
energy-absorption coefficients are computed using the g user
code, which is an EGSnrc user code used specifically for

Medical Physics, Vol. 33, No. 2, February 2006

computing the mass energy absorption and mass energy
transfer coefficients for a given medium. Values of « are
computed from the TG-51 values using the PROT program
and have been shown to agree reasonably well with values
obtained using the EGSnrc system for the wall thicknesses
used here.”!

IV. RESULTS

A. Comparisons to measured P, and K, values
in photon beams

1. Corrections for build-up caps in ¢°Co

An experimental study by Seuntjens et al. '3 showed prob-
lems with the Py, and K.y, formalism. Their measure-
ments determined the air-kerma to absorbed-dose conversion
factor:

_ N,

Ceo
C N[(

. (7
where Ngf’w is the absorbed-dose-to-water calibration coeffi-
cient and N is the air-kerma calibration coefficient. The re-
lation between the air-kerma and absorbed dose based cali-
bration coefficients shows that for a given chamber, Cc, is
inversely proportional to K.y, Seuntjens et al. measured
values of Cq, for a PRO6C chamber with four different
build-up caps. Their ratios of their measured values differed
from the Almond-Svensson values by as much as 0.90%.
Their experimental uncertainty on the Cg, values is on the
order of 0.6%.

A possible source of the discrepancies between their C,
values and those from the formalism is the expression for
K omp- If two Cc, values are compared for the same chamber
with different buildup caps, after taking the ratio of these Cc,
values, only the Koy, values remain. This provides a way to
isolate the K ., values for a comparison between the experi-
ment and the Ky, formalism. The experimental uncertainty
on Cg, includes both the statistical uncertainty and the un-
certainty on the air kerma and absorbed dose primary stan-
dards. However, when comparing the ratio of two measured
Cc, values, only the statistical measurement uncertainty is
involved. In this case, the ratio does not depend either on the
chamber specific correction factors, since the same chamber
is being used, or on the systematic uncertainties due to the
primary standards. Based upon the uncertainty analysis pre-
sented in Table IV of the Seuntjens et al. paper, the statistical
uncertainty on Np ,, is 0.08%. The statistical uncertainty on
Ng is 0.09%,* resulting in an overall uncertainty of 0.17%
on the ratio of two measured C¢, values.

Using the CSnrc code, it is straightforward to compute
K omp for a PRO6C chamber in a 9Co beam. Table IIT shows
the Seuntjens et al. measured Cc, values, normalized to the
Cc, value for the C-552 cap, for which K ,,,=1, and the
calculated values using standard dosimetry theory. The mea-
sured values are shown in comparison to the predictions of
Eq. (5) and to the CSnrc values. The final two columns show
the percent difference between the measured ratio and the
ratios from CSnrc and Eq. (5), respectively. CSnrc shows
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TaBLE III. The ratios of the air kerma to absorbed dose calibration coefficients, C¢,, as measured by Seuntjens ez al. (Ref. 15) and as computed by standard
dosimetry theory, as done in TG-51 (Ref. 3). The CSnrc column shows the ratios of Ky, values for the different cap materials relative to a C-552 cap. The
uncertainties are shown in parentheses. The uncertainties on the measured ratios are independent of the uncertainty on the standards since the ratio of values
is presented. The final two columns show the percent differences between the measured values and each of the CSnrc and TG-51 values.

Cap material Measured CSnrc “TG-51” %diff. (Measured-CSnrc) %diff. (Measured-TG-51)
C-552 (0.493 g/sz) 1.0 1.000 1.0 — —
Polystyrene (0.537 g/cmz) 0.9906(17) 0.9893(3) 0.9799 0.13% 1.08%
PMMA (0.541 g/cm?) 0.9913(17) 0.9922(2) 0.9861 -0.09% 0.52%
Delrin (0.551 g/cm2) 0.9942(17) 0.9934(2) 0.9902 0.08% 0.40%

much better agreement with the experimental results than do
the values from the K.y, formalism. The largest percent
difference between the CSnrc values and the measured val-
ues is 0.13%, which is within the 0.17% uncertainty, whereas
this difference is as large as 1.08% (>50) for the values
computed using the TG-51 formalism.

2. Discrepancies in values of kq

A study by Ross et al." of beam quality specifiers in
high-energy photon beams showed that measured ratios of
the beam quality conversion factor, &y, did not agree with the
ratio of values calculated from Eq. (6). Specifically, their
measurements compared values of ky for an NE2571 cham-
ber and a PRO6C chamber for photon beams having
%dd(10), in the range 82%-92%. Calculations using Eq. (6)
yield a kg for the NE2571 chamber that is 0.4% higher than
that for the PRO6C chamber. Their measurements showed the
reverse effect, with kQ for the PRO6C being about 0.5%
greater than for the NE2571. Their estimated standard uncer-
tainty on the ratio of k, values was 0.2%. Since the two
chambers share the same location and cavity dimensions, the
stopping power ratios and the values of P, are the same for
the two chambers. This implies that the discrepancy between
measured and calculated values of k is caused by discrep-
ancies in the values of P, and P,,; used and the real values.

Using values of P, and P, from TG-51, the calculated
ratio k™7 7k is 1.0039. As pointed out by Ross et al.

the inclusion of the P factor in the analysis, which was not
done in their paper, worsens the agreement between the pre-
dictions of Eq. (6) and their measured ratio of 0.9950. Using
CSnrc, values of P,,; and P, can be calculated in order to
compare the ratio of k, values to the experimental values of
Ross et al. These calculations were performed using the
spectra from Sheikh-Bagheri and Rogers28 and therefore
needed to be slightly extrapolated in order to match the beam
quality used by Ross et al, having %dd(10),=84.5%
(TPR%)=0.80). As will be shown in a later section, P
values vary fairly smoothly in the range %dd(10),
=58.9% —82.7% and therefore extrapolation is accurate. Us-
ing the current values of P, and a recent set of P values'’
calculated using CSnre, the ratio of k, for the two chambers
is 0.9984+£0.12%. Therefore the CSnrc values of the correc-
tion factors significantly improve the agreement between the
calculated and the measured k, values. Table IV summarizes
the values of P, and P, used in this analysis.

3. Effect of waterproofing sleeve on chamber
response

The P, formalism may also be tested by investigating
the effect of a waterproofing sleeve on the chamber response
and comparing it to the effect predicted by Eq. (4). A study
by Ross and Shortt™ measured the effect of a waterproofing
sleeve on the chamber response by varying the thickness of
the sleeve. They performed measurements using an NE2571

TABLE IV. Values of the wall and central electrode correction factors used in the calculation of k, for the
NE2571 and PRO6C chambers. The correction factors are determined for a ®°Co beam and for a beam quality
Q [TPR%=0.80, %dd(10),=84.5]. CSnrc values of P, are computed in the present study and P is taken
from previously published results (Ref. 19). k, is computed using Eq. (5) and the ratio of k, values for the two
chambers is compared to the experimental ratio from Ross et al. (Ref. 14). The uncertainties in the last digit are

shown in parentheses.

Correction factor NE2571 PRO6C 1%52571 / kgROéC
Pai(*°Co) 0.9989(7) 0.9886(7)

CSnrc Pou(Q) 1.0004(3) 0.9940(3) 0.9984(12)
P(®°Co) 0.9924(3) 1.0002(3)
P(Q) 0.9948(3) 1.0003(3)
Pyai(*Co) 0.9919 0.9888

TG-51 Poa(Q) 0.9992 0.9951 1.0039
P.y(*Co) 0.9928 1.0000
P(Q) 0.9957 1.0000

Ross ef al. — — — 0.9950(20)
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FiG. 1. The effect of a PMMA waterproofing sleeve on the response of a
PRO6C chamber in °Co, relative to a bare chamber. Calculated values using
CSnrc are compared to measured data from Ross and Shortt and to the
predictions of the TG-51 formalism. The experimental uncertainty is about
0.2% (Ref. 14).

and a PRO6C chamber in both a ®’Co beam and in a 20 MV
beam from the National Research Council (NRC) linear ac-
celerator. In all cases, the chamber response was measured as
a function of the material and thickness of the waterproofing
sleeve. Since neither of these two chambers could be used
without a waterproofing sleeve, the results were extrapolated
to a sleeve thickness of 0 g/cm? in order to determine the
effect of the sleeve relative to the bare chamber. Their results
showed problems with the extended Almond—Svensson for-
malism of Eq. (4).

In the present study, CSnrc is used to revisit the experi-
mental results of Ross and Shortt. The change in chamber
response was calculated as a function of the material and
thickness of the waterproofing sleeve and was compared to
their experimental results. These calculations were per-
formed for both an NE2571 chamber in the NRC 20 MV
beam and for a PRO6C chamber in a ®*Co beam. Both cham-
bers were modeled with both a PMMA sleeve and a nylon
sleeve. Figure 1 shows the change in the response in a “’Co
beam of a PRO6C chamber caused by a PMMA sleeve. The
measurements from Ross and Shortt agree well with the CS-
nrc calculations, whereas there is a significant difference be-
tween these two sets of values and the values from the
Almond-Svensson formalism. In all cases, the CSnrc curves
share the same shape as the experimental data and are sig-
nificantly different in shape and in values from the Almond-
Svensson values. For the two cases involving the nylon
sleeves, there exists a discrepancy that is not completely un-
derstood (see EPAPS curves™®). This discrepancy may be ex-
plained, at least in part, by the high variability in nylon com-
position, dependent on the fabrication process. There is also
the possibility of a small normalization problem with the
experimental results since these values had to be extrapo-
lated to zero sleeve thickness. However, the same normaliza-
tion was employed for both sleeve materials and therefore
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FiG. 2. P, values at a 10 cm depth for cylindrical chambers in high-
energy photon beams. Shown in parentheses are the wall materials for each
of the chambers. Values are calculated using CSnrc with an electron cutoff
energy, AE, of 521 keV and a photon cutoff energy of 10 keV. P, values
are shown for the bare chamber, without a waterproofing sleeve. Corre-
sponding TPR%S values are given in Table II. The uncertainty on the CSnrc
values is shown as vertical lines at each point.

this is not likely to be a large effect since the measured
PMMA results agree well with the current calculations. De-
spite the lack of complete agreement between the calcula-
tions and the measurements, the CSnrc and experimental
curves show the same shape and agree much better than ei-
ther curve does with the Almond-Svensson values.

B. Values of P,,, in photon beams

Since the present calculations show much better agree-
ment with previous experimental results than does the
Almond-Svensson formalism, CSnrc is used to calculate
P, for a variety of commonly used ion chambers. Figure 2
shows P, values for several chambers at d.; in high-
energy photon beams. The P, values are shown for the
chambers with no waterproofing sleeve since the TG-51 pro-
tocol ignores the effect of the waterproofing sleeve.

Current calculations of the sleeve correction using CSnrc
are shown in Fig. 3 as a function of %dd(10),. Here, Py 1S
defined as the ratio of doses to the cavity for a bare chamber
to that of a chamber with a waterproofing sleeve. Figure 3
shows that the presence of a | mm PMMA sleeve decreases
the chamber response by up to 0.3% in photon beams for the
chambers considered here. In some cases, this effect is larger
than the P,y correction itself and therefore should be in-
cluded among the correction factors used by dosimetry pro-
tocols. The sleeve effect shows nearly the same behavior as a
function of energy for each of the chambers and therefore the
solid line in Fig. 3 includes a linear fit to the calculated
sleeve effects for all the chambers as a function of the inci-
dent beam quality. The chi-squared per degree of freedom for
this fit line is 1.04. Based upon the Almond-Svensson for-
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FiG. 3. The sleeve correction for a I mm PMMA waterproofing sleeve for a
variety of cylindrical chambers in high-energy photon beams. The solid line
shows a fit for all of the chambers. The statistical uncertainty on Pgee
values varied from 0.1% to 0.04%. The calculations are performed using
CSnrc with AE=521 keV and AP=10 keV.

malism, the sleeve effect is of a similar magnitude, with
P eeve Varying from 0.9996 to 1.0033 over the same range of
photon beam qualities.

In what follows, the CSnrc values of P, are compared
to the values from the Almond-Svensson formalism (Eq. (3))
used by TG-51. For consistency, P, values are also com-
puted using Eq. (3), where all the quantities used in this
equation are computed using EGSnrc. This gives a self-
consistent set of P, values, computed using the same
cross-section data and calculation parameters as the CSnrc
calculations. Figure 4 shows P, as a function of %dd(10),
for an NE2571 chamber, as computed using CSnrc. Also
shown are the values from the Almond-Svensson equation

1.002 T T T T T
1.000 | T T o <%
0.998
T 0.996 |
o
0.994 £
. o CSnrc
0.992 | Almond-Svensson (TG-51) 3
4 Almond-Svensson (EGSnrc)
0-990 1 L 1 1 L
55 60 65 70 75 80 85

%dd(10),

FIG. 4. P, values for an NE2571 chamber as a function of beam quality
for high-energy photon beams. CSnrc calculations are compared to values
from the Almond—Svensson formalism computed using the TG-51 dataset
and a self-consistent set of parameters calculated using EGSnrc.
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FiG. 5. The ratio of P, values as calculated using CSnrc to those predicted
by the Almond—Svensson formalism with EGSnrc-calculated parameters for
the cylindrical chambers studied here. The P, values are calculated for the
bare chambers (with no waterproofing sleeve). The typical statistical uncer-
tainty on the ratio is between 0.2% and 0.08%.

using either the TG-51 data or the self-consistent data set.
For a %Co beam, there is a 0.6% difference between calcu-
lated values and the Almond—Svensson value. This plot is
typical of the other graphite-walled chambers in Fig. 2,
where Monte Carlo P, values differ from the predicted
values by up to 0.7% for nominal energies below 6 MV. The
NE2581 chamber shows differences of up to 1% at the lower
energies, whereas the C-552 walled chambers agree with the
theory to within 0.3% at all energies. Figure 5 shows the
ratio of CSnrc values of P, to the values predicted by the
Almond-Svensson formalism using the EGSnrc dataset for
all of the chambers considered above.

The deviations in P,; values from the formalism are
slightly larger than the range of differences between mea-
sured k, values and the TG-51 values reported by Seuntjens
et al.,"”” who reported an experimental uncertainty of 0.45%
on their k, values. It is not surprising that Py, shows a
larger discrepancy than do the k, values since k is only
affected by the change in error in P, since it involves the
ratio of P,y values. For example, although the TG-51 values
of P,y are wrong by up to 0.8%, the new P, values imply
that k,, for graphite-walled chambers should be no more than
0.6% lower than the TG-51 values. If one looks at the mea-
sured data from Seuntjens ef al., the change in k, due to the
changes in P,y values still leaves good agreement between
the measurements and the new k, values. The change in k,
would also be affected by the sleeve correction and by any
replacement corrections for a given chamber.

It is worthwhile to investigate whether differences be-
tween the present calculations and the Almond-Svensson
formalism stem from the formalism itself or from the values
of the parameters used in the application of the formalism.
EGSnrc calculations of the parameters used in Eq. (3) show
that there is no significant difference between EGSnrc values
and the values used in TG-51. A comparison of EGSnrc cal-
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culations of the mass energy absorption coefficient ratios,
(Ken’/ P)F2Q, show agreement with the values used in TG-51
to within 0.3% for all energies and wall materials, and in
most cases, differences are less than 0.1%. EGSnrc calcula-
tions are performed using both the Storm and Israel™ (used
in EGS4/EGSnrc by default) and XCOM™»° photon cross-
section databases. There are no significant differences be-
tween results using these two databases. Similarly, stopping-
power ratios computed using the user-code SPRRZnrc, agree
to within 0.1% of TG-51 values. A previous study31 has
shown that values of « used in the TG-51 protocol agree well
with the EGSnrc values for the wall thicknesses considered
here. Since EGSnrc values for the dosimetry parameters used
in Eq. (3) are consistent with those used in TG-51, the dif-
ferences between the CSnrc values of P, and the predicted
values point to a problem with the Almond-Svensson for-
malism.

CSnrc is also well-suited to investigate the assumption
used in TG-51 that P, is independent of cavity size. The
CSnre calculations are performed in both a ®*Co beam and in
a 10 MV beam for varying cavity radii and lengths. In nei-
ther case is there any discernable (at the sub- 0.1% level)
variation in P, as a function of the cavity length, however,
there may be a slight dependence on the cavity radius for
chamber walls showing a large P, correction (see EPAPS
figures™®).

C. P, values in electron beams

For calculations of P,y for thimble chambers in high-
energy electron beams, the central axis of the chamber is
placed at the reference depth of 0.6R5,—0.1 cm in water.
Figure 6 shows P, as a function of Rs, for the thimble
chambers discussed above. The lines shown are fits to the
calculated values at 11 beam qualities, ranging in nominal
energy from 5 to 25 MeV. For completeness, P, is shown
for beam qualities, Rs), between 2.08 and 10.36 cm, how-
ever, TG-51 does not recommend the use of thimble cham-
bers for Rsy<<4 cm. As in the case of photon beams, P, is
shown here for the bare chamber, without a waterproofing
sleeve. In electron beams, the sleeve effect varies from 0.3%
at Rsy=2.08 cm to less than 0.1% for Rs;>10 cm (see
EPAPS figure). As before, this sleeve correction is in some
cases greater than the P, correction itself and should not be
ignored for precise work. It can be seen from Fig. 6 that for
the chambers with a C-552 wall, P, is within 0.2% of unity
for all electron energies. For the other chambers, P, is as
high as 0.6% and is significant even for higher Rs, values.
Figure 6 also shows the P,,; values for the NE2571 cham-
ber, as calculated using CSnrc. These points are typical of the
scatter about the fit line for each of the chambers. In all
cases, the points for the Therac input spectra (Rsg
=2.18,3.42,8.10 cm) are systematically lower than the
neighboring P, values (see EPAPS figures®). This indi-
cates that the value of P, is dependent on the type of beam
since the Therac accelerator uses a swept beam and is nearly
monoenergetic compared to the other, scattering foil ma-
chines. This suggests that Rs, does not adequately describe
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FiG. 6. Straight line fits to calculated values of P, as a function of Rs, for
thimble chambers in high-energy electron beams. Also shown are the CSnrc
calculated values for the NE2571 chamber in order to show the typical
scatter of points about the fit line. Calculations are performed using CSnrc
with an electron cutoff energy AE=521 keV and a photon cutoff energy
AP=10 keV. P, values are shown for the bare chamber, with no water-
proofing sleeve and with the chamber at the reference depth, d, in water.
The TG-51 protocol and TRS-398 code of practice assume a P, of unity
for all electron energies.

the beam quality for P, investigations. When the same
P, calculations are carried out using monoenergetic beams,
over a similar range of Rs, values, the value of P, de-
creases monotonically and shows a smooth variation as a
function of Rs,.

In electron beams, P, is very sensitive to the depth of
measurement. All the above calculations were carried out at a
depth of d, as specified by the TG-51 protocol. Figure 7
shows P, as a function of the depth of measurement for an
NE2571 chamber in both a 6 MeV (R5,=2.63 cm) and a
20 MeV (R5;=8.10 cm) beam. In the case of the 20 MeV
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FiG. 7. Py, as a function of the depth of measurement for an NE2571
chamber in a 6 MeV and a 20 MeV beam. The P, values are calculated
using CSnrc with the chamber placed in a 30 X 30 X 30 cm? water phantom.
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beam, there is a 1% variation in P, when going from a
depth of 2 cm to a depth of nearly Rs,. Near d,;=4.76 cm,
the variation with depth is not dramatic and therefore incor-
rect placement of the chamber would not result in a large
error in P,,;. In the case of the 6 MeV beam, there is a 2.5%
variation in P, going from a depth of 0.5 cm to Rs,. Near
the reference depth of 1.48 cm, the gradient is steep, and
therefore positioning is much more crucial for the lower-
energy beam.

The variation in P, with depth can be explained in part
by the difference in density between the graphite wall and
the surrounding water. If the P, calculations are repeated
using a graphite wall, but treating the density of the wall to
be equal to that of water, the wall correction is much smaller
than before and shows less variation with depth over the
range of depths up to Rs. This is shown for the 6 MeV beam
by the open triangles in Fig. 7. This suggests that the P
correction can be highly dependent on the material density.
However, the material density alone cannot be used to deter-
mine P,. To investigate this possibility, if the density were
the only factor influencing P, the graphite wall in the
NE2571 chamber could be considered to shift the effective
depth of the chamber by 0.25 mm compared to a unit density
wall. However, the relative doses at two points on the depth-
dose curve separated by a depth of 0.25 mm do not corre-
spond to P, for the real chamber at that depth, nor do we
see a constant value of P, in the more or less linear part of
the dose falloff region near Rs,. The dependence on the den-
sity may indicate that the dense walls are simply stopping
more electrons, an effect that increases dramatically when
the average energy becomes low enough. Furthermore, while
Fig. 7 shows that density has a significant effect on Py, this
effect is also material dependent. Similar calculations using a
PRO6C chamber with C-552 walls show that the P, cor-
rection is not smaller for calculations with a unit density wall
compared to the normal density case with p=1.76 g/cm?>.

V. CONCLUSIONS

The EGSnrc user-code CSnrc has been used to compute
the wall correction factor, Py, for thimble ionization cham-
bers. CSnrc uses a correlated sampling variance reduction
technique to achieve greater calculation efficiency and yields
lower statistical uncertainties than previously published val-
ues for P,,;. The CSnrc calculations agree better with pre-
vious experimental measurements than do the predictions of
the P, formalism used in current dosimetry protocols. The
CSnrc values of P, can explain the discrepancies between
measured and predicted values of k, and between the mea-
sured and predicted effect of waterproofing sleeves and
buildups caps on the chamber response. Compared to recent
measurements of k, by Seuntjens et al.,”® the new values of
P, do not worsen, and in some cases improve, the agree-
ment between the measured and predicted values.

A set of P, values has been presented for several com-
monly used thimble chambers in high-energy photon beams.
The calculations were performed consistently, with the
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chamber’s central axis placed at a depth of 10 cm in a 30
X 30X 30 cm?® water phantom and no waterproofing sleeve.
The sleeve effect, calculated separately and currently ignored
by TG-51, was computed to be up to 0.3% and is in some
cases larger than the wall correction itself. P,,; was shown
to have no dependence on the length of the chamber cavity,
although there may be a slight dependence on the radius for
chamber walls with a large P, correction. When compared
to the predictions of the standard P, formalism, the present
set of P,y values differ by up to 0.8%. A calculation of P,
using the same data as in the Monte Carlo calculation and the
formalism from the dosimetry protocols has shown that the
problems lie with the formalism itself and not with the indi-
vidual parameters used in the calculation.

For electron beams, P, values for the same set of
thimble chambers have been presented, calculated at the
TG-51 and TRS-398 reference depth in water. CSnrc calcu-
lations show that P, is as large as 0.6% for certain cham-
bers, and differs from the predicted value of unity for all
chambers. These calculations also show that P, is sensitive
to the depth of measurement and varies by 2.5% from a
depth of 0.5 cm to R5y in a 6 MeV beam, and that this varia-
tion is influenced greatly by the difference in density be-
tween the wall and the phantom materials.

The discrepancies between the present calculations and
the currently used values in dosimetry protocols indicate the
need for changes to the P, formalism now used. The new
values explain many of the problems seen when comparing
previous experimental measurements with the predictions of
the protocols. Taking these results into account will require
the reanalysis of many old experiments since many analyses
have been based on incorrect values of P,,;. Furthermore,
large P,y effects in ®*Co beams should be considered when
using thimble ionization chambers for the cross-calibration
of parallel-plate chambers and in the determination of the
photon-electron conversion factor, k... For example, for an
NE2571 chamber, the 0.6% increase in P,y leads to a 0.6%
decrease in k... The nonunity values of P, in electron
beams will partially offset this, but not in high-energy photon
beams by more than 0.2% for the NE2571 chamber. The
changes in calculated values of P,,; for thimble chambers
also impact k.., measurements using parallel-plate cham-
bers. Measured against an NE2571 chamber, the measured
keca values will increase by 0.6% and hence P, values will
decrease by the same amount. While this trend is true of
graphite-walled chambers, the C-552 walled chambers show
the opposite behavior. This highlights the need to carefully
take into account changes in the P, values for many do-
simetry measurements.>®
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