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Abstract
Current dosimetry protocols (AAPM, IAEA, DIN) recommend the use of
parallel-plate ionization chambers for the measurement of absorbed dose-to-
water in clinical electron beams. For well-guarded plane-parallel chambers, it is
assumed that the perturbation correction pQ is unity for all electron energies. In
this study, we present detailed Monte Carlo simulations with the EGSnrc code
for the widely used Roos parallel-plate chamber which is, besides other plane-
parallel chamber types, recommended in all protocols. We have calculated the
perturbation corrections pcav and pwall for a wide range of electron energies and
for 60Co. While our results confirm the recommended value of unity for the
cavity perturbation pcav, the wall-correction factor pwall depends on electron
energy and decreases with increasing electron energy. For the lowest electron
energies in this study (R50 ≈ 2 cm), pwall deviates from unity by up to 1.5%.
Using the perturbation factors for the different electron energies and those
for the reference beam quality, 60Co, we have calculated the beam quality
correction factor kQ. For electron energies E0 > 9 MeV (R50 > 4 cm), the
calculated values are in good agreement with the data published in the IAEA
protocol. Deviations in the range of 0.5–0.8% are found for R50 < 3 cm.

1. Introduction

All current dosimetry protocols for clinical electron beams, e.g. the IAEA TRS-398 Code of
Practice (IAEA 2000) or the German protocol DIN 6800-2 (2006) (DIN 2006), recommend
measurements of absorbed dose-to-water with a plane-parallel or a thimble ionization chamber.
Thimble chambers are limited to energies above about 10 MeV. However, parallel-plate
chambers are recommended for the whole energy range. In comparison to cylindrical
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chambers, they possess a better depth resolution and therefore they are well suited for
measurements in regions with high dose gradients.

For the calibration of parallel-plate chambers, two different procedures are recommended
in the IAEA protocol: cross-calibration with a thimble chamber in a high-energy electron
beam or the calibration in a 60Co beam under reference conditions. Due to the fact that the
necessary perturbation factors for parallel-plate chambers are known with limited uncertainty
only (Hunt et al 1998, Klevenhagen 1991, Palm et al 2000), the cross-calibration procedure
is still the method of choice for most users. The calibration procedure for plane-parallel
chambers is one of the major changes in the new German protocol DIN 6800-2, published as
a blueprint in 2006. According to this blueprint, parallel-plate chambers just like cylindrical
chambers have to be calibrated in a 60Co beam under reference conditions. For some widely
used parallel-plate chambers, the beam quality correction factors kQ are given in the protocol.
They are based on new experimental data (Kapsch et al 2007) and differ from those given in
the IAEA TRS-398 protocol in some aspects by more than 1%.

Considering a plane-parallel chamber, the beam quality correction factor kQ is made up
of two different perturbation corrections, the fluence perturbation-correction factor pcav and
the wall-correction factor pwall, each for the electron energy Q and the reference beam quality
60Co (see equation (10)). Parallel-plate chambers as the Roos chamber are designed to largely
eliminate the effect of electron in-scattering by optimizing the width of the guard ring (Roos
et al 1993). As a result, the fluence perturbation-correction factor pcav has assumed to be unity
in all dosimetry protocols. An experimental verification of this assumption is not possible,
because the fluence perturbation and the influence of the chamber wall, described by the
perturbation factor pwall, always occur together. Early Monte Carlo calculations with the
EGS4 system by Ma and Nahum (1994), however, have shown that there may be a modest
energy and depth dependence on pcav. More recently, Verhaegen et al (2006) performed a
Monte Carlo study using the EGSnrc code with a detailed model of the NACP-02 parallel-plate
chamber in electron beams. They clearly showed that the perturbation factor pcav for this type
of chamber deviates from unity in the order of 0.5–1%.

The wall-correction factor pwall accounts for the fact that the chamber wall is made of a
different material from the surrounding phantom material. Unlike thimble chambers, where
the Almond–Svensson formalism (Almond and Svensson 1977) may be used to account for
this perturbation, a comparable theoretical formalism for parallel-plate ionization chambers
is still missing. Despite indications that pwall may deviate from unity by 1% or even more,
especially for low electron energies (Nilsson et al 1996, Williams et al 1998), the blueprint of
DIN 6800-2 as all other current dosimetry protocols recommends a wall-correction factor of
unity for all electron energies. Recently, Buckley and Rogers (2006) published new data on
wall-correction factors for parallel-plate chambers in clinical electron beams based on Monte
Carlo calculations. They clearly showed that the value for pwall in electron beams depends on
electron energy and differs from the standard assumption of unity by up to 1.7%. Sempau
et al (2004) determined beam quality correction factors for electron beams for different
parallel-plate chambers by Monte Carlo calculations of chamber response. However, their
work did not present fluence perturbation and wall-correction factors separately.

Concerning the wall-correction factor pwall for the reference beam quality 60Co, several
experimental and Monte Carlo-based data for parallel-plate chambers exist (Mainegra-Hing
et al 2003, Christ et al 2002, Stewart et al 2002, Palm et al 2000, Ding and Cygler 1998).
Comparing these values, a systematic deviation in the range of 0.5–1% between experimental
and Monte Carlo-based data seems to occur. As mentioned above, a separate measurement
of the fluence and wall perturbation factor is not possible; therefore, all experimental studies
assume a fluence perturbation of unity to calculate pwall from the measured data. The only
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way to separate the influence from the wall and the fluence perturbation is self-consistent
Monte Carlo calculations, but, to our knowledge, Monte Carlo investigations, especially of
the fluence perturbation factors in 60Co beams, are not available in the literature.

In light of the lack of conclusive information regarding the perturbation-correction factors
for parallel-plate chambers, a systematic Monte Carlo study for a widely used chamber type
including all perturbation factors necessary to calculate the beam quality correction factor kQ

in clinical electron beams is useful.

2. Background theory

The dosimetry of high-energy photon and electron beams is based on Spencer–Attix cavity
theory, according to which the dose-to-water Dw is related to the dose in an ideal air-filled
cavity Da by the restricted stopping-power ratio s�

w,a between water and air:

Dw = s�
w,aDa. (1)

Due to the chamber walls and the cavity itself, a real chamber will affect the electron fluence
spectrum in the cavity and therefore perturbation corrections are necessary. Including these
corrections, the relation between the dose-to-water and the dose-to-air in a real air-filled cavity
is in terms of the IAEA notation:

Dw = pwallpcavpcelpdiss
�
w,aDa, (2)

with

pwall: corrects the response of an ionization chamber for the non-water equivalence of the
chamber wall and any waterproofing material;

pcav: corrects the response of an ionization chamber for effects related to the air cavity,
predominantly the in-scattering of electrons that makes the electron fluence inside a
cavity different from that in the water in the absence of the cavity;

pcel: corrects the response of an ionization chamber for the effect of the central electrode;
pdis: gradient correction factor that takes the effective point of measurement Peff into account,

due to the replacing of water with air cavity.

Using ionization chambers calibrated in a 60Co reference beam, the absorbed dose-to-water in
the absence of the chamber is given as

Dw,Co60 = MCo60ND,w,Co60, (3)

where Dw,Co60 is the dose-to-water under reference conditions, M is the reading of the ion
chamber for the 60Co reference beam, corrected for temperature, pressure, humidity, polarity
and recombination effects, and ND,w,Co60 is a calibration factor supplied by or directly traceable
to the National Standard Laboratory. For electron beam qualities Q, an additional correction
factor kQ has to be applied:

Dw,Q = MQND,w,Co60kQ, (4)

where Dw,Q is the absorbed dose-to-water at the reference depth zref for the electron beam
quality Q and MQ is the corrected dosimeter reading for the beam quality Q. The beam quality
correction factor kQ corrects the reading for the different chamber responses in the calibration
beam and the user electron beam quality Q.

The reference depth zref for clinical electron beams is specified as

zref = 0.6R50 − 0.1, (5)
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where R50 is the half-value depth of the per cent depth–dose curve in water measured in cm,
which serves as a beam quality specifier (cf Burns et al 1996).

Using the Spencer–Attix cavity theory, the factor kQ can be written as

kQ = ND,w,Q

ND,w,Co60
= Dw,Q/MQ

Dw,Co60/MCo60
=

(Wair)Q
(
s�

w,a

)
QpQ

(Wair)Co60
(
s�

w,a

)
Co60pCo60

. (6)

Under the assumption that the difference in mean energy Wair which is necessary to produce
an ion pair is independent of the beam quality (IAEA 1987), the equation may be simplified:

kQ =
(
s�

w,a

)
QpQ

(
s�

w,a

)
Co60pCo60

, (7)

where pQ is the product of all perturbation factors given in equation (2).
Since for plane-parallel chambers the central electrode is absent and the effective point

of measurement at the inside centre of the front window is used to reference the depth zref , the
perturbation factors pcel and pdis are taken to be unity:

kQ =
(
s�

w,apwallpcav
)

Q(
s�

w,apwallpcav
)

Co60

. (8)

According to DIN 6800-2, the beam correction factor kQ is split up into a chamber-independent
part k′

Q and a chamber-dependent part k′′
Q:

kQ = k′
Qk′′

Q, (9)

with

k′
Q =

(
s�

w,a

)
Q(

s�
w,a

)
Co60

, k′′
Q = pQ

pCo60
. (10)

Furthermore, the German protocol introduced an additional perturbation coefficient p�, which
takes the changes of the restricted stopping-power ratios with the cut-off energy � into account.
The energy � is related to the lowest energy of electrons, which can just cross the cavity. In all
existing stopping-power ratio data � is taken as 10 keV, which corresponds to a mean chord
length of the electrons of about 2.4 mm. For a 2 mm thick cavity, as in the case of the Roos
chamber, this value is generally considered appropriate (Mainegra-Hing et al 2003, Rogers
and Kawrakow 2003). Therefore, the threshold energy � is taken as 10 keV for all following
calculations and p� is taken to be unity.

3. Monte Carlo calculations

The following Monte Carlo calculations are performed with the EGSnrc user code (version 4)
(Kawrakow and Rogers 2001, Rogers et al 2005, Kawrakow 2006). This code has been shown
to be able to simulate an ion chamber response with a systematic accuracy of 0.1% relative to
its own cross sections, even in the case of complex geometries (Kawrakow 2000a, 2000b).

To determine the perturbation factors pwall and pcav, simulations with the EGSnrc user code
CAVITY.CPP using the geometries as shown in figure 1 were performed. The dose-to-water
Dw according to equation (2) was calculated in a thin layer of water, which is placed in a water
phantom, centred around the reference depth zref . (figure 1(a)). The diameter of the water
layer is identical to that of the active chamber volume. The thickness of the layer (0.02 cm)
was chosen in such a way that the dose variation with the water layer was less than 0.05%.



Monte Carlo calculations of beam quality correction factors 1599

Figure 1. Schematic diagram of the simulation geometry for the calculation of the perturbation-
correction factors pwall and pcav. In (a) the dose was scored in a thin layer of water (dotted line in
(a)) placed in a homogeneous water phantom. The water region is entered around the reference
depth zref , its diameter corresponds to the active air volume of the Roos chamber (d = 1.56 cm). In
(b) and (c) the dose is scored in the air cavity limited by the dashed line, which corresponds to the
active volume of the Roos chamber. The complete air cavity, including the guard ring, is shown in
white. The surrounding of the air cavity in (b) consists entirely of water; in (c) the Roos chamber
(PMMA walls, graphite electrodes) is modelled. In all cases, the divergent beam comes from the
left.

Table 1. Details of the Roos chamber geometry used for simulation. A varnish layer above the
graphite electrodes denoted by the manufacturer is replaced by a layer of PMMA of same thickness
(12 mg cm−2).

Entrance window Window thickness Electrode diameter Guard ring
and electrodes in mg cm−2 in mm width in mm

1 mm PMMA (ρ = 1.19 g cm−3) 132 15.6 4
0.02 mm C (ρ = 0.82 g cm−3)
0.1 mm PMMA (ρ = 1.19 g cm−3)

In geometry (b) of figure 1, an air cavity is placed in a water phantom. The size of the
air cavity matches that of the Roos chamber, including the guard ring. The dose-to-air Dair is
scored in a volume, corresponding to the active volume of the Roos chamber (dashed line in
figure 1 (b)). At last, a model of the Roos chamber is simulated in a water phantom yielding
the dose value DRoos (geometry (c) in figure 1). The Roos chamber was built with information
provided by the manufacturer (PTW-Freiburg); details are given in table 1.

According to equation (2), the correction factors pwall and pcav may be derived from the
dose ratios of the different geometries (Verhaegen et al 2006):

Dw

Dair
= pcavs

�
w,a (11)

Dair

DRoos
= pwall (12)

Dw

DRoos
= pcavpwalls

�
w,a. (13)

For the simulations, the geometries shown in figure 1 were placed in a water phantom at the
reference depth zref as defined by the dosimetry protocols, i.e. the centre of the front face of
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Table 2. Electron spectra and reference conditions used for the simulations in this work. The data
are taken from Ding and Rogers (1995). Additionally, monoenergetic electron beams were used
with corresponding data given in the last columns.

Enom R50 zref

Accelerator in MeV in g cm−2 in cm

Varian Clinac 6 2.63 1.48
9 4.00 2.30

12 5.18 3.01
15 6.50 3.80
18 7.72 4.53

Siemens KD 6 2.31 1.29
11 4.21 2.43
21 8.30 4.88

Philips SL 75 5 2.08 1.15
10 4.12 2.37
14 5.98 3.49
17 6.96 4.08
20 8.10 4.76

Monoenergetic 6 2.42 1.48
7 2.87 1.62
8 3.40 1.94

the air cavity is placed at zref . In all dosimetry protocols, the reference depth zref is interpreted
as water-equivalent depth, i.e. the difference in electron density of the entrance window of
the chamber has to be included in zref . Following this recommendation, the Roos chamber
has to be shifted 0.017 cm towards the focus. In preliminary calculations, it was noted that
this variation has a small but noticeable impact on the resulting fluence spectra inside the air
cavity, but the calculated dose values and the resulting perturbation factors are within 0.15%
for all energies, which is in the range of the statistical uncertainty of our calculations. To
follow the recommendations of the actual dosimetry protocols, all results given in section 4
are calculated with the shifted Roos chamber.

For the electron calculations, a divergent 20 × 20 cm2 beam is incident on the phantom
(30 × 30 × 30 cm3) as recommended in the DIN protocol; the focus surface distance is 100 cm.
Comparable to the study of Buckley and Rogers (2006), we did not include full phase-space
files as an electron source but used the electron spectra from Ding and Rogers (1995) as a beam
source. These spectra are the result of a complete simulation of the accelerator head including
the electron applicator for different types of clinical accelerators. The respective reference
conditions are summarized in table 2. Because, to our knowledge, there are no spectra in
the literature between R50 = 2.6 cm and R50 = 4.0 cm we included three monoenergetic
electron beams with energies between 6 and 8 MeV. All electron spectra do not include
contaminant photons, but as stated by Verhaegen et al (2006), this has no impact on the
calculated perturbation corrections, as they are obtained as the ratio of two doses.

The calculations for the 60Co reference beam were performed in a water phantom at
zref = 5 cm, a focus-surface distance of 95 cm and a divergent quadratic field of 10 × 10 cm2

at the reference depth. As input spectra, the data from Rogers et al (1988) were used.
As discussed by Rogers (1992) and Mainegra-Hing et al (2003), the in-phantom

calculation of pwall for photons according to equation (12) may be replaced by equivalent
simulations free in air including a buildup cap of water (0.5 cm for 60Co) for both geometries.



Monte Carlo calculations of beam quality correction factors 1601

Figure 2. Mass stopping-power ratios calculated on the central axis in water at the reference
depth zref for the electron spectra of table 2 (dots) together with the fit according to equation (14)
(dash-dotted line). The statistical uncertainty of the Monte-Carlo-calculated values is less than
0.02% (one standard deviation σ ). The triangles represent the calculated dose ratios Dw/DRoos.
The ratio may be interpreted as an overall correction factor fQ and corresponds to the product pwall
pcav sw,a (see equation (13)). The statistical uncertainty of these data is less than 0.15%.

The assumption that both simulation geometries would give identical numerical results for
the perturbation factor is based on the fact that the influence on the correction factor due to
attenuation and scattered photons in the phantom should be negligible. This assumption was
extensively verified by Mainegra-Hing et al (2003). The advantage of the in-air calculation is
a much higher efficiency; in our case, the in-phantom calculation is 20–40 times slower than
the in-air calculation.

For all calculations the electron cut-off energy, ECUT = AE, in EGSnrc is 521 keV and
the photon cut-off energy, PCUT = AP, is 10 keV. The number of primary electron histories in
all simulations was in the range of 109. To improve the efficiency, photon splitting (Kawrakow
and Fippel 2000) was turned on, with a splitting factor of 40. Furthermore, the Russian
Roulette option of CAVITY.CPP for electrons that cannot reach the cavity was used with a
survival probability of 1/10. Details of this technique are given elsewhere (Kawrakow 2006).
To ensure that the electron cut-off energy is adequate for the simulation problem, preliminary
calculations with a cut-off energy ECUT = 512 keV were performed. For both cut-off energies
the results agree within statistical uncertainty (1σ = 0.1%), but the calculation time increases
tenfold for the lower cut-off energy.

4. Results and discussion

4.1. Stopping-power ratios and overall correction factor for electrons

The stopping-power ratios s�
w,a necessary for the determination of the perturbation factor pcav

(see equation (11)) has been calculated with the EGSnrc user code SPRRZnrc for the spectra
and reference depths given in table 2 and compared with the empirically fit from the work of
Burns et al (1996) (see figure 2):

s�
w,a(zref) = 1.2534 − 0.1487(R50)

0.214. (14)

The fit is based on Monte Carlo simulations which included details of the accelerator head
of clinical linear accelerators for a variety of accelerator types and is recommended in both
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Figure 3. Calculated perturbation factors pwall and pcav for the Roos chamber at the reference
depth zref as a function of the beam quality specifier R50 for the electron spectra given in table 1.
The values at R50 = 2.42 cm, 2.87 cm and 3.4 cm correspond to the monoenergetic electrons with
E = 6, 7 and 8 MeV. Error bars indicate the statistical uncertainties (1σ = 0.15%). The regression
lines (dashed lines) are included to guide the eye.

dosimetry protocols, the IAEA Code of Practice and the German protocol DIN 6800-2.
Except for low energies, the agreement between Monte-Carlo-calculated values and those
from equation (14) is better than 0.1%. For beam qualities with R50 values between 2 and
3 cm, the deviations are better then 0.2%. Comparable results have been obtained by Verhaegen
et al (2006).

Additionally, the dose ratio Dw/DRoos as a function of the beam quality specifier R50 is
given in figure 2. This dose ratio equals the product of stopping power and the perturbation
coefficients and may be interpreted as an overall correction factor: fQ = s�

w,apwallpcav (see
equation (13)). According to all current dosimetry protocols, the perturbation-correction
factors pwall and pcav for a Roos-type chamber are assumed to be unity, so the dose ratio
Dw/DRoos should be equal to s�

w,a. In contrast to this, the data in figure 3 clearly show that
the influence of the chamber wall and the fluence perturbation is not negligible, and moreover
these perturbations depend on the electron energy. The influence is largest for low energies,
where it is in the range of about 1.5%.

In a recent study, Sempau et al (2004) calculated the overall correction factor fQ for a
detailed model of the Scanditronix PPC-40 parallel-plate chamber, using the PENELOPE
Monte Carlo system. This chamber is very similar to the Roos chamber used in the present
study. From their calculations, they concluded that there was no significant discrepancy
between their calculations and the predictions of the IAEA TRS-398 Code of Practice, i.e. the
ratio of the dose-to-water to the dose to the cavity is equal to the stopping-power ratio. Only
for low electron energies, minor differences were observed. In contrast to the data given in
figure 2, Sempau et al normalized the values to the TRS-398 value at the highest available
electron energy (R50 = 8.75 cm), assuming that the perturbation effects are negligible at this
energy. Normalizing the data given in figure 2 in a similar manner, the discrepancies to the
IAEA recommendation decrease, but a difference in the range of 1% for low electron energies
still remains.

4.2. Perturbation-correction factors for electrons

To separate the influence of wall and fluence perturbations, simulations of all three geometries
given in figure 1 were performed. The resulting perturbation coefficients pwall and pcav at
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Table 3. Calculated and published data for the perturbation-correction factors pwall and pcav for a
parallel-plate Roos chamber in 60Co.

Author pwall pcav Remarks

This work 1.0090 ± 0.0015 1.0050 ± 0.0015 EGSnrc, in-phantom
calculation

This work 1.0077 ± 0.0006 – EGSnrc, in-air
calculation

IAEA (2000) 1.01 –
Buckley et al (2006) 1.0088 ± 0.0012 – EGSnrc
Mainegra-Hing et al (2003) 1.0087 ± 0.0006 – EGSnrc
Stewart and Seuentjens 1.016 ± 0.011 – Experimental data,
(2002) 1.019 ± 0.011 AAPM TG-51 or

IAEA data sets used
Kapsch et al (2007) 1.0198 ± 0.0024 – Experimental data
Christ et al (2002) 1.024 ± 0.005 – Experimental data
Palm et al (2000) 1.009 ±0.015 – Experimental data,

1.014 ± 0.01 different calibration
procedures

the reference position zref as a function of the electron beam quality calculated according to
equations (11)–(13) are shown in figure 3. The results show a decrease of the perturbation
coefficient pwall with an increasing beam quality. For the lowest electron energies used here,
pwall exceeds unity by about 1.0–1.5%. The given results for pwall are in excellent agreement
with the data recently published by Buckley and Rogers (2006), who calculated the pwall

correction factor for different parallel-plate ionization chambers in photon and electron beams
also using the EGSnrc code.

For the cavity perturbation correction pcav comparable energy dependence is not detectable
(see figure 3). The average over the whole energy range of our simulations is very close to
unity (p̄cav = 0.999), i.e. the assumption made in all dosimetry protocols that pcav equals unity
independent of the electron energy is confirmed by our calculations.

4.3. Perturbation-correction factors for 60Co

Table 3 presents the calculated correction factors for the 60Co beam in comparison with
published Monte Carlo and experimental data. The pwall data calculated in this study are in
excellent agreement with published Monte Carlo data of other groups. The value resulting
from the in-air calculation is slightly smaller than the one from the in-phantom calculation,
but both values agree within statistical uncertainty.

All experimental values for the perturbation correction pwall are systematically larger
than the Monte Carlo data. These values are derived from cross-calibration procedures,
i.e. a comparison of the reading of the Roos chamber with the reading of a calibrated
cylindrical chamber in an electron beam of high energy. To calculate the wall-correction
factor from the experimental data, the authors have to make assumptions concerning the
partly unknown perturbation corrections of the cylindrical chamber and the Roos chamber.
So, all the experimental pwall values given in table 3 are based upon the assumption that the
fluence correction factor pcav for the Roos chamber is unity for 60Co as recommended in all
dosimetry protocols. According to our calculations, pcav differs from unity in the range of
0.5%. Therefore, the published experimental pwall data for the Roos chamber should be better
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Figure 4. Chamber-dependent correction factor k′′
Q = (pcavpwall)Q

(pcavpwall)Co–60
for calibrated Roos chambers

as a function of the electron beam quality specifier R50 for the electron spectra given in table 2.
The squares correspond to the Monte Carlo-calculated data using equation (13). The error bars
indicate their statistical uncertainty (1σ = 0.15%). The dashed line is a polynomial fit of the Monte
Carlo data. The energy-independent correction factors according to the IAEA and DIN protocol
are shown as horizontal lines.

interpreted as the product of the two perturbation corrections pQ = pwall pcav. Following that
assumption and using the pcav value of 1.005 from our calculation, the experimental data are
in good agreement with all recently published Monte Carlo data for the wall perturbation
correction pwall.

4.4. Beam quality correction factor kQ

The chamber-dependent part of the beam correction factor kQ which corresponds to the ratio
pQ/pCo60 (see equation (10)) can be calculated using the data from figure 3 and table 3 or,
because in that case we are only interested in the product pQ = pwall pcav, it may be calculated
from the dose ratio Dw/DRoos (see equation (13)). The latter is advantageous because only
two dose calculations are necessary, and therefore the combined statistical uncertainty is
smaller as in the case of a separate calculation of the perturbation corrections pwall and pcav

for each beam quality. In figure 4, these data as a function of the electron beam qualifier
R50 are given together with the recommended values from the dosimetry protocols IAEA
TRS-398 and DIN 6800-2 (2006). According to both protocols, the perturbation corrections
pwall and pcav are independent of the electron energy and are assumed to be unity. The only
perturbation factor deviating from unity is the pwall value for the reference beam quality 60Co
(see table 4). Because both protocols specify different values for this perturbation correction,
the recommendations for the chamber-dependant part k′′

Q given in both protocols deviate in
the range of 1%.

Our data show energy dependence of the beam correction factor k′′
Q = pQ/pCo60. For

high electron energies, they are in good agreement with the recommendations of the IAEA
protocol and deviate in the range of 1% for the lowest electron energy used (5 MeV). The
deviations between our data and those recommend by DIN are in the range of 2% for low
electron energies and 1% for high electron energies.
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Figure 5. Beam quality correction factor kQ as a function of R50 for the electron spectra given
in table 2. The diamonds are the calculated kQ values according to equation (8) using the data
from figure 4 and table 4 and the calculated stopping-power ratios shown in figure 2. The error
bars indicate the combined statistical uncertainty of the Monte Carlo simulations at the level of
one standard deviation (1σ = 0.22%). The solid line corresponds to the kQ values given in IAEA
TRS-398 for the Roos chamber; the dash-dotted line represents the data according to DIN 6800–2
for the same chamber.

Table 4. A comparison of the perturbation factors for a Roos chamber for clinical electron beams
and the reference beam quality 60Co. The chamber-dependent correction factor k′′

Q for a parallel-

plate chamber is defined as k′′
Q = (pcavpwall)Q

(pcavpwall)Co–60
(see equations (9) and (10)). The quadratic fit in

the last column is taken from figure 4.

IAEA TRS-398 DIN 6800-2 This work

pwall pcav pwall pcav pwall pcav

Electrons 1.00 1.00 1.00 1.00 Energy dependent, 0.999
see figure 4

Co60 1.01 1.00 n.a. n.a. 1.009 1.005

k′′
Q 0.9901 0.9806 2.042 × 10−4 · R2

50 − 2.979

×10−3 · R50 + 1.0013

The complete beam quality correction factor kQ for the Roos chamber including the ratio of
the stopping-power ratios is given in figure 5 together with the recommended values published
in the IAEA and DIN protocols. For the calculation of the mass stopping-power ratios, both
protocols recommend the empirical fit from Burns et al (1996) according to equation (14) for
electrons and the value s�

w,a = 1.133 for 60Co, published by Andreo et al (1986), which is
in good agreement with our Monte Carlo-calculated ratio s�

w,a = 1.1336 for the 60Co-spectra
used in this work (Rogers et al 1988). The 1% difference in the data sets of IAEA and DIN
due to differences in the chamber-dependent correction factors is obvious.

As is shown in figure 5, the Monte Carlo-calculated kQ values for R50 values above 4 cm
(E > 9 MeV) are in good agreement with the recommendations of the IAEA protocol; beneath
a half-value depth of 4 cm the deviations between both data sets increase with decreasing
electron energy. For the lowest electron energy used in this study (5 MeV), the difference in
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the Monte Carlo data and those from IAEA is about 1% and 2% for the data according to the
DIN protocol.

5. Conclusions

In this work, perturbation-correction factors for the parallel-plate Roos chamber in clinical
electron and in 60Co beams were studied with Monte Carlo simulations using the EGSnrc
code. At the reference depth zref in high-energy electron beams, the wall-perturbation factor
pwall shows energy dependence and exceeds unity, the recommended value in all dosimetry
protocols, in the range of 0.5–1.5%. The numerical values are in excellent agreement with the
data recently published by Buckley and Rogers (2006). However, the cavity perturbation factor
pcav is, according to our simulations, energy independent and, within statistical uncertainty, the
recommended value of unity is approved by our simulations. Verhaegen et al (2006) recently
published comparable Monte Carlo calculations for a NACP-02 parallel-plate chamber in
electron beams. In their study, the fluence perturbation correction pcav was found to be less
than unity by up to 1%, showing modest energy dependence. Comparing both results, one
can conclude that the Roos chamber is preferable for electron dosimetry, because, due to
its design, it really eliminates the effect of electron in-scattering, at least for clinical electron
beams. But, to our knowledge, besides the study from Verhaegen and the study presented here,
systematic investigations on the fluence perturbation for plane-parallel ionization chambers
are not available in the literature, so this problem is not yet resolved definitively.

The pwall correction factor calculated for the reference beam quality 60Co is in good
agreement with the Monte Carlo-based data published in recent years (see table 3 and
references therein). Against it, almost all experimental data on pwall exceed the Monte Carlo
data in the range of 0.5–1%. This may be ascribed to the fact that the experimental studies
in principle are not able to distinguish between wall and fluence perturbation; they always
determine the product pQ = pwall pcav. With the assumption of pcav being unity for the beam
quality 60Co, the experimental pwall values given in table 3 are derived. According to our
Monte Carlo calculations, this assumption is not valid; the fluence perturbation coefficient
in 60Co for the Roos chamber exceeds unity by 0.5%. Including this correction factor, the
agreement between experimental and Monte Carlo-based data is much better and should result
in a reanalysis of the experimental data for the correction factor pwall.
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