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Abstract
Purpose: The recently worldwide standard measurement of electron beam
reference dosimetry include the International Atomic Energy Agency (IAEA)
Technical Report Series (TRS)-398 and Association of Physicists in Medicine
(AAPM) Task Group (TG)-51 protocols. Muir et al. have modified calibration
methods for electron beam calibration based on AAPM TG-51. They found that
the use of cylindrical chambers at low energy gave acceptable results. In this
study, we propose and report a modified calibration for electron beam based on
IAEA TRS-398, the standard reference dosimetry protocol worldwide.
Methods: This work was carried out with energies of 6, 8, 10, 12, and 15 MeV.
The electron beam is generated from Elektra Synergy Platform and Versa HD
linear accelerator. The charge readings were measured with PTW 30013, IBA
CC13, Exradin A1Sl, and Exradin A11 chambers connected to the electrometer.
The dose calculation uses an equation of modified calibration for electron beam
using the updated kQ factor in previous work. The absorbed dose to water for
electron beam is expressed in dose per monitor unit (cGy/MU). Thus, we com-
pared dose per monitor unit (D/MU) calculation using a modified calibration to
TRS-398.
Results: In this work, we have succeeded in implementing the modified calibra-
tion of electron beam based on TRS-398 by applying a cylindrical chamber in
all energy beams and using the updated kQ factor. The ratio of the absorbed
dose to water between original and modified calibration protocols of TRS-398
(Dw) for the cylindrical chamber was 1.002 on the Elekta Synergy Platform and
1.000 on the Versa HD while for the parallel-plate chamber it was 1.013 on the
Elekta Synergy Platform and 1.014 on the Versa HD. Based on these results,
both the cylindrical and parallel-plate chambers are still within the tolerance limit
allowed by the TRS-398 protocol, which is ±2%. Therefore, modified calibration
based on TRS-398 gives acceptable results and is simpler to use clinically.
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1 INTRODUCTION

The International Atomic Energy Agency (IAEA) and
the Association of Physicists in Medicine (AAPM) have
issued several dosimetry protocols to calibrate high-
energy photons and electrons. Several dosimetry pro-
tocols have been issued IAEA Technical Report Series
(TRS)-277 (1987), IAEA TRS-381 (1997), AAPM Task
Group (TG)- 21 (1983), and AAPM TG-39 (1994), are
based on air kerma (exposure) and ND,air to determine
the absorbed dose to water.1 These protocols incor-
porated advances in radiation dosimetry that existed
at that time, intending to increase photon and electron
beam calibration accuracy.

In recent years, the main emphasis in standard lab-
oratories worldwide has shifted from being based ini-
tially on exposure or air kerma to an absorbed dose to
water.2 The absorbed dose to water is the principal fun-
damental quantity in radiotherapy because this quantity
is closely related to the biological effects of radiation.3

The protocols that have been issued following the devel-
opment of standards of absorbed dose to water include
AAPM TG-51 or TG-51 protocol and IAEA TRS-398 or
TRS-398 protocol. TG-51 protocol is a new dosimetry
protocol that has been developed and used predomi-
nantly in North America, which is based on the use of
an ionization chamber calibrated in terms of absorbed
dose to water in a Co-60 gamma-ray beam. TRS-398
protocol is an International protocol as a code of prac-
tice for determining the absorbed dose of external radi-
ation based on absorbed dose to water. These proto-
cols are predominantly used throughout the rest of the
world.

The equation of electron beam reference dosimetry
in the TRS-398 protocol requires a calibration factor of
ND,w,Qo and a beam quality factor of kQ,Qo

. The TG-51
protocol also requires a beam quality conversion factor
which is denoted as kQ. However, determining the beam
quality factor kQ in electron beam is more complex. In an
electron beam, the beam quality factor kQ is the prod-
uct of three components, namely kQ = PQ

gr k′R50
kecal .

Notation of PQ
gr is only needed on cylindrical ioniza-

tion chamber to correct for gradient effects at reference
depths.4

Electron beam dosimetry based on TRS-398 and TG-
51 protocols recommends using a parallel-plate cham-
ber in the electron beam, especially at low energies. A
parallel-plate chamber should be used at energy less
than 6 MeV (R50 ≤ 2.6 cm), and their use is recom-
mended at beams of energy less than 10 MeV (R50 ≤

4.3 cm).3,5,6 This is because the use of a cylindrical
chamber at low energy provides a fluency perturba-
tion correction factor of up to 5%.7 However, the sta-
bility of the parallel-plate chamber for measuring elec-
tron beam dosimetry at low energies (EO < 10 MeV)
raises questions.8 This is because the characteristics of

the parallel-plate chamber have the potential to cause
problems. A current Monte Carlo calculation9 showed
that the use of a parallel-plate chamber resulted in a
correction of up to 1.7% in NACP-02 chamber and an
even greater effect in water, especially at low-energy
electrons. The previous work10 also showed in their
publication that the kQ factor for parallel-plate cham-
ber does not vary as previously assumed. The long-
term stability of the parallel-plate chamber is also not
as good as that of the cylindrical chamber which sug-
gests that a cross-calibration procedure is still preferred
to use parallel-plate chambers for reference dosimetry
measurements.11 Therefore, the use of a stable cylin-
drical chamber would be more appropriate for measur-
ing electron beam references even at low energies. The
measurement by Muir and McEwen11 also showed that
the chamber’s perturbation correction in using a cylindri-
cal chamber for electron beam dosimetry is independent
of energy. In addition, the variability of relative ion cham-
ber perturbation correction of the ionization chamber on
the cylindrical chamber yields a value of less than 0.4%,
which is not worse than the parallel-plate chamber.11

Furthermore, there is a measurement work by Muir12 of
modified calibration for electron beam calibration based
on AAPM TG-51. He found that the use of cylindrical
chambers at low energy gave acceptable results. He
also proposed the cylindrical chamber be appropriate
for all-electron beam energies to be used as reference
dosimetry.

The measurement of modified calibration for elec-
tron beam by Muir12 used the updated kQ factor carried
out by Muir and Rogers.13 The kQ factor was obtained
using a Monte Carlo simulation with the EGSnrc system
code, where this Monte Carlo simulation has included
an implicit gradient correction factor PQ

gr.
13 The equa-

tion of modified calibration for electron beam in recent
work by Muir12 omitting the gradient correction factor
PQ

gr and replacing the notation R50 to Q to empha-
size that the gradient correction factor is implicitly taken
into account. From the results measured by Muir,12

an acceptable dose measurement result was obtained
when using a cylindrical chamber at all energies, even
at low energy,without calculating the gradient correction
factor.

This paper proposes a modified calibration for elec-
tron beam based on IAEA TRS-398, the standard ref-
erence dosimetry protocol worldwide. Then, this study
also reports the implementation of the modified calibra-
tion for electron beams in our institution based on IAEA
TRS-398.In this work,the output electron beam from two
different types of linear accelerator Elekta is presented.
The chambers used are PTW 30013, IBA CC13,Exradin
A1Sl, and Exradin A11. The measurement results of
the modified calibration for electron beams show good
agreement with calibration based on TRS-398. This will
be very useful for clinical procedures for patients in our
radiotherapy institution.
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2 METHODS

2.1 Material

The absorbed dose to water dosimetry measurement
was performed using Elekta Synergy Platform lin-
ear accelerator and Elekta Versa HD linear accel-
erator using electron beams with 6, 8, 10, 12, and
15 MeV. Three cylindrical-type ionization chambers and
a parallel-plate chamber were employed in this work.
The absorbed dose to water calibration factor NCo−60

D,w
for the four chambers was provided by the Indone-
sian secondary standard dosimetry laboratory (National
Nuclear Energy Agency of Indonesia). The calibra-
tion factor NCo−60

D,w for the PTW 30013, IBA CC13,
Exradin A1Sl,and Exradin A11 chambers were 0.05389,
0.271, 0.6033, and 0.05026 Gy/nC, respectively. IBA
CC13 and Exradin A11 were connected to a Max
4000 electrometer. Moreover, PTW 30013 and Exradin
A1Sl were connected to a PTW Unidos and a Tomo
electrometer.

Dosimetry for the absorbed dose to water and
measurements of beam quality was performed using
Blue water phantom (IBA Dosimetry) for the IBA
CC13, Exradin A1Sl, and Exradin A11, and using a
30 × 30 × 30 cm3 water phantom for PTW 30013. A
10 × 10 cm2 clinical applicator was used to shape the
field. Chambers were irradiated to 100 MU. The oper-
ating voltage for the PTW 30013 was ±400 V, while
for IBA CC13, Exradin A1SL, and Exradin A11 was
±300 V.

The determination of position cylindrical or parallel-
plate chamber in the phantom depends on reference
depth. The reference depth zref for each chamber is
determined using the equation zref = 0.6R50 − 0.1 (cm),
so that zref is highly dependent on R50. However,
there are differences in positioning of the chamber
when using modified calibration and TRS-398. This
is explained in more detail in Sections 2.2.1 and
2.2.2. Raw ionization chamber readings are corrected
using:

M = MrawPTPPionPpolPelecPleakPrp (1)

where PTP is the correction to standard environmen-
tal conditions of temperature and pressure, Pion is the
ion recombination correction factor, Ppol is the correc-
tion for polarity effects, Pelec is the electrometer cor-
rection factor, Pleak is the leakage correction factor,
and Prp is the radial profile correction factor to cor-
rect for beam non-uniformity over the chambers cen-
tral volume. The leakage and radial profile correction
factors contribute ≤0.05% and ≤0.15%, respectively.
Therefore, these two factors can be neglected in the
calculation.12

2.2 Determination of absorbed dose

The output calibration of dose per monitor unit (D/MU)
will be obtained through two calculation procedures.

2.2.1 TRS-398 protocol

According to TRS-398 protocol, the cylindrical ioniza-
tion chamber is positioned at 0.5rcyl deeper than refer-
ence depth zref,while the parallel-plate chamber is posi-
tioned at the reference depth. PTW 30013, IBA CC13,
and Exradin A1Sl were used in beams with energies 10,
12, and 15 MeV, while Exradin A11 was used in beams
with all energies. The absorbed dose to water is calcu-
lated using:

Dw,Qo
= MQo

ND,w,Qo
kQ,Qo

(2)

Data for kQ,Qo
for cylindrical and parallel-plate cham-

bers are obtained from Table 7.III in document TRS-398.
Data for the chamber are most similar to the Exradin
A1SL, IBA CC13, and Exradin A11, which are Exradin
A1, Wellhofer IC-10, and Exradin P11, respectively.12

2.2.2 Modified calibration

Cylindrical chambers are placed with their central axis
at zref. On the other hand, the parallel-plate chamber
is positioned with its effective point of measurement
(EPOM) at zref. For the Exradin A11, measurements
performed with EPOM taken to be 1.77 mm (recom-
mended by Muir and Rogers13). These chambers are
used in beams with all energies. The absorbed dose
to water is calculated using the proposed formula12

with:

Dw,Q(zref) = Mk′QkQ,ecalN
Co
D,w (3)

where k′Q is a beam quality conversion factor (which do

not require an explicit PQ
gr but include gradient effects by

definition12). The kQ,ecal factor is fixed for a given cham-
ber type and is simply kR50

for an electron beam quality
Qecal with R50 = 7.5 cm.

The determination of k′Q for cylindrical and parallel-
plate chambers are based on previous Monte Carlo
calculation.13 The determination of k′Q for cylindrical
chamber is provided by the coefficient of the power
fitting parameter (a, b, c) into Equation (4), while for
parallel-plate chamber is provided by the coefficient of
the exponential fitting parameter (a, b, c) into Equa-
tion (5). The power fitting parameter and exponential fit-
ting parameter of each chamber are shown in Tables 1
and 2.The R50 data for each energy were obtained from
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TABLE 1 Power fitting parameters for cylindrical chamber for k
′

Q
as a function of R50

12

Power fitting parameter

Manufacturer Chambers a b c
RMSD

(%)

PTW 30013 0.978 0.112 0.816 0.15

IBA CC13 0.926 0.129 0.279 0.10

Exradin A1Sl 0.205 0.854 0.036 0.13

Note:Cylindrical chambers are positioned with their central axes at dref (no effec-
tive point of measurement).
Abbreviation: RMSD, root mean square deviation.

TABLE 2 Exponential fitting parameters for parallel-plate
chamber for k

′

Q as a function of R50
12

Exponential fitting parameter

Manufacturer Chamber a b c
RMSD

(%)

Exradin A11 0.992 0.114 2.864 0.13

Abbreviation: RMSD, root mean square deviation.

TABLE 3 Percentage depth dose (PDD) at (zref) from Elekta
Synergy Platform and Elekta Versa HD linear accelerators

Linear
accelerator R50 (cm) zref (cm)

PDD
(zref)

Elekta Synergy
Platform

2.37 1.320 99.172

3.17 1.802 98.810

3.84 2.204 99.854

4.68 2.708 99.672

5.76 3.356 98.684

Elekta Versa HD 2.48 1.390 99.756

3.23 1.839 99.606

4.00 2.301 99.616

4.75 2.750 99.760

5.96 3.473 98.752

the relative measurement results of our institution and
presented in Table 3.

k′Q = a + b × R−c
50 (4)

k′Q = a + b × e−R50∕c (5)

2.3 Analysis

The results of the absorbed dose to water for electron
beam at zref are presented in the form of dose per mon-
itor unit (cGy//MU) at a maximum depth of zmax using
the following equation:

Dw,Q (zmax) =
100 × Dw,Q (zref)

PDD(zref )
(6)

PDD(zref ) is a relative measurement result obtained
from our institution and presented in Table 3.

The results of absorbed dose to water for electron
beam at the maximum depth (zmax) according to the
modified calibration method were compared with TRS-
398. Based on these results will be obtained the ratio of
absorbed dose to water that expressed in Dw and dis-
crepancy value between two methods for each cham-
ber. Both parameters were analyzed based on the dose
tolerance limits established by TRS-398 protocol, which
is ±2%.3 The dose ratio between the modified cali-
bration and the TRS-398 of each chamber was then
analyzed.

3 RESULTS

3.1 The beam quality conversion factor
kQ,Qo

calculation for ionization chambers
by TRS-398 protocol

The determination of beam quality conversion factor
kQ,Qo

in TRS-398 protocol is done by interpolating
data in Table 7.III (document of IAEA).The results of
kQ,Qo

factor for each chamber of the two types of lin-
ear accelerators using TRS-398 are shown in Table 4.
Based on Table 4, the results of kQ,Qo

factor at 6 and
8 MeV for both types of linear accelerators can be
interpolated on the Exradin A11 only. This is differ-
ent for the other three types of chambers, where the
kQ,Qo

factor of PTW 30013, IBA CC13, and Exradin
A1SL cannot be determined. At 10, 12, and 15 MeV,
the four chambers have kQ,Qo

factor that varies depend-
ing on R50. The kQ,Qo

factor of PTW 30013, IBA CC13,
and Exradin A1Sl between the two linear accelerators
gave almost the same results. Only at 15 MeV, the
kQ,Qo

factors of PTW 30013 and IBA CC13 between
the two linear accelerators give different kQ,Qo

factors.
In contrast to the three previous types of chambers,
the kQ,Qo

factor of Exradin A11 between the two lin-
ear accelerators tends to give different results. Over-
all, the kQ,Qo

factor obtained from each chamber using
the TRS-398 protocol is less than 1 with a range of
0.897–0.932.

3.2 The results of beam quality
conversion factor k′

Q
calculation for

ionization chambers by modified
calibration

The determination of beam quality of conversion factor
between modified calibration and TRS-398 protocol is
different. The determination of k′Q factor in this method
is based on the previous work.13 Table 5 shows the
results of k′Q factor for each chamber using a modified
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TABLE 4 The results of beam quality factor kQ,Qo
calculation for each chamber by Technical Report Series (TRS)-398 protocol in this work

kQ,Qo

Linear
accelerator

Energy
(MeV) R50 (cm)

PTW
30013 IBA CC13

Exradin
A1Sl

Exradin
A11

Elekta Synergy
Platform

6 2.37 – – – 0.932

8 3.17 – – – 0.921

10 3.84 0.911 0.920 0.914 0.915

12 4.68 0.908 0.918 0.913 0.907

15 5.76 0.905 0.914 0.912 0.899

Elekta Versa HD 6 2.484 – – – 0.930

8 3.231 – – – 0.921

10 4.002 0.911 0.920 0.914 0.913

12 4.750 0.908 0.918 0.913 0.906

15 5.955 0.904 0.913 0.912 0.897

TABLE 5 The results of beam quality factor k
′

Q calculation for each chamber by modified calibration in this work

k
′

Q
Linear
accelerator

Energy
(MeV) R50 (cm)

PTW
30013 IBA CC13

Exradin
A1Sl

Exradin
A11

Elekta Synergy
Platform

6 2.37 1.033 1.027 1.033 1.042

8 3.17 1.022 1.019 1.024 1.030

10 3.84 1.015 1.015 1.019 1.022

12 4.68 1.010 1.010 1.013 1.014

15 5.760 1.005 1.005 1.007 1.007

Elekta Versa HD 6 2.484 1.031 1.026 1.031 1.040

8 3.231 1.021 1.019 1.024 1.029

10 4.002 1.014 1.014 1.017 1.020

12 4.750 1.009 1.010 1.012 1.014

15 5.955 1.004 1.004 1.006 1.006

calibration method. The k′Q factor of PTW 30013, IBA
CC13, and Exradin A1Sl, which is a cylindrical chamber,
can be determined in all energy beams.There are differ-
ent results of the k′Q factor for four types of chambers
between the two linear accelerators. Overall, the k′Q
factor obtained from each chamber is more than 1 in
the range of 1.004–1.042.

The beam quality conversion factors between the two
methods from each chamber are shown in Figure 1.
The k′Q factor and error bar from each chamber are
also shown in Figure 1. The graphs of PTW 30013,
IBA CC13, and Exradin A1SL for R50 < 3.5 cm only
show the results of k′Q factor using modified calibration.
Based on Figure 1, the standard deviation for the TRS-
398 method tends to be smaller than the modified cali-
bration method, except for Exradin A11. Exradin A11, a
parallel-plate chamber, has the largest standard devia-
tion compared to the other three chambers,1.4% for the
modified calibration method and 1.3% for the TRS-398
protocol.

3.3 The results of absorbed dose to
water for electron beam using modified
calibration

The results of each chamber’s absorbed dose to water
using modified calibration are shown in Figure 2. It can
be seen that the electron beam calibration results for the
two types of linear accelerators are different.The results
of the electron beam calibration measurements on the
Elekta Versa HD form a pattern, which is different from
the Elekta Synergy Platform. Exradin A11 on the Elekta
Versa HD gives the highest dose results compared to the
other three types of the cylindrical chambers. However,
Exradin A1Sl, a cylindrical chamber, gives a dose result
almost close to Exradin A11.

The dose comparison and discrepancy of the two
methods for cylindrical and parallel-plate chambers are
shown in Tables 6 and 7. Dw shows the dose ratio
at maximum depth (zmax) between modified calibration
to TRS-398. According to Table 6, the dose using the
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F IGURE 1 The results of the beam quality conversion factor k
′

Q for each ionization chamber using modified calibration and Technical
Report Series (TRS)-398

F IGURE 2 The result of dose per monitor unit (MU) obtained with cylindrical and parallel-plate chamber using a modified calibration
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TABLE 6 Ratio of absorbed dose to water of modified
calibration and Technical Report Series (TRS)-398 (Dw) obtained
from three types of cylindrical chamber used in this work

Elekta Synergy
Platform Elekta Versa HD

Type of
chamber

Energy
(MeV) Dw

Discrepancy
(%) Dw

Discrepancy
(%)

PTW 30013 6 – – – –

8 – – – –

10 0.999 -0.1 0.994 -0.6

12 0.997 -0.3 0.994 -0.6

15 0.999 -0.1 0.996 -0.4

IBA CC13 6 – – – –

8 – – – –

10 0.988 -1.2 0.987 -1.3

12 0.997 -0.3 0.988 -1.2

15 0.996 -0.4 0.985 -1.5

Exradin A1Sl 6 – – – –

8 – – – –

10 1.017 1.7 1.018 1.8

12 1.012 1.2 1.019 1.9

15 1.012 1.2 1.013 1.3

Note: Discrepancy (%) = (absorbed doses for modified calibration – absorbed
doses for TRS-398)/(absorbed doses for TRS-398 dose).

TABLE 7 Ratio of absorbed dose to water of modified
calibration and Technical Report Series (TRS)-398 (Dw) obtained
from parallel-plate chamber used in this work

Elekta Synergy
Platform Elekta Versa HD

Type of
chamber

Energy
(MeV) Dw

Discrepancy
(%) Dw

Discrepancy
(%)

Exradin
A11

6 1.013 1.3 1.013 1.3

8 1.013 1.3 1.013 1.3

10 1.012 1.2 1.013 1.3

12 1.014 1.4 1.014 1.4

15 1.015 1.5 1.016 1.6

Note: Discrepancy (%) = (absorbed doses for modified calibration – absorbed
doses for TRS-398)/(absorbed doses for TRS-398 dose).

modified calibration of PTW 30013 and IBA CC13 gives
smaller results than TRS-398,which is less than 1, in the
range of 0.985–0.999. The discrepancy values from the
three types of chambers were varied. PTW 30013 gen-
erates a minimum and maximum discrepancy of -0.1%
and -0.6%. CC13 generates minimum and maximum
discrepancies of -0.4% and -1.5%. On the other hand,
the results of various dose comparisons of Exradin
A1SL, which is also a cylindrical chamber, are shown.
The result of dose measurement with Exradin A1SL
gave a dose greater than TRS-398,which is greater than
1 with a value in the range of 1.012–1.019.Exradin A1SL
generates the smallest discrepancy of 1.2%.

F IGURE 3 The result of average dose per monitor unit a from
different types of chamber according to modified calibration and
Technical Report Series (TRS)-398

Table 7 shows the dose ratios measured with Exradin
A11 at energies of 6, 8, and 12 MeV that gave the same
results for both linear accelerators. At 6 and 8 MeV, the
measured dose ratio was 1.013 with a deviation of 1.3%.
The lowest dose discrepancy is 1.2% at 10 MeV from
Elekta Synergy Platform, while the highest dose devi-
ation is 1.6% at 15 MeV from Elekta Versa HD. Based
on Table 7, the dose calculation with modified calibra-
tion for Exradin A11 gives a result greater than TRS-
398 with a value in the range of 1.013–1.016. It is simi-
lar to Exradin A1SL cylindrical chamber from the same
manufacturer. Based on Tables 6 and 7, the ratio of the
average absorbed dose for all energies between the
modified calibration and TRS-398 (Dw) for the cylindri-
cal chamber was 1.002 on the Elekta Synergy Platform
and 1.000 on the Versa HD while for the parallel-plate
chamber it was 1.013 on the Elekta Synergy Platform
and 1.014 on the Versa HD.

The results of the average dose per monitor unit from
different types of the chamber for each R50 are shown
in Figure 3. The error bar shown in the graph shows the
standard deviation of the modified calibration method.
The result of the average dose per monitor unit at 6 MeV
(R50 = 2.37 and 2.48 cm) and 8 MeV (R50 = 3.17 and
3.23 cm) with TRS-398 is the dose contribution from
Exradin A11. The error bar of the average dose per
monitor unit from different types of chambers on the
Elekta Synergy Platform and Elekta Versa HD is 0.5%
and 0.4%, respectively.

Figure 4 shows the results of the average dose per
unit monitor in this study compared to the previous
work.12 The error bar in Figure 4 shows the variabil-
ity of the results obtained with different chambers. As
previously explained in Figure 3, the standard deviation
of the dose per monitor unit obtained in this study was
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F IGURE 4 The results of dose per monitor unit calculation from
this work compared to the previous work12

0.5% on the Elekta Synergy Platform and 0.4% on the
Elekta Versa HD. The result of the standard deviation of
the dose per monitor unit by the previous work12 was
0.4%. Therefore, it can be seen that the dose per moni-
tor unit using a modified calibration for electron beam in
this study gave good results.

4 DISCUSSIONS

The determination of kQ,Qo
factor with TRS-398 proto-

col, which is a function of R50, can be known by inter-
polating the data. The kQ,Qo

factor in this protocol at 6
and 8 MeV of the two types of linear accelerators can
only be interpolated on Exradin A11, while it cannot be
determined for the other three types of chambers. This
is because the kQ,Qo

factor for PTW 30013, IBA CC13,
and Exradin A1Sl for energies below 10 MeV (R50 ≤ 4.0)
were not found in Table 7.III (IAEA TRS-398 document).3

This is in line with the TRS-398, the protocol which does
not recommend the use of cylindrical chambers below
10 MeV. At 10, 12, and 15 MeV, the four types of cham-
bers have kQ,Qo

that vary depending on R50.
The average results of k′Q by modified calibration

are greater than TRS-398. This is explained by recent
work12 where the determination of the electron beam
quality conversion factor has implicitly included the gra-
dient correction factor PQ

gr into k′Q.The beam quality con-
version factor k′Q is determined by using a complete
Monte Carlo calculation.13 It has combined the detailed
information about the chamber to reflect the actual
chamber geometry. This is different from the results of
using TRS-398 calculation, where the kQ,Qo

factor is
based on a semi-analytical approach that does not con-
sider all the details of the chamber geometry.14

The difference of beam quality factor generated by
the two types of linear accelerators is due to the differ-

ence of R50. Based on Table 3, it is known that the R50
obtained by our institution for the Elekta Synergy Plat-
form is lower than that of Elekta Versa HD. Since the
difference of R50 between the two linear accelerators is
not too big,the difference beam quality factor is also less.

Since the calculation of absorbed dose for the elec-
tron beam at low energy with cylindrical chambers can-
not be determined using TRS-398, it is not possible
to determine the ratio of the modified calibration and
TRS-398 at 6 and 8 MeV for incorporation into Table 6.
This was explained before on the kQ,Qo

calculation using
TRS-398.Thus, the calculation of the absorbed dose for
electron beam at low energy cannot be determined with
TRS-398. However, a comparison of the modified cal-
ibration using cylindrical chamber with TRS-398 using
a parallel-plate chamber can be made. Three types of
cylindrical chambers produce a minimum and maxi-
mum dose deviation of -0.1% and 1.9%. These results
show that dose calculations using a cylindrical chamber
for electron beam calibration purposes give acceptable
results. This is because IAEA recommends calculating
the radiation dose with a tolerance limit of ±2%.3 Based
on previous work15 the use of a cylindrical chamber is
due to energy-independent electron beam dosimetry. In
another previous work,11 the variability of perturbation
correction factor on the Farmer-type cylindrical cham-
ber was examined and gave a result of less than 0.4%.
Therefore, this work suggested that the use of a cylin-
drical chamber as electron beam dosimetry is suitable
at all energies.

The dose difference between the two protocols gen-
erated by the three types of cylindrical chambers is
caused by k′Q. The result of k′Q calculation for Exradin
A1SL is higher than the other two cylindrical chambers,
which have a larger volume. This is due to the substitute
correction factor’s small effect on the Exradin A1SL.16

This is in line with the previous work,17 that computes
the fluence correction factor as a function of the radius
cavity and R50.They explained fewer different results for
the chamber with smaller radius cavity.

The discrepancy of measured dose between the two
methods is also due to the displacement correction
factor or Pdis of each chamber. This happens because
in modified calibration, in which the reference conditions
generally follow the AAPM TG-51 protocol, the position
of the cylindrical chamber is set to the reference depth
(zref), where Pdis is not required. In contrast to the TRS-
398 protocol, in which the cylindrical chamber position
at the EPOM, is 0.5rcyl deeper than reference depth
(zref). The same applies to the parallel-plate chamber,
where the positioning of the parallel-plate chamber is
optimally shifted when modified calibration is applied.
The positioning of the parallel-plate chamber is at the
reference depth when TRS-398 is applied.3

The resulting dose ratios determined in this work were
lower than in previous work. Based on the percentage
difference values, it can be shown that measurements
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with Elekta Synergy Platform compared to Elekta Versa
HD are closer to the results of previous work. The aver-
age dose per monitor unit with different chambers rep-
resents small variability between our result and Muir’s
result. This shows that using a modified calibration
method to calculate the electron absorption dose from
different chamber types provides good consistency of
results across all energy beams.

5 CONCLUSION

In this work, we have succeeded in implementing the
modified calibration of electron beam based on TRS-
398 by applying a cylindrical chamber in all energy
beams and using the updated kQ factor. The average
ratio of absorbed dose between modified calibration and
TRS-398 (Dw) gave a smaller value for PTW 30013
and IBA CC13, while the larger value was obtained
for Exradin A1SL and Exradin A11. The ratio of the
absorbed dose to water between the modified calibra-
tion to TRS-398 (Dw) for the cylindrical chamber was
1.002 on the Elekta Synergy Platform and 1.000 on the
Versa HD while for the parallel-plate chamber it was
1.013 on the Elekta Synergy Platform and 1.014 on the
Versa HD. Based on these results, both the cylindrical
and parallel-plate chambers are still within the tolerance
limit allowed by the TRS-398 protocol,which is±2%.The
standard deviation of the average dose per monitor unit
from different types of chambers on the Elekta Synergy
Platform and Elekta Versa HD is 0.5% and 0.4%,respec-
tively. This result is in line with standard deviation which
is provided by the previous work.12 Therefore, it can be
seen that the dose per monitor unit using a modified cali-
bration for electron beam in this study gave good results.

ACKNOWLEDGMENTS
PUTI Research Grant Universitas Indonesia sup-
ported this work with contract number NKB-
1667/UN2.RST/HKP.05.00/2020.

AUTHOR CONTRIBUT IONS
Supriyanto A. Pawiro was responsible in research
design,data collection, data analysis, and manuscript
writing. Dwi A. Mahfirotin was responsible in data col-
lection, data analysis and manuscript writing. Muhamad
I. Assegab contributed in data collection. Wahyu E.
Wibowo conributed in data collection.

CONFL ICT OF INTEREST
The authors declare no potential conflict of interest.

REFERENCES
1. Ding GX, Cygler JE, Kwok CB. Clinical reference dosimetry: com-

parison between AAPM TG-21 and TG-51 protocols. Med Phys.
2000;27:1217–1226.

2. Huq MS, Andreo P, Song H. Comparison of the IAEA TRS-
398 and AAPM TG-51 absorbed dose to water protocols in the
dosimetry of high energy photon and electron beams. Phys Med
Biol. 2001;46:2985–3006.

3. International Atomic Energy Agency. Absorbed Dose Determi-
nation in External Beam Radiotherapy: An International Code of
Practice for Dosimetry based on Standards of Absorbed Dose to
Water. Technical Reports Series No. 398. Vienna, Austria: IAEA;
2000.

4. Muir BR, Rogers DWO. Monte Carlo calculations for reference
dosimetry of electron beams with the PTW Roos and NE2571
ion chambers. Med Phys. 2013;40:121722.

5. Almond PR, Biggs PJ, Coursey BM, et al. AAPM’s TG-51 protocol
for clinical reference dosimetry of high energy photon and elec-
tron beams. Med Phys. 1999;26:1847–1870.

6. Thwaites DI, DuSautoy AR, Jordan T, et al. The IPEMB code of
practice for electron dosimetry for radiotherapy beams of initial
energy from 4 to 25 MeV based on an absorbed dose to water
calibration. Phys Med Biol. 2003;48:2929–2970.

7. Wittkamper FW, Thierens H, Van der Plaetsen A, de Wagter C,
Mijnheer BJ. Perturbation correction factors for some ionization
chambers commonly applied in electron beams. Phys Med Biol.
1991;36:1639–1652.

8. Muir BR, McEwen MR, Rogers DWO. Beam quality conver-
sion factors for parallel-plate ionization chambers in MV photon
beams. Med Phys. 2012;39:1618–1631.

9. Bukley LA, Rogers DWO. Wall correction factors, Pwall, for thim-
ble ionization chambers. Med Phys. 2006;33:455–464.

10. Kapsch RP, Gomola I. Beam quality correction factors for
plane-parallel chambers in photon beams, IAEA-E2-CN-182. In:
IAEA, ed. Book of Extended Synopses for Symposium on Stan-
dards, Applications and Quality Assurance in Medical Radiation
Dosimetry. Vienna: IAEA; 2010:35–36.

11. Muir BR, McEwen MR. Technical note: on the use of cylindrical
ionization chambers for electron beam reference dosimetry. Med
Phys. 2017;44:6641–6646.

12. Muir BR. A modified for electron beam reference dosimetry
to improve the accuracy of linac output calibration. Med Phys.
2020;47:2268–2276.

13. Muir BR, Rogers DWO. Monte Carlo calculations of electron
beam quality conversion factors for several ion chamber types.
Med Phys. 2014;41:111701–117015.

14. Pedro A, Wulff J, Burns DT, Palmans H. Consistency in refer-
ence radiotherapy dosimetry: resolution of an apparent conun-
drum when 60Co is the reference quality for charged-particle and
photon beams. Phys Med Biol. 2013;58:6593–6621.

15. McEwen M, DeWerd L, Ibbott G, et al. Addendum to the AAPM’s
TG-51 protocol for clinical reference dosimetry of high-energy
photon beams. Med Phys. 2014;41(4):041501–0415020.

16. Muir BR, Rogers DWO. Monte Carlo calculations of kQ,
the beam quality conversion factor. Med Phys. 2010;37:5939–
5950.

17. Wang LLW, Rogers DWO. Replacement correction factors
for cylindrical ion chambers in electron beams. Med Phys.
2009;36:4600–4608.

How to cite this article: Pawiro SA, Mahfirotin
DA, Assegab MI, Wibowo WE. Modified electron
beam output calibration based on IAEA Technical
Report Series 398. J Appl Clin Med Phys.
2022;23:e13573.
https://doi.org/10.1002/acm2.13573

https://doi.org/10.1002/acm2.13573

	Modified electron beam output calibration based on IAEA Technical Report Series 398
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Material
	2.2 | Determination of absorbed dose
	2.2.1 | TRS-398 protocol
	2.2.2 | Modified calibration

	2.3 | Analysis

	3 | RESULTS
	3.1 | The beam quality conversion factor calculation for ionization chambers by TRS-398 protocol
	3.2 | The results of beam quality conversion factor calculation for ionization chambers by modified calibration
	3.3 | The results of absorbed dose to water for electron beam using modified calibration

	4 | DISCUSSIONS
	5 | CONCLUSION
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	REFERENCES


