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Abstract
Ionization chambers are special detectors for radiation beam dosimetry in hospitals. In this work,
a PMMAparallel-plate ionization chamber with air sensitive volumewas designed and built for
use in electron beams of linear accelerators. This ionization chamber has a PMMA collecting
electrode covered with silver paint. Several characterization tests were undertaken following
international recommendations. The ionization chamber showed good performance in the
characterization tests of its electrical properties and inmost of the tests performed in the linear
accelerator beams.

1. Introduction

Teletherapy is a radiotherapy modality that uses
external beams directed to a target volume. Nowadays
the modern teletherapy equipment is the linear accel-
erator that can emit x-rays or electron beams. Super-
ficial lesions can be treatedwith electron beams. In this
case, as in any treatment, the dose delivered to the
target needs to be very well defined. Radiation
dosimetry is an important process that assures a
treatmentwith an efficient quality control.

There are two types of protocols used to determine
the absorbed dose of clinical radiation beams by the
American Association of Physicists in Medicine
(AAPM) and the International Atomic Energy Agency
(IAEA). The former protocols include AAPM TG-21
(1983), IAEA TRS-277 (1987), and IAEA TRS-381
(1997). Thwaites et al (1996) reported about the
recommendations of electron dosimetry. Afterwards,
the dosimetry of radiotherapy beams based on air
kerma calibration changed to absorbed dose to water
calibration. The updates of the protocols are AAPM
TG-51(1999) and IAEA TRS-398 (1997) that updated
to IAEATRS-398 (2000). In special, there is a report by

Thwaites et al (2003) that contains the recommenda-
tions of the electron dosimetry.

Ionization chambers are the most often used
detectors for radiation beam dosimetry in hospitals.
There are many studies about the applications of the
commercial ionization chamber using radiation
beams. At theMedical Physics Department of the Uni-
versity of Wisconsin, the behavior of the mammo-
graphic ionization chamber was studied (DeWerd
et al 2002), Snow et al (2013) investigated the applic-
ability of a wide range of microionization chambers;
and DeWerd and Mackie (2003) compared the beha-
viur of ionization chambers with various volumes for
intensity-modulated radiation therapy (IMRT) abso-
lute dose verification.

McEwen (2010) tested 27 different types of thim-
ble-type ionization chambers. The objective was to
determine the absorbed dose beam quality conver-
sions factors using photon beams according to the TG-
51 protocol (1999). Muir et al (2014) obtained the ion
chamber calibration coefficients relative to secondary
standard reference chambers in electron beams using
depth ionizationmeasurements.
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At the Nuclear and Energy Research Institute
(IPEN/CNEN) different kinds of ionization chambers
were developed for use at diagnostic radiology, mam-
mography, radiation protection, radiotherapy and com-
puted tomography beams (Yoshizumi and Caldas 2010,
Silva et al 2014,Nonato et al 2014, Perini et al2013).

In this work, a PMMA parallel-plate ionization
chamber, with air sensitive volume, was designed,
built and characterized at IPEN for use in electron
beams of linear accelerators according to some
reports: IAEA TRS-381 (1997), IAEA TRS-398 (2006)
and IEC 60731(2011).

2.Materials andmethods

The parallel-plate ionization chamber was developed
(designed and built using Brazilian low cost material)
at the Calibration Laboratory of IPEN.

The materials for this ionization chamber were
PMMA (for the body of the ionization chamber), a sil-
ver paint (to coat the PMMA collecting electrode) and
an aluminized polyester foil (for the entrance win-
dow). A commercial BNC connector and a banana
connector for triaxial cable were utilized.

An ionization chamber was designed according to
the specifications of the reports TRS-381 (1997) and
TRS-398 (2006). The sensitive volume should be
between 0.05 cm3 and 0.5 cm3; the volume depends on
the parameters of the collecting electrode diameter
and the electrode separation. The air sensitive volume
of the developed ionization chamber is 0.34 cm3.
Another important specification is the guard ring
width parameter that should be equal or greater than
0.3 cm because of the scattering perturbation correc-
tion. The gap between the collecting electrode and the
guard ring has 1.5 mm of width. The effective point of
this ionization chamber is situated in the center of the
front surface of the air cavity. All the parameters, char-
acteristics and dimensions are presented in table 1.

An acrylic dowel was used to machine the ioniz-
ation chamber. It consists of 11 acrylic parts which are
coupled to one another forming a single piece. The
collecting electrode and the guard ring made of

PMMA were coated with silver paint. A scheme of the
ionization chamber can be observed infigure 1.

Othermaterials used in this workwere:

(a) A polystyrene circular build-up cap, with a
thickness of 4.0 mm and internal diameter of
4.6 cm, was developed to be used in the 60Co
source beam. It can be used as a protection cap to
the ionization chamber too;

(b) A polystyrene solid phantom made of PMMA in
slab form was developed, to hold the homemade
ionization chamber. This phantom, with an area
of 30×30 cm2, enabled to localize the ionization
chamber on the patient support assembly of the
linear accelerators and to arrange solid water
phantoms above the ionization chamber;

(c) Solid water phantoms in slab form of the radio-
therapy clinics, with areas of 30×30 cm2 and
different width dimensions;

(d) Agoniometer developed at IPEN;

(e) Three electrometers: two Physikalisch-Tech-
nische Werktästten (PTW) Unidos E electro-
meters, one of IPEN and another of the São Paulo
State Cancer Institute (ICESP) and one Keithley
electrometer, model 35617EBS, of the Israelita
Albert EinsteinHospital (IAEH).

The radioactive sources from IPEN utilized in this
workwere:

(a) 90Sr+90Y PTW check device, with nominal
activity of 33MBq in 1994;

(b) 90Sr+90Y source of the beta secondary standard
system BSS1, with nominal activity of 1.85 GBq in
1981. This beta radiation source has a certificate
from the German primary standard laboratory
Physikalisch-TechnischeBundesanstalt (PTB);

(c) Gammatron II S 80 60Co source, with an air
kerma rate of 0.487 mGy s−1 in 09/16/2014.

The radiation beams from the clinics utilized in
this workwere:

(a) Linear accelerator Varian, model 2100C of the
IAEH, with energies of 6, 9, 12 and 16MeV for
electron beams;

(b) Linear accelerator Elekta Synergy, of the ICESP,
with energies of 4, 6, 9, 12 and 15MeV for
electron beams.

The developed ionization chamber was submitted
to several tests; some of them were performed in the
CalibrationLaboratory of IPEN to show the stability and
the reproducibility of its response. For these tests, a
check device source was used. Other testes as linearity of

Table 1.Technical specifications of the developed ionization
chamber.

Characteristics Dimensions and specifications

Wallmaterial PMMA, acrylic

Electrodematerial PMMAcoatedwith silver paint

Thickness of the silver coating 0.015 cm

Entrancewindow Aluminized polyester

Entrancewindow thickness 0.032 mm

Collecting electrode diameter 1.70 cm

Electrode separation 0.15 cm

Insulatingwidth 0.15 cm

Guard ringwidth 0.30 cm

Nominal volume 0.34 cm3
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response, leakage current, saturation curve and ion
recombination were also performed using the same
source. Another very important test was the determina-
tion of the calibration factor of the ionization chamber,
using a cobalt source. It is used as one of the correction
factors applied in clinical radiotherapy.

If the response of the ionization chamber for all
these tests was adequate, the ionization chamber would
be considered able for the tests in electronbeams.

Linearity of response, polarity effect, angular
dependence and cable effect are important tests to
study the behaviur the ionization chamber response in
electron beams.

All measurements were corrected for the reference
environmental conditions of temperature andpressure.

3. Results

The ionization chamber, with silver collecting elec-
trode, was developed and tested according to the
international recommendations.

3.1. Short-term stability test
For the short-term stability test, the developed ioniz-
ation chamber was placed in the device before the first
measurement during 30 min. After, tenmeasurements
were taken, using the 90Sr+90Y PTW check device,
during 30 s in each measurement, for positive and
negative polarities using the PTW Unidos E electro-
meter. The recommended limit of the standard devia-
tion was±0.5% (IEC 2011). The test was repeated
eight times, and the maximum standard deviation of
this test was not greater than ±0.02% for both the
positive and negative polarizing voltages, and there-
forewithin the recommended limit.

3.2.Medium-term stability test
Themedium-term stability test is part of the permanent
study of the constancy of the chamber response. The
short-term stability test was repeated eight times and a
relative response of the ionization chamber to the mean
measurement value was obtained and presented in
figure 2. Pre-irradiations were not necessary. The

maximum variation obtained was 0.05%, and it agrees
with the IEC 60731 recommendations (IEC 2011); the
limit of themedium-term stability test is 1%.

3.3. Leakage current test
The leakage current test was obtained using two
measurements, before and after the short-term stabi-
lity test.

Firstly, the ionization chamber was placed in the
device before the first measurement starting for
30 min. Then, a measurement was taken, without the
source, during 20 min.

After, the short-term stability test was undertaken.
The measurement without the source was compared
with the average of the measurements obtained from
the short-term stability test. The leakage currents were
0.01% and 0.02% for respectively magnitudes of
10−4 pA for the positive and 10−4 pA for the negative
polarities. These results are within the recommended
limit (0.5%) of the IEC 60731 standard (IEC 2011).

3.4. Saturation curve and ion recombination
The voltage applied to the ionization chamber was
varied from 0 to ±400 V, in steps of 50 V, using the
90Sr+90Y check device. The polarizing voltage cho-
sen to be used in this ionization chamber was+300 V.
The saturation curve is presented in figure 3. It

Figure 1. Scheme of the ionization chamber developed for electron beams.

Figure 2.Medium-term stability of the ionization chamber
response.

3

Biomed. Phys. Eng. Express 2 (2016) 015011 FBCNonato et al



presents a symmetrical behavior to the positive and
negative polarities.

The ion recombination that is named collection
efficiencyKs was determined by (IAEA 2009):
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where M1 and M2 are the collected charges at V1 and V2

respectively; the constants ai are given from the
standard TRS 398 on page 52.

The ion recombination Ks was determined using
the saturation curve data and the above equation. The
result was 1.0037 for the positive and 1.0021 for the
negative polarities. The result agrees with the interna-
tional recommendation of Ks to be less than 1%
(IEC 2011). The uncertainties were lower than 0.03%.

3.5. Linearity of response
The linearity of response curve was obtained using the
90Sr+90Y source of the BSS1 system, taking five
measurements at different irradiation times: 15, 30,
60, 120 and 240 s, at the reference source-chamber
distance of 11 cm. The linearity of response was
obtained, and can be observed in figure 4 where the
correlation coefficient was obtained as 1.000±0.010.

The linearity of response was also obtained using
the electron beams of the linear accelerator Elekta
Synergy, with energies of 6 and 9MeV, and taking
three measurements at different monitor units (MU)
that correspond to absorbed doses of 100, 200, 400,
600, 800 and 1000 cGy, at the reference source-cham-
ber distance of the 100 cm. The linearity curves are
presented in figure 5 where the correlation coefficients
for the curves were obtained as 1.000±0.020 for both
cases.

3.6. Polarity effect
3.6.1. Polarity effect in relation to the depth
The polarity effect in relation to the practical range,
according to the IEC 60731 recommendations

(IEC 2011), was determined in electron beams of the
linear accelerator 2100C using two energies, 6 and
12MeV, and of the linear accelerator Elekta Synergy
with energies of 6 and 9MeV. The ionization chamber
was tested in approximate depths of 0.1×Rp;
0.3×Rp; 0.5×Rp; 0.7×Rp; where Rp is the
practical range of the electron beam. A solid water
phantom in slab form was used to determine the
practical range depth.

The measurements were taken for each depth for
both positive and negative polarizing voltages, 100MU
in each measurement. The field size was 15×15 cm2

for the linear accelerator 2100Cand14×14 cm2 for the
linear accelerator Elekta Synergy. The polarity effect
curves are presented in figures 6 and 7 respectively for
the linear accelerators 2100CandElekta Synergy.

The behaviour of the ionization chamber response
in figures 6 and 7 is similar to that of the Capintec and
the Memorial Chamber responses of another work
(Gerbi and Khan 1987). A small polarity effect was
observed near to dmax (0.1×Rp), and it grows while
the depth is below dmax. The value obtained at
0.7×Rp is lower than the values obtained at other
practical ranges; the polarity effect is greater in relation
to the polarity effects obtained by others, because the
ratio of the lower values tend to exhibit great
variations.

For the energies of 9 and 12MeV, figures 6 and 7,
the polarity effect was lower than for 6MeV, and just
to the 0.7×Rp the polarity effect it was higher than
1%. This behavior is similar to the Calcam chamber
data presented byHavercroft andKlevenhagen (1994).

The recommended limit of the IEC 60731
(IEC 2011) for the polarity effect is less than 1%, or a
correction factor is recommended.

The correction factor, k ,pol can be determined by:

k
M M

M2
,pol

| | | |
=

++ -

where M is the electrometer reading for the polarity
used routinely (it can present positive or negative

Figure 3. Saturation curve of the developed ionization
chamber. The uncertainties were all lower than 0.03%, not
visible in thefigure.

Figure 4. Linearity of response of the ionization chamber,
using the beta radiation source. Themaximumuncertainty
was 0.17%, not visible in thefigure.
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polarity); and M+ and M- are the electrometer read-
ings to the positive and negative polarity respectively
(IAEA 2009).

The correction factors, k ,pol were determined at an
approximate depth of 0.7×Rp.

They were obtained for the energies of 6 and
12MeV of the linear accelerator 2100C respectively:
0.108 and 0.088, with a maximum uncertainty, for
both energies, of 0.28%.

And for the energies of 6 and 9MeV of the linear
accelerator Elekta Synergy, the correction factors were
respectively: 0.105 and 0.091, with amaximum uncer-
tainty, for both energies, of 0.3%.

3.6.2. Polarity effect in relation to the field size
The polarity effect in relation to the field size was
determined in electron beams of the linear accelerator
Elekta Synergy with energies of 6 and 9MeV. The
ionization chamberwas tested infield sizes of 6×6 cm2,
10×10 cm2, 14×14 cm2 and 20×20 cm2. The mea-
surements were taken for each field size for both positive
and negative polarizing voltages, during 100MU in each
measurement. The 1MU equates to 1 cGy of the

absorbed dose. The polarity effect in relation to the field
size is presented infigure8.

The polarity effect tends to grow due to the
increase of the backscattering when the radiation field
size increases.

It is noted that the polarity ratio in relation to the
radiation field, in figure 8, is lower than the polarity
ratio in relation to the depth, in figures 7 and 6. In
figure 8, the solid water phantom, that attenuates the
radiation beams, was not used in this case.

3.7. Angular dependence
The study of the angular dependence was performed
varying the goniometer angle from 0° to 360°, in steps
of 45°. Therefore, the ionization chamber was rotated
around only one axis. The measurements were taken
in the electron beams of the linear accelerator Elekta
Synerg with energies of 6 and 9MeV. Each measure-
ment was obtainedwith 100MU. The 1MUequates to
1 cGy of the absorbed dose. For each angle, five
measurements were taken. The reference source-
chamber distancewas 100 cm.

Figure 5. Linearity of response of the ionization chamber, for electron energies of 6 and 9 MeV. Themaximumuncertainty was
0.22%, not visible in thefigure.

Figure 6.Polarity effect of the ionization chamber response in
relation to the ionization chamber depth, for two energies
(6and 12 MeV) of the linear accelerator 2100C. Themax-
imumuncertainty was 0.3%.

Figure 7.Polarity effect of the ionization chamber response in
relation to the ionization chamber depth, for two energies (6
and 9 MeV) of the linear accelerator Elekta Synergy. The
maximumuncertainty was 0.3%.
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The results obtained show that the ionization
chamber do not present angular dependence, compar-
ing the response of the ionization chamber in angles
from45° of to 360° in relation to the angle 0°.

3.8. Cable effect
The cable effect was studied comparing the measure-
ments obtained, firstly, when the cable was exposed to
an electron beam and, after, when the cable was
protected in relation to the electron beam of the linear
accelerator Elekta Synergy. A PMMA shield with
thickness of 0.8 cm was used in this test to protect the
cable. Five measurements were taken with 100MU for
each case and the uncertainty was the statistical
uncertainty. The reference source-chamber distance
was 100 cm. The cable factor (Ncable) was determined
using the ratio of the measurements with the cable
protected andwithout protection.

The Ncable was obtained as (1.000±0.004) for
both energies of 6 and 9MeV.

3.9. Calibration factor for the developed ionization
chamber in 60Co beam
The cross-calibration of the developed ionization cham-
ber against a calibrated reference chamber, PTW TN
30013 Farmer was performed at the Gammatron II S 80
60Co source. The reference point of the ionization
chambers was: for the Farmer chamber it was at the
center of the cavity volume, and for the developed
ionization chamber it was on the inner surface of the
window at its central position. The size of the water
phantom was 30×30 cm2, and the size field of the
gamma beamwas 10×10 cm2, with its reference point
at 5 g cm−2 in accordancewith the reference conditions.

The calibration factor in terms of absorbed dose to
water for the developed ionization chamber was
obtained as (67.17±1.01 mGy/nC). The Farmer
calibration factor was (53.59±1.50)mGy/nC deter-
mined at the Calibration Laboratory of IPEN. The
Farmer ionization chamber response uncertainty was

greater than that of the developed ionization chamber
uncertainty, because for the developed ionization
chamber the uncertainty was just considered as the
statistical uncertainty.

4. Conclusions

The homemade ionization chamber, with silver col-
lecting electrode, was developed using Brazilian low
cost materials. In Brazil, all of the commercial ioniz-
ation chambers utilized are imported. Furthermore,
the homemade ionization chamber body was devel-
oped entirely with PMMA material, without metallic
materials, andwith a collecting electrode of a thin layer
of silver paint.

The ionization chamber showed good perfor-
mance in the characterization tests of its electrical
properties, as the short-term and medium-term stabi-
lities; leakage current; saturation curve; collection effi-
ciency; and linearity of response. Other tests were
undertaken in linear accelerators, and the ionization
chamber presented also good performance for the lin-
earity of response; polarity effect in relation to the field
size; angular dependence and cable effect tests. An
exception was the result for the polarity effect test in
relation to the depth, but a polarity effect is not a pro-
blem if the chamber is always used at the same polarity
and potential, as it usually occurs. The response of the
ionization chamber for the polarity effect is similar to
the response of other commercial ionization chambers
from the literature.
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