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Radiation therapy necessitates dosimetry using materials with densities similar to human tissue and at a lower
cost. Comparisons with simulation methods will help validate new dosimeters and their measurements. To
experimentally simulate radiation effects, an industrial irradiator like the GammaCell 220 can be utilized. This
study aims to validate FXG dosimetry through Monte Carlo simulations using the MCNP and TOPAS codes,
employing a simplified geometry model of the GammaCell 220 irradiator. The FXG dosimeter demonstrated
linearity with an R? of 0.99517. Monte Carlo simulations using both codes showed coherence, with MCNP
exhibiting greater similarity to experimental results. The incorporation of simplified Monte Carlo modeling

demonstrates the feasibility of obtaining satisfactory results for the GammaCell 220 irradiator geometry. Addi-
tionally, it validates the applicability of FXG dosimetry for future utilization in radiation therapy.

1. Introduction

The use of irradiators is essential tool to validate and simulate doses
in radiation therapy, ensuring the effectiveness and safety of oncological
treatments. To improve measurements in such a precise area as dosim-
etry, it is essential to use low-cost and easy-to-operate dosimeters.
Furthermore, it is crucial to employ materials with a density similar to
that of the human body, thus ensuring the accuracy and relevance of the
results obtained. These materials and devices are indispensable for
ensuring that the radiation doses administered during treatments are
effective and safe, faithfully reflecting the conditions found in the
human body (Schreiner, 2015).

Monte Carlo simulation assumes an important role in assessment and
optimization of irradiators, serving a pivotal function in various appli-
cations from radiotherapy to nuclear physics research (Andreo, 1991;
Andreo, 2018; Knoll et al., 2022). This represents a crucial phase in
validating experimental dosimetry parameters. During simulation,
incorporating the complete geometry of the radiation-emitting

apparatus, such an irradiator, into the Monte Carlo code is necessary.
Depending on the irradiator, this task can be challenging, hindering
straightforward verification.

The GammaCell 220 irradiator, renowned for its effectiveness in
various fields, stands out as an essential component in studies involving
interactions with ionizing radiations. At the Nuclear and Energy
Research Institute IPEN-CNEN), located in Sao Paulo, Brazil, it assumes
a crucial role in scientific research by irradiating materials such as
blood, cells, food, and test subjects. Its applications include radio-
sterilization, pest control, processing, and simulation of radiotherapy
in small volumes. However, the accuracy of Monte Carlo simulations
associated with GammacCell 220 is intricately linked to the quality of
geometric modeling (Yan et al., 2015).

The modeling of this irradiator presents challenges due to its com-
plex geometry, which includes rods composed of metal alloys and
cobalt-60 capsules. The presence of rods with different levels of activity,
or even the absence of the source in some rods, can result in a non-
uniform distribution of activity in the irradiator. However, the Atomic
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Energy of Canada Limited (AECL) company that provides the equip-
ment, conducts dosimetric tests to ensure that a specified dose is 100%
consistent in the center of the irradiator. Additionally, quality control
tests provide detailed information about isodose curves, measured
through an ionization chamber (Raisali and Sohrabpour, 1993).

The complexity of the geometries employed in simulations can
directly impact computational efficiency and the accuracy of obtained
results. In this context, this study proposes an investigation into geo-
metric simplification applied to the Monte Carlo simulation of the
GammaCell 220 irradiator and a validation of the Fricke xylenol gel
(FXG) dosimetry to be used in radiation therapy. The aim is to analyze
the feasibility of simulating a simplified model of a 1970s irradiator still
in use in scientific research. Using a simpler geometry to simulate a real
situation not only reduces simulation time but also facilitates imple-
mentation and maintenance by minimizing the likelihood of errors
during coding and execution.

A distinctive feature of this work is the integration of experimental
measurements using FXG dosimeter, also serving as the target of interest
for dose simulation. This approach not only provides experimental
validation of current calibration for low doses but also yields valuable
insights into the agreement between simulated results and actual mea-
surements. By incorporating experimental data, we seek to enhance the
reliability and quality of the results obtained through Monte Carlo
simulation.

2. Material and methods

The methodology of this work begins with the characterization of the
GammaCell 220 irradiator, which plays a central role as the radiation
source in this study. Understanding its specifications and performance
parameters is crucial for subsequent dosimetric measurements and
simulations. Next, attention turns to the FXG dosimeter, a critical
component for experimental measurements, where its production
method and characterization are defined. With the experimental setup
established, Monte Carlo simulations are conducted to model the ge-
ometry of the irradiation setup. This step involves using the MCNP and
TOPAS codes to simulate the interaction of radiation with the FXG
dosimeter and surrounding materials.

2.1. Gammacell 220 irradiator

Gammacell 220 is a cobalt-60 irradiator manufactured by the AECL
company for use in an unshielded room. According to the manual, the
unit consists of a circular arrangement permanently enclosed in a lead
shielding, and a cylindrical drawer with a drive mechanism to move it
up or down along the central axis of the source. The source cage is
positioned at the center of the irradiator, containing 48 rods arranged in
a circular arrangement, each with 7 completely sealed and welded
cobalt-60 capsules (Fig. 1).

This irradiator is widely used in scientific research and laboratory
applications. The Gammacell 220 allows for the simulation of controlled
radiation conditions, the study of biological effects of radiation, and the
conduct of cancer-related research (Moradi et al., 2017).

While each Gammacell 220 may vary in terms of load capacity, dose
rate, exposure control, and other specific features, overall, it is impor-
tant in research requiring controlled exposure to ionizing radiation in
laboratory settings (AECL, 1974). For the purpose of this study, the
source activity was 1.5 x 107 Bq, with a dose rate of 343.47 Gy/h at the
center for small volumes.

2.2. Fricke xylenol gel dosimeter (FXG)

The FXG is a radiochromic dosimeter that utilizes an aqueous solu-
tion of ferrous sulfate. When irradiated, this system oxidizes ferrous ions
(Fet?) to ferric ions (Fe™3) through the radiolysis of the aqueous system
(Fricke and Morse, 1927). To serve as an indicator of ferric ions in the
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Fig. 1. a) Overall view of GammaCell 220 and b) Internal cage with demon-
stration of cobalt-60 source rods with support for source immobilization and
protection (AECL, 1974).

irradiated volume, it is necessary to introduce a coloring agent into the
gel matrix, such as xylenol orange. This dye imparts coloration to the
Fricke solution, ranging from orange to violet as the quantity of ferric
ions increases, reflecting the applied dose (Otomo, 1965).

The method was performed based on Del Lama et al. (2013), with
modifications in the stoichiometry. After weighing the reagents, ultra-
pure water is divided into two parts (75% and 25%). In the 75% portion,
bovine commercial gelatin 270 Bloom is added, dissolved, and heated to
55 °C. The homogenization temperature is adjusted to 45 °C, and
ammoniacal ferrous sulfate (Synth®), sulfuric acid (Sigma-Aldrich), and
xylenol orange (Synth®) are added, previously dissolved in the
remaining 25% volume of ultrapure water. After solution homogeniza-
tion, the liquid is placed in acrylic cuvettes in the refrigerator to achieve
a gel-like consistency.

The FXG is used in laboratories for dosimetry studies in radiotherapy
due to its equivalence to water or soft tissue in a diverse range of photon
energies (Chan and Ayyangar, 1995). Consequently, the dosimeters
were irradiated with doses of 5, 10, 20, and 30 Gy in the GammacCell 220
irradiator at room temperature to assess the linearity of ferric ion
absorbance, as the irradiator is used for simulating radiotherapy in small
volumes.

Color variation is measured using the ultraviolet—visible absorption
spectroscopy technique (Shimadzu UV-1800), scanning from 350 to 650
nm at room temperature. The UV-Vis technique quantifies absorbance
at a specific wavelength. By measuring absorbance at different wave-
lengths, it is possible to establish a correlation with the color variation of
a compound. This provides an understanding of the occurring electronic
transitions and the specific regions of the electromagnetic spectrum that
are absorbed (absorbance) or transmitted (transmittance). In this
context, the observations will be related to Fe*" and Fe3* ions (Gupta
et al., 1985).

2.3. Monte Carlo simulations (geometry)

The geometry of the GammacCell 220 irradiator, used for simulation
in this study, consists of an external lead cylinder with dimensions of
120.65 cm in height and 50.80 cm in radius. Within this lead cylinder,
the cobalt-60 radiation source is positioned, represented by an isotropic
cylindrical shell with dimensions of 20.65 cm in height and 7.74 ¢cm in
radius. The Fricke dosimeter sample was positioned at the center of the
source for analysis, the dosimeter consists of a 3 ml solution contained in
an acrylic (PMMA) cuvette with approximately 3.5 cm® and 1 mm
thickness, as illustrated in Fig. 2. For the simulation, the two charac-
teristic energy peaks of cobalt-60 were considered, which are 1.17321
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Fig. 2. Representation of the geometry employed in the MCNP and TOPAS
codes of irradiator GammacCell-220.

MeV and 1.33249 MeV, with emission probabilities of 0.9986 and
0.9998, respectively. Table 1 provides information on the density and
composition of the materials used in the simulations.

Another observation that is important to mention is that in Table 1,
where the composition of the Fricke dosimeter modeled by Monte Carlo
differs from that employed in the proprietary production methodology.
However, it is crucial to note that these differences become negligible
due to the proximity of the density values of the two materials. This
similarity does not lead to perceptible differences in this simulation
(Austerlitz et al., 2007; Uzorka et al., 2022).

2.4. MCNP® code

The MCNP is a versatile computational tool capable of simulating a
broad range of ionizing radiations, such as neutrons, photons, and
electrons, among others. Its application is particularly valuable for
solving complex problems that cannot be effectively addressed by
deterministic methods (Briesmeister, 2000).

By sequentially simulating probabilistic events, MCNP employs sta-
tistical sampling techniques to describe the phenomenon comprehen-
sively. The version used in this study was MCNP version 4C

Table 1
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(Briesmeister, 2000), and the MCNP input file, the tally F6 was
employed to record the energy deposited per unit mass for each simu-
lated particle (in units of MeV/g per particle).

A simulation was conducted using the Fricke dosimeter centered at
(0,0,0), along with 11 additional simulations varying the position of the
dosimeter to compare the isodose curves obtained from the simulation
with those obtained from the GammaCell. 10° histories were simulated,
with an uncertainty of 1,62 x 10~°. The physics used in this case was the
default of MCNP, thus secondary particles were considered.

2.5. TOPAS code

The TOPAS tool is an innovative code designed as a Geant4 frame-
work, incorporating advanced and reliable tools experimentally vali-
dated and designed for ease of use. Moreover, TOPAS enables state-of-
the-art research, ranging from detailed and accurate dose calculations
for patients to simulations of detectors under development for particle
computed tomography (Perl et al., 2012).

TOPAS, version 3.8, encompasses and extends the functionality of
Geant4, and in the present study, simulations were performed using the
EnergyDeposit scorer. This scorer is defined for the geometric compo-
nent and an active material of interest, which is the Fricke dosimeter.
For this code, 10° histories were also simulated, with an uncertainty of
1.09 x 107>, to compare the codes with the same parameters.

To perform the simulations, the default physics and library of TOPAS
were used. The g4em-standard_opt4 model was employed to achieve
high precision in electromagnetic processes, including ionization and
bremsstrahlung. For managing inelastic nuclear interactions and elastic
neutron scattering below 20 MeV were managed using the g4h-
phy_QGSP_BIC_HP physics list. Furthermore, the decay of cobalt-60
nuclei was simulated using g4decay to ensure accurate representation
of the decay processes.

3. Results and discussion

The FXG dosimeter has a simple methodology (described in Section
2.2), and with the addition of the orange xylenol dye it is possible to
visually observe the different colors of the dosimeter after production
and irradiation (Fig. 3).

The ferric ions are related to the absorbed dose. In light of this, cu-
vettes containing FXG were measured using a UV-Vis spectrophotom-
eter, establishing a relationship between absorbance and wavelength.
The results are presented in Figs. 4 and 5.

While the band at 436 nm, associated with ferrous ions, is
decreasing, conversely, the band at 577 nm, related to Fe>*, is
increasing. As the applied dose in the dosimeter increases, Fe?" ions
undergo oxidation, reducing their concentration and increasing the
concentration of Fe>* ions, thereby correlating with the absorbed dose
in the FXG (Gupta et al., 1985). This increase in deposited energy in that
volume shows a linearity between absorbance and dose. In this context,
these results agree with findings already documented in the literature
(Liosi et al., 2017).

Density, composition and atomic number of the six materials used in this work, compositions are in fraction by weight (PNNL, 2021).

Fraction by Weight

Material Density g/cm® Element and Atomic Number

H C N o Na S Cl Ar Fe Co Pb

1 6 7 8 11 16 17 18 26 27 82
Air 0.001205 - 0.00015 0.78443 0.21075 - - - 0.00467 - - -
Lead 11.35 - - - - - - - - - - 1.00000
Cobalt 8.86 - - - - - - - - - 1.00000 -
PMMA 1.19 0.53333 0.33333 - 0.13333 - - - - - - -
Water 1.00 0.66667 - - 0.33333 - - - - - - -
Fricke 1.024 0.66001 - 0.00001 0.33748 0.000006 0.002485 0.000006 - 0.000006 - -
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Fig. 3. Photograph of disposable acrylic cuvettes with non-irradiated (0 Gy)
and irradiated FXG solutions with 5, 10, 20 and 30 Gy (from left to right).
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Fig. 4. Spectra of the UV-VIS absorption variation of FXGs produced and
irradiated for absorbed doses of up to 30 Gy.
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Fig. 5. FXG standard calibration curve of absorbance in relation to the dose
obtained at 577 nm. Error bars are included in the bullet size.

From the linear fitting, it was possible to extract parameters of the
linear regression and identify the values of the slope and intercept of the
line, as well as the coefficient of determination. The coefficient of
determination, often denoted as R, is a statistical measure that reflects
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the quality of linearity. Its scale ranges from O to 1, where an R? equal to
1 indicates, in this context, that all data points fit perfectly to the linear
regression. The regression resulted in an R? of 0.99517, indicating a
good linear fit, with a variation of only 0.48% from the ideal linear fit.

As Fig. 6 demonstrates the isodose curves in relative values, the
source center was set to 100% of the dose in the simulations to evaluate
the percentage differences (PD) between the values obtained (Fig. 6) and
the values simulated by the MCNP and TOPAS codes. The PD (%) be-
tween the results shown in Fig. 6 (E) and the simulated results were
calculated using the MCNP (M) and TOPAS (T) results, with the values
from Fig. 6 used as a reference, according to Equation (1). From these
values, the mean relative percentage difference between the codes was
also calculated.

M-E
PD(%):( . )100 or

(€3]
PD(%) = (TE;E)* 100

The FXG was moved to different positions to evaluate the variation in
relative dose. Position determination was based on the graph obtained
from a calibration performed on the Gammacell 220, which contains
information about isodose curves provided by the institute itself.
(Fig. 6). The dosimeter was positioned to replicate the relative values at
different positions compared to the central dose.

The isodose curves in Fig. 6 follow a pattern proportional to the
source’s geometry. As they approach the source along the horizontal
axis, the dose increases, while moving away from the center along the
vertical axis results in a decrease in dose due to the absence of the source

Gammacell 220, Serial no. 142
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institute itself.



P.S. Rodrigues et al.

at the vertical extremes, as illustrated in Fig. 1.

Table 2 showcases simulations that replicate the same behavior
observed in the experimentally measured isodose curves. The simulated
results demonstrated coherence compared to previous studies (Raisali
and Sohrabpour, 1993; Rodrigues et al., 2010; Moradi et al., 2017;
Aknouch et al., 2021).

The simulations between the two codes and the results based on
Fig. 6 are consistent, with maximum differences of 18.65% for MCNP at
6 cm to the left of the center and 24.02% for TOPAS at 8 cm below the
center. The minimum differences found are 1.26% for MCNP at 3 cm
above the center and 1.80% for TOPAS at 3 cm to the left of the center.
The smallest differences occur within displacements of up to 3 cm. As
the target (FXG) moves further from the center, the differences increase
because the simulations do not account for refractions and self-
absorptions occurring in the experiments. This effect is due to the
reduced contribution of scatter to the total dose at the edges of the
simulator and should be considered when estimating the dose near the
extremities of the object where the dose is deposited (Venselaar et al.,
1996; Karaiskos et al., 1998). The mean relative percentage difference of
1.99% and 6.44% for the MCNP and TOPAS codes, respectively.

In all simulations, the maximum statistical uncertainties were up to
2% for MCNP and less than 7% for TOPAS. Considering that the Gam-
macCell 220 is used as an irradiator in a nuclear institution, it is plausible
to assert that MCNP is more comprehensive and applicable to this
context.

It is important to emphasize that this study was based on a simplified
geometry, modeling the source as an isotropic cylindrical shell with
activity uniformly distributed along the cylinder. This simplified
approach, although deviating from reality, yielded satisfactory results.
Improvements could be achieved with a more detailed modeling,
including specifying the activity of each rod and its position. However,
due to the limitations of the study, which involved multiple reloads of
the GammacCell 220 over decades, only the total activity of the source
could be considered. Nevertheless, the remarkable agreement in the
simulated results suggests the potential of this simplified simulation
method.

Table 2
Simulated GammacCell 220 isodoses comparison with changes in the FXG posi-
tion in MCNP e TOPAS.

Simulated Errors Associated ~ Measured Deposited
Deposited to Energy (%) Energies (%)
Energies (%)
Positions MCNP TOPAS MCNP TOPAS  Experimental
center 100.00 100.00 1.62 5.27 100.00
3 cm right 103.48 101.80 1.61 5.24 ~100.00
horizontal
5 cm right 12436 107.97 1.50 5.03 105.00
horizontal
3 cm left 106.00 106.17  1.59 5.07 ~100.00
horizontal
5 cm left 125.54 11542 1.51 4.86 ~113.00
horizontal
6 cm left 142.37 126.48 1.45 4.60 ~120.00
horizontal
3 cm up 93.81 81.49 1.75 5.80 ~95.00
vertical
6 cm up 87.16 77.89 1.84 5.97 ~90.00
vertical
7 cm up 82.43 78.41 1.92 6.01 90.00
vertical
8 cm up 76.43 71.72 2.00 6.25 82.00
vertical
5 cm down 91.50 83.55 1.79 5.79 ~95.00
vertical
8 cm down 78.87 68.38 1.98 6.33 90.00

vertical
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4. Conclusion

The integration of simplified Monte Carlo modeling and experi-
mental measurements using FXG enhances the understanding of the
GammaCell 220 irradiator. The FXG dosimeter, employing a straight-
forward methodology, revealed a remarkable linear correlation between
absorbance and absorbed dose, with an R? of 0.99517, indicating
excellent linearity. Observed variations in absorbance at specific
wavelengths were consistent with literature findings, validating the
dosimeter’s performance.

When comparing measured results with simulated ones, analyzing
each position, it is observed that the MCNP code exhibits greater simi-
larity compared to TOPAS. This observation aligns with the more ver-
satile nature of MCNP, suitable for various nuclear applications, while
TOPAS is typically preferred for radiation therapy simulations.

Acknowledging the study’s limitations, the obtained results
contribute to improving dose predictions and provide a valuable foun-
dation for future advancements in computational modeling and exper-
imental dosimetry.

Future advancements will include the implementation of other
Monte Carlo codes that consider photon interactions and dispersion with
greater precision, thereby increasing the accuracy of the simulations.
Additionally, complementary studies involving the validation of simu-
lated data with additional experimental measurements using other types
of dosimeters could provide a more solid basis for comparing results.
Future actions will also involve the validation of FXG for applications in
radiotherapy.
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