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Abstract

Gamma irradiation facilities have been widely utilised for various sectors, including healthcare,
agriculture, and material science. Therefore, it is crucial to understand the dose rate distribution within
the chamber to ensure the samples receive the prescribed dose. PHITS Monte Carlo code was employed
to simulate a self-shielded gamma irradiator category 1. The facility features 36 pencil sources of Co-
60 that are arranged around the sample chamber. A three-dimensional model of the gamma irradiator
was developed using the PHITS Monte Carlo Code to simulate photon transport and dose deposition,
while dynamic dose components during chamber movement were estimated using Simpson’s numerical
integration. Validation using alanine dosimetry yielded a good agreement (2.4% relative difference),
confirming the model's accuracy and reliability. The dose map revealed the heterogeneity for both radial
and axial distribution along the central axis. The highest differences in dose rate distribution were~ 40%
radially and ~45% axially. Therefore, to achieve a more uniform dose distribution (ratio ~1.1), it is
suggested that the samples are placed at a height between 8 and 21 cm. The Simpson’s integration
method was implemented to bridge the gap between discrete simulations and dynamic physical
processes for transit dose determination. The simulation calculated a transit dose of approximately 1.9

Gy with an uncertainty of 0.16% at the chamber's centre-bottom position for one irradiation cycle.
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1. Introduction

The heterogeneous dose distribution presents a significant challenge in operating a self-
contained dry-gamma source irradiator. The absorbed dose inside the sample chamber of the irradiator
may vary considerably, which is an essential concern to achieve the prescribed dose (Farah et al., 2025).
In the previous study, the variation can reach up to 20% and 26% for radial and axial directions (Moradi
et al., 2017). Consequently, it is essential to find the dose distribution of the chamber to guarantee that
the sample receives the required dose (Oliveira, et al., 2000; Aknouch et al., 2020). Accurately knowing
the dose distribution helps in selecting the optimum irradiation location, which optimises the irradiation
time. Thus, the delivered dose to the material can be estimated and controlled (Hefue, 2000; Jecong et
al., 2022). By the experiment, dose distribution can be determined by placing dosimeters at different
positions in the irradiation chamber (Saputro et al., 2024). This method is limited to the specific
locations where the dosimeters are positioned. Adding the dosimeters improves the accuracy of the
experimental dose rate. However, locating the dosimeters with a close gap to provide a complete
mapping is impractical in an irradiation chamber (Jecong et al., 2022). Monte Carlo is a powerful and
effective method to simulate photon interactions with matter and create a precise geometry and

characteristics of the experimental irradiation conditions (Mortuza et al., 2018).

Simulating certain dynamic industrial processes presents complex technical challenges. For
instance, demonstrating axial translation and rotation during the irradiation process is difficult because
most three-dimensional Monte Carlo simulations rely on a static geometric approach (Gual et al., 2019).
This static approach might be one challenge in determining transit dose. Transit dose is the dose received
during the movement of the sample chamber to the irradiation position and returning to its
storage/secure position (El-ouardi et al., 2023; Majer et al., 2019). This dose is usually neglected when
dealing with industrial irradiators, which require a high absorbed dose. However, in the case of a small
geometry and at low dose operation, the transit dose has a significant influence, especially for high dose
rates (HTR)(Follett, 2004; Guzman Calcina et al., 2005; Wojcicka et al., 1999). In the case of HDR, the
sample will be accumulated with the dynamic dose received during its movement into the irradiation
area, the absorbed dose will be higher than the prescribed dose, resulting in a significant impact for low-
dose processes (A. C. Gongalves et al., 2022). The transit dose depends on the activity of the source,
treatment fractions, and target speed (Mannai et al., 2007). Therefore, the estimation of the transit dose

is essential for the quality control process(Feldmann et al., 2019; Fitriana et al., 2024).

Despite the growing interest in Monte Carlo simulation for dose mapping in a gamma irradiator,
the comprehensive utilisation of PHITS remains limited for dynamic movement either for sample or
sources. This regard to determine transit dose. Monte Carlo like PHITS represent a static geometrical
configuration, where the particles are transported within a fixed spatial environment for each batch

simulation (Bento et al., 2012; Watabe et al., 2024). Due to the lack 4D model in continuous spatial



transitions of sources or targets during simulation, it is necessary to bridge the gap between static and
dynamic scenario using external processing (Sato et al., 2018, 2024). Various methodologies for
quantifying transit doses rely on a combination of experimental and computational frameworks.
Experimental approaches typically utilise cumulative and linear regression techniques (Farah et al.,
2025). While the cumulative method measures the dose accumulated during a series of source position
exposures, linear regression establishes the relationship between absorbed dose and irradiation time to
derive the transit dose from the y-intercept. Conversely, standard computational methods using Monte
Carlo codes employ discrete step-by-step simulation strategies, translating the source or target through
a series of finite spatial increments (Mannai et al., 2007). In contrast, the GATE code provides an
alternative by allowing for continuous geometry movement during the simulation (El-ouardi et al.,

2023).

This study fills the gap methodologies for calculating the transit dose through dynamic Monte
Carlo code. By using a polynomial approach to interpolate the radiation field, we expect to achieve
higher accuracy and a more refined representation of the dose curve. The objectives of this study are:
(1) to validate the PHITS calculation with the experimental data using alanine dosimetry; (2) to map
the radial and axial dose distribution within the centre plane of the chamber; (3) to calculate and evaluate
the transit dose at the centred-bottom level using Simpson integration method. The insights gained from
this study provide a mathematical approach for evaluating achieved dose in moving products.
Ultimately, this approach enables more accurate determination of maximum and minimum doses,

allowing for the optimisation of sample placement and enhanced the efficiency in irradiation timing.

2. Materials and methods

2.1 Irradiation Facility

The Observo Ignis gamma irradiation facility was manufactured by the Institute of Isotopes Co.
Ltd, Budapest. It is a dry-self-shielded (category I) gamma irradiator facility. Figure 1 below shows the
self-contained dry storage irradiator. The installation of this facility was on December 5, 2017. A thick
shielding covers the irradiation area, which is also a place for the gamma sources. The source
configuration in the simulation is made according to real conditions, where each pencil source describes
the specific activity of cobalt-60. Geometry entails defining the simulation space's geometry, including
the dimensions, forms, and composition of all pertinent parts. The inner chamber was modelled
containing dry air and a structured arrangement of alanine dosimeters to simulate dose distribution
within the geometry. The internal volume of the sample chamber was modelled as dry air to maintain
strict consistency with the atmospheric conditions of the experimental facility, ensuring that attenuation

and scattering effects were accurately represented.
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Figure 2 Schematic representation of the
chamber’s internal geometry and source
radial alignment (upper view).

Figure 1 Self-contained Irradiator Category
one (Model: Ob-Servo Ignis Research
Gamma Irradiator, Manufacturer: Izotop
Institute of Isotopes).

The gamma sources have a circular arrangement with 48 pencil positions. Currently, 36
positions contain Co-60, the remaining 12 pencils are dummies or have no isotopes. The overall
dimensions are 22 cm in length and 1.1 cm in diameter, with an active dimension inside of 20 cm in
length and 0.72 c¢m in diameter. The sample chamber is a thin-walled, non-corrosive metal of stainless
steel, which is positioned between the moving central plugs. It is raised to the loading and unloading
position via a pneumatic drive motor. The chamber goes down in the irradiation position align with the
vertical axis, which brings the sample to the irradiation area. The dimensions of the chamber are 15 cm
in diameter and 28 c¢m in height. Samples up to 5 litres can be accommodated in the chamber. In this
study, the Monte Carlo model focuses solely on the sample chamber rather than the entire irradiator.
Figure 2 illustrates the position of the sources and the sample chamber. The pitch circle diameter of the
source is 29 cm, which is the distance from centre to centre of the two furthest pencils. The source
consists of 36 cobalt-60 pencils encapsulated in stainless steel (SS 304). The total activity of the source
was 12.05 kCi (445.85 TBq) on the initial date of October 6, 2017. In addition, the Observo Irradiator
was calibrated in terms of absorbed dose to water by in-plant method. The calibration performed by
Ris@ High Dose Reference Laboratory of DTU Health Technology, which is traceable to the national
standard at National Physical Laboratory (NPL), United Kingdom.

2.2 Dosimetry System

This study utilised Harwell alanine pellet dosimeters measuring 4.8 mm in diameter and 2.8
mm in thickness. Calibrated in terms of absorbed dose to water at the National Physical Laboratory
(NPL), the pellets were read using an ADVIN (Belarus) electron spin resonance (ESR) spectrometer.
The measurements carried an expanded uncertainty of 4.5% (k=2 at a 95% confidence level), factoring

in contributions from the ESR spectrometer, alanine dosimeter, weight (balance), and thermometer.



According to the NPL calibration certificate, the primary contributors to this uncertainty were the

absorbed dose alanine uncertainty and the ESR dose measurement accuracy(Nanez & Uribe, 2023).

2.3 Experimental Validation

The PHITS Monte Carlo model was validated by comparing in situ experimental measurements
from the alanine dosimeter with the simulation results. The dose rate from the PHITS calculation was
the average result of four alanine pellets positioned vertically in the centre of the sample’s chamber.
The dosimeter was positioned at the centre of the sample chamber in a similar location to that during
the calibration. Relative Dose Difference (RDD) was implemented to assess the difference between the
experimental measurement using dosimeters and the PHITS calculation. The lower the RDD result, the

closer the simulation calculation is to the experimental data. The RDD formula can be found as follows:

|simulated dose—measured dose|

Relative Dose Dif ference (RDD) =

x100% (1)

measured dose

2.4 PHITS simulations

PHITS version 3.35 was employed in this study to simulate and calculate the absorbed dose. A
3D model was developed using PHITS version 3.35, as depicted in Figure 3, using the PHITS 3D
compiler. The geometrical details and all material compositions in accordance with the experimental
situation were modelled in the simulation for a precise result. This simulation study of this facility has
never been conducted before, so that the benchmark studies will be performed with a similar type of
irradiator. Additionally, the focus of this study will be limited to the radiation in the sample chamber
and the pencil sources. Compendium material 2021 was used to define the standard density for materials
in the simulation, such as stainless steel 304, water, air, cobalt, polystyrene foam, and polymethyl

methacrylate.




Figure 3 3D model of gamma irradiation facility using PHITS 3D compiler.

In addition, Co-60 pencils with exact positions and activity have been placed according to the
certificate information. In the source section, a pencil of Co-60 source was modelled in a cylindrical
rod, and the isotope part was wrapped by SS304-Steel. There was a dummy source located every 30°,
thus a total of 12 solid stainless-steel pencils were installed. In this study, the direction of the source
particles was isotropic. The Co-60 source was defined as a radioisotope using e-fype = 28 parameter.
This explicitly accounts for the two distinct gamma-ray energy peaks at 1.17 MeV and 1.33 MeV, as
well as the associated beta-particle emissions. In the scoring section, users can arrange any desired
calculations, for instance, T-track and T-deposit. T-track was used to calculate the flux in a particular
region, while T-deposit was utilised to measure energy deposited in a specific area, for example, at
options XYZ, RZ, and Reg. In addition, the unit of the T-deposit is Gy/hour. In this present study, 10°
to 2x10° particles were generated to achieve a low statistical uncertainty of less than 5%(Kim et al.,
2015). A parameter of Negs = I was utilised to enable the EGS5 mode, allowing for the transport of
photons, electrons, and positrons. The energy cut-off values were set at 1 keV for photons and 0.1 MeV

for both electrons and positrons.

2.5 Transit Dose Calculation

To measure the transit dose, the alanine dosimeters were exposed to the irradiator sources
during repeated up-and-down cycles without any additional irradiation time programmed. The
measurements had been repeated ten times. On the other hand, PHITS operates within a steady-state
framework to solve the Boltzmann radiation transport equations. Consequently, modelling dynamic
scenarios, such as the continuous movement of cells or sources, is a challenge within this time-
independent framework. Considering that the transit dose is an accumulated dose while the sample is
passing through different positions, numerical integration must be used to quantify this dose. This
technique breaks down the area under the curve into small shapes, such as trapezoids, and sums up all
the areas to get the total quantity (Mannai et al., 2007). The chamber’s speed is constant (11.4 cm/s).
The Simpson method is utilised as it establishes a parabolic relation between three consecutive points,
leading to a more accurate approximation of the area under the curve. The following formula defines

the Simpson rule(Chapra & Canale, 2010).

I = ff f(x)dx
I ~ (h/3)[f(x0) + 4 Y odd index terms + 2 Y even index terms + f (x5,,)] 2)

The uncertainty for the dynamic dose evaluation considers the statistical uncertainty originating from
PHITS Monte Carlo calculations. The total variance of the integrated transit dose (I) was evaluated by

propagating these uncertainties through the Simpson’s 1/3 integration scheme. Assuming that the



discrete simulation tallies are completely uncorrelated, Eq. 3 defines the error propagation for the

accumulated error associated from the integration:
1
0% = 5 h2[fro® + 16 (foaa)® + 4 Z(feven)® + frz ] 3)

where 4 represents the step size, and f denotes the statistical uncertainty of the PHITS simulation results

at each discrete spatial interval.

3. Result and discussion
3.1 Monte Carlo Model Validation

The dose rate obtained by PHITS simulation was 2.9 kGy/h, with a statistical error of 1.6%.
The dose rate then multiplied by nine irradiation time. The PHITS simulation showed a promising
agreement with the nine measurements using traceable alanine dosimeters. Figure 4 compares the
PHITS simulation data to the experimental measurement. The dose rate measured by the alanine
dosimeters in the irradiator was 2.9 kGy/h. The simulation and experimental data results were
normalised using the dose gained from the calibration curve from the same allocation time. RDD was

derived from the difference between values recorded from PHITS and alanine dosimeter reader.
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Figure 4 Comparison between PHITS Simulation and Alanine Dosimeters Measurements. The
relative differences were lower than 3%.

The previous study by Firmansyah et al (Firmansyah, Kurniawan, Walo, et al., 2025), which used
PHITS and alanine dosimeters, showed a discrepancy of 7%, it was higher than that observed in the
present study. This improvement could be achieved by constructing the geometry similar to the real
facility, detailed optimisation of decay time, and defining the material structure as similar to the real

materials. The linearity curve of dose (Y axis) and irradiation time (X axis) resulted in the dose rate of



the experimental measurement. It produced a 2.4% relative dose difference between the simulation and
experiment dose rate. Table 1 presents the dose rates of both measurements.

Table 1 Dose Rate Difference between PHITS and Experimental Measurement

Category Dose rate (kGy/h) Uncertainty (%)
PHITS Simulation 2.9 1.6
Alanine Dosimeter 2.9 33

RDD 2.4%

To maintain consistency with the estimated experimental uncertainty (which is reported to two
significant figures), both dose rates have been rounded accordingly. Consequently, the rounded
experimental and simulated values appear identical. The RDD between the unrounded raw data sets

was 2.4%, demonstrating strong agreement between the model and the physical measurement.

3.2 Radial Dose Distribution across Chamber's Diameter
The determination of radial dose rate was scored by T-deposit using the x-axis mesh type. The
diameter of the 15 cm sample chamber was divided by 75 meshes. It created a 2 mm width of each

mesh located in the centre of chamber (Y=0).
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Figure 5 Radial dose rate on the central axis of the sample chamber in three height levels. Dose
rates at the edge of the chamber were 18%-40% higher than at the central point.

Figure 5 shows the dose profile on the radial axis across the diameter of the chamber at the top, middle,
and bottom heights of the chamber. The mesh spanning the diameter of the chamber calculated higher
doses near the chamber wall and lower in the centre. From the figure, the dose rate in the centre axis of

the chamber varied with height and distance from the chamber's wall. The dose rate at the centre of the



chamber was lower compared to the edges which was close to the chamber's wall. The trend in dose
rate along the radial-centrical plane was similar to those reported in previous research (Farah et al.,
2025; Moradi et al., 2017). The difference between the edge (highest) and centre (lowest) dose rate was
roughly 27% in the top level and 18% in the bottom level.

Conversely, at mid-height, there was a clear attenuation of dose rate towards the centre of the
chamber. The dose rates were approximately 1.6 kGy/h in the centre and 2.3 kGy/h at the chamber's
edge (statistical error = 1.9%), which was ~40% higher. In other words, the Dose Uniformity Ratio
(DUR) was approximately 1.4 throughout the line. This ratio indicated the dose near the chamber wall
was 140% of the dose at the centre of the chamber. The DUR, representing the ratio between the
maximum and minimum doses within the irradiation chamber (Aknouch et al., 2021). A significant
radial gradient was a result of gamma attenuation: the sample in the centre was further from the Co-60
pencil source, resulting in a lower dose. Additionally, Figure 6 shows absorbed dose distribution within
the chamber along the X and Y axes. The figure depicts that higher absorbed dose was located near the

source. To obtain a DUR of 1.1, the sample should be irradiated at a radius of 5 cm from the centre.
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Figure 6 Dose distribution along the XY-plane exhibits a lower trend in the inner area of the
chamber.

3.3 Axial Dose Distribution across Chamber’s Height

The dose rate distribution along the axial direction was evaluated via the T-deposit tally,
employing an RZ mesh with a radius adjusted to 0.5 cm from the centre of the sample chamber. This
volume was divided into 140 meshes for a sample chamber height of 28 cm. Therefore, each mesh had
a width of 2 mm. Figure 7 describes the variation of dose rate along the axial position. The highest dose
rate was located in the central area. This higher dose was due to the location of the pencil sources, which
were placed in the middle of the irradiation chamber. The central part has a larger solid angle, which
implies receiving higher radiation exposure from various angles, as shown in Figure 7. Additionally,

this configuration affects the upper and lower levels of the chamber, which acquires a significantly



lower dose rate than the middle level. Both dose rates were approximately 1.0 kGy/h, with associated
statistical uncertainties of up to 1.9%. Both only obtain approximately ~55% of the dose rate at the
middle level (1.7 kGy/hr). The upper and lower levels were not exposed by the source as intensely as
the middle part. A lower radiation dose rate is due to a further distance to the source, indicating the
inverse square law of radiation. The decreasing trend at the upper and lower levels was similar to that

reported in the literature (Dridi et al., 2020; Farah et al., 2025; Mannai et al., 2007; Moradi et al., 2017).
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Figure 7 Axial Dose Rate Distribution as a Figure 8 The isodose distribution within the

function of Sample Chamber’s Height, chamber’s height. The maximum dose was

Showing Peak Intensity at Approximately 15 concentrated at the centre (z=15), reflected the

cm. optimal geometric exposure relative to the full
length of the sources.

The outer regions of the chamber were highly irradiated compared to the centre region. The
dose rate near the chamber wall can reach up to 140% of the dose rate at the centre in the same radial
plane. Figure 8 displays isodose curve that is showing the dose distribution in the XZ plane. This tally
described the non-uniform distribution in the radial and axial planes. Both figures demonstrate a clear
trend, the dose rate is highest along the central plane of the chamber and decreases toward the top and
bottom levels, while exhibiting an increase radially toward the edges of the chamber. Concerning certain
regions within the chamber that inevitably have a higher dose rate, it is recommended to insert an 8 cm
spacer under the chamber to raise it, and the maximum height is 21 cm from the chamber's base to

achieve a dose uniformity of more than 85% relative to the maximum dose rate with a ratio of 1.1.

3.4 Transit Dose Calculation
The determination of transit dose was calculated by numerical integration utilising discrete data

provided by the PHITS simulation. In this study, the calculation occurred in the middle of the chamber



by dividing the total chamber's height of 28 cm into 28 meshes, which produced Az equal to 1 cm. T-
deposit tally was set to calculate the dose rate in each mesh. The exact spatial coordinates from the

experimental setup were replicated in the simulation to ensure consistency.

In this study, it was assumed that the transit dose was measured when the sample or dosimeter
was positioned in the centre of the bottom of the chamber. The transit dose has a variation value that
depends on the sample's location inside the chamber (Farah et al., 2025). The lower position will receive
more exposure time because it enters the irradiation area earlier and leaves the irradiation area last
compared to the other position. Additionally, it passes the entire height of the pencil source and is
exposed for the whole dose rate along the source, which does not occur if the sample is in the middle
and upper positions. As a result, the lower position will acquire a larger transit dose than the samples

placed in the middle and upper positions.

The mechanical translation of the transit dose acquired in this case was when the chamber
turned down and up to the irradiation field. The chamber moved at a constant speed (11.4 cm/s),
corresponding to a residence time of 0.088 seconds per centimetre. The dose rate at any given point was
a function of position. By applying Simpson’s 1/3 rule (Equation 2), it treated the transition between 28
mesh points as a parabolic curve rather than a straight line. Due to the physical involves a complete
“down and up” cycle, the integral must be multiplied by a factor of two to determine the transit dose.
The final calculated values, alongside a comparative analysis with the experimental measurements are

presented in Table 2.

Table 2 Transit Dose Difference between Simulation and Experimental Measurement

Category Transit Dose (Gy) Uncertainty (%)
PHITS Simulation 1.9 0.93
Alanine Dosimeter 1.8 2.3

RDD 2.5%

The transit dose difference between the experimental measurement and the PHITS simulation using
Simpson’s rule was found to be 2.5%, demonstrating an excellent level of agreement between those two

datasets.

4. Conclusion

An Observo Ignis irradiator has been modelled using the PHITS Monte Carlo code. The study
successfully validated the PHITS Monte Carlo code for simulating dose distribution using experimental
data. It resulted a relative agreement of less than 3%, confirming the reliability of the proposed model.

These relative dose differences (RDD) indicate higher precision and accuracy than those reported in the



literature. Dose rates at the centre-axial plane (z-axis) of the chamber were ~45% lower at the bottom
and top levels compared to the middle level. On the radial axis, the dose rate was higher at the edge
area, as it was closer to the pencil source than at the centre area. The middle level generated the highest
non-uniformity ratio compared to the top and bottom levels, producing a Dose Uniformity Ratio (DUR)
of 1.4. Users of the irradiator should be aware of such inhomogeneity in dose rate distribution in the
sample chamber to guarantee all samples receive a uniform dose as prescribed. To achieve a DUR equal

to 1.1, the sample should be located at a height of 8 to 21 cm from the chamber's base.

The Simpson integration method was shown to be an effective numerical approach for calculating
transit doses in a Category I gamma irradiator. This was evidenced by the high level of agreement with
experimental data using alanine dosimeters, which yielded a relative discrepancy of less than 3%. This
level of precision indicates that a quadratic polynomial approximation is sufficient for modelling the
radiation field during short-duration linear transitions.
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