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Abstract. Dosimetry serves as the backbone of ionizing radiation treatment in radiation processing, ensuring
precision and accuracy in transferring the absorbed dose for medical sterilization and phytosanitary applications.
Over the years, methods for calculating and measuring the absorbed dose have significantly advanced. Although
experimental dosimetry remains indispensable, simulation techniques — such as Monte Carlo (MC) methods —
have gained prominence by providing deeper insights into the physical processes of radiation interactions. Ad-
ditionally, theoretical methods continue to provide accurate dose calculations, contributing to the field’s progress.
This study examines recent advancements in dose calculation techniques for radiation processing, highlighting
individual methods — experimental, simulation-based, and theoretical — as well as their combinations to achieve
accurate and reproducible dose measurements. It also addresses the challenges associated with each radiation
processing method and discusses future prospects for improving the dosimetry of radiation processing techniques.
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Introduction

Ionizing radiation has emerged as a pivotal technolo-
gy for food processing and medical device sterilization
[1-3]. High doses (>1 kGy) are essential for effective
medical device sterilization, while precise control
is necessary to maintain food quality, particularly
in processes like pest disinfestation, which require
significantly lower doses (<1 kGy) [4, 5]. Moreover,
the Asia-Pacific region has shown a notable trend
in adopting irradiation as a phytosanitary measure,
particularly for tropical fruits that are distinct from
the Asian continent [6]. These applications highlight
the effectiveness of irradiation as a versatile and reli-
able option. Consequently, strict adherence to inter-
national guidelines for dose measurement systems
is imperative to ensure consistent irradiation quality
across radiation processing facilities.

Accurate dosimetry is a critical component of
successful irradiation processes, ensuring the deliv-
ery of an appropriate radiation dose for the intended
application [7]. To achieve this, three primary meth-
ods are commonly used in the radiation processing
field: experimental measurement, simulation, and
theoretical calculation. Experimental dosimetry in-
volves direct measurements using dosimeters placed
within or around the irradiated material, providing
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Fig. 1. Schematic diagram of dose calculation methods.

precise dose values under actual conditions [7].
Simulation methods, often leveraging the widely
used Monte Carlo (MC) code system, offer a robust
means of calculating doses while providing valu-
able insights into the complex physical interactions
between radiation and matter [8, 9]. Complement-
ing these is the theoretical method, which applies
fundamental physics and mathematical principles
to estimate the absorbed doses [10].

Although experimental methods remain the
backbone of dose measurement, they have certain
limitations, particularly in terms of flexibility and
accessibility. Challenges arise when dealing with
complex geometries, such as irregularly shaped food
items or fruits or large-scale objects, which require
numerous dosimeters for accurate measurements
[10, 11]. In such cases, MC simulations have be-
come indispensable for predicting dose distributions,
especially in scenarios where direct measurements
are impractical [12, 13]. These simulations enable
detailed modeling of radiation interactions with vari-
ous materials, providing highly accurate predictions
of the absorbed dose [9]. On the contrary, theoretical
methods, while being advantageous in reducing the
costs associated with experimental dosimeters, pres-
ent their own challenges. Their reliance on complex
mathematical formulations and the time required to
complete calculations can be prohibitive for some re-
searchers. In addition, they still need to be validated
with experimental measurements due to some fac-
tors, such as the conditional environment, which can
cause different results in dose measurements [10].

Using these methods together reveals how their
strengths can help to solve the challenges of radia-
tion processing. In addition to the three methods
mentioned above, combining two methods enhances
the validity of the research. Simulation studies re-
quire validation through experimental methods to
ensure the reliability of the models [8, 14]; other-
wise, the results cannot be trusted for understanding
physical interactions. Similarly, theoretical methods
are validated using either simulation or experimen-
tal methods to confirm the accuracy of theoretical
calculations [15, 16]. Each method, whether used

independently or in combination, has distinct ad-
vantages and disadvantages.

Although significant researches have been
conducted on dose calculation methods, few ar-
ticles have specifically addressed emerging trends
in this field. This presents an ideal opportunity
for a review article to consolidate and provide an
updated perspective on the current status of this
evolving research area. This study explores recent
advancements in dose calculation techniques for
radiation processing, with a particular focus on the
combination of experimental, simulation-based, and
theoretical methods to ensure accurate, effective,
and consistent outcomes. The literature review,
conducted using the Google Scholar database, em-
ployed keywords related to various absorbed dose
calculation methods for radiation processing. This
study examines these methods across major mo-
dalities, including gamma irradiators, electron beam
systems, and X-ray facilities, while addressing the
challenges inherent to each method. In addition, it
considers the practical implications of dose calcula-
tions to ensure process reliability, meet regulatory
standards, and foster innovation in radiation pro-
cessing applications.

Absorbed dose as the quantity of interest

The absorbed dose (D) represents the amount of
ionizing radiation deposited in a material, which, in
the context of radiation processing, may include food
products, medical devices, or material standards.
In simpler terms, it quantifies the radiation energy
absorbed by a material per unit mass. The interna-
tional unit (SI) for the absorbed dose is Gray (Gy),
where 1 Gy is equivalent to the absorption of 1 joule
(J) of energy per kilogram (kg) of material (1 J/kg)
[17]. Understanding the absorbed dose is crucial for
applications in radiation processing, where precise
measurement and traceability are essential.

To ensure accuracy and reliability in dose mea-
surements, the absorbed dose has traditionally been
measured using calorimeter systems [18]. The water
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calorimeter serves as the primary standard for dis-
seminating the absorbed water dose, which is the key
quantity of interest. This instrument is essential for
various applications in medical physics and radiation
processing [19, 20]. Despite the inherent complexity
of calorimetry, this method is highly reliable and can
achieve low uncertainties, typically <1.0% [18].

Although primary standards like the water calo-
rimeter ensure high precision, routine dosimeters
such as polystyrene-based ones are preferred for
their practicality in industrial settings. In radia-
tion processing, a polystyrene-based calorimeter is
commonly used as a routine dosimeter rather than
as a primary standard [21, 22]. Unlike the water
calorimeter, which relies on high-precision support-
ing instruments, the polystyrene dosimeter typically
features a simpler construction. A key difference be-
tween the two lies in measurement uncertainty: the
water calorimeter, as a primary standard, typically
achieves a relative combined standard uncertainty
of <1.0% [18], whereas the polystyrene calorimeter
exhibits a higher uncertainty, around 3.6% [23, 24],
both reported with a coverage factor of k = 2.

To bridge the gap between high-precision pri-
mary standards and practical routine dosimetry, the
absorbed dose quantity is transferred to secondary
standard dosimeters [19, 25]. In radiation process-
ing, alanine dosimeters are widely utilized as sec-
ondary standards due to their robustness and well-
-established measurement characteristics, including
temperature correction, signal fading, and electron
spin resonance (ESR) techniques [26]. Furthermore,
the water equivalency of alanine material enhances
its suitability for precise dose measurements, par-
ticularly in the context of absorbed dose realization
methods. This calibration chain ensures consistency
and accuracy, enabling reliable dose measurements
across diverse radiation processing applications.
Subsequently, the traceability of these measurements
can be extended to routine dosimetry systems, which
are employed in daily operational dose monitoring.

Absorbed dose calculation methods
Experimental method

Experimental methods form the backbone of dose
measurements because they reflect the actual
conditions of the measurement process. However,
achieving accurate results requires a solid under-
standing of both fundamental dosimetry principles
and measurement techniques. Equally important is
maintaining traceability for both the dosimeter and
reader, as this directly impacts the quality of the
measurements and, consequently, the quality of the
irradiated product [7]. When a dosimetry system is
well-established, it can provide both high precision
and accuracy in dose measurements, ensuring reli-
able outcomes and maintaining the integrity of the
irradiation process.

Building on the foundation of established do-
simetry systems, recent studies have focused on
addressing challenges in dose measurement by

highlighting two key areas: development of dosim-
eter and measurement techniques. While several
commercially available dosimeters are widely used
for dose measurement, they often face limitations,
particularly in specific applications such as food
irradiation, where the required dose range can be
restrictive [7]. These challenges have spurred the
exploration of novel measurement techniques aimed
at optimizing the performance of commercial dosim-
eters and enabling their more effective application
across a range as stated by the manufacturer.

Review

Development of the dosimeter. Motivated by the
demand for alternative dosimeters in the radiation
processing field, several studies have concentrated
on developing dosimeters that can measure high-dose
ranges. As shown in Table 1, most of these dosimeters
are classified as passive dosimeters, each with a spe-
cific dose range. Passive dosimeters require a post-
-irradiation period to allow the material to stabilize
and for the radiation-induced interactions within
the material to fully develop [27]. The stabilization
phase is important for ensuring accurate and reliable
dose measurements for proper functioning.

The development of high-dose dosimetry has seen
significant advancements using diverse materials
and methodologies, reflecting a focus on optimiz-
ing performance across various radiation types and
energy levels. As shown in Table 1, these dosim-
eters are based on unique material properties, such
as thermoluminescent [14, 28], optical [29], and
spectroscopic characteristics, to achieve precision
in dose measurement. The integration of advanced
materials, including phosphors [30, 31], optical fibers
[29], and polymer films [32], has enabled accurate
assessments even at microscale thicknesses and in
complex geometries. In addition to advancements
in dosimeter materials, classical techniques such as
UV-Vis spectrophotometry [32, 33], luminescence
decay measurements [30], and electron paramagnetic
resonance (EPR) spectroscopy [34] have become in-
tegral tools, offering high sensitivity and adaptability
across dose ranges extending to kilogray.

Schuster et al. [30] introduced a novel approach
for relative dose measurement on object surfaces.
Recognizing the critical need for accurate surface
dose determination in irradiated objects, this
method employs a phosphor-based dosimeter that
is directly sprayed onto the object’s surface. This
approach allows the dosimeter to conform precisely
to the object’s shape, enabling accurate and reliable
dose measurements. Luminescence readings were
performed using a custom-designed in-house 3D
reader. The proposed technique was benchmarked
against the B3 film dosimeter and further validated
through simulation studies. Results showed that a
micro-size dosimeter was in good agreement with
both the existing dosimeters and the simulation data.
This method is particularly effective for low-dose
electron beams (80-200 keV) and for measuring
doses within the first 3-4 pm of material thickness
[31].
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Table 2. A list of articles focusing on the development of measurement methods

Do:;r;:ter Key results Method Beam Year Reference
EBT3 Extending the sensitivity An optical setup involving 250 kV 2020 [37]
Gafchromic of the EBT3 film to high a broadband light source, a fiber X-rays and
film doses up to 100 Gy while  optic probe working in reflection 1 MeV

ensuring low-dose configuration, and a spectrometer  electron beam
uncertainty was used to detect changes in the
spectral response of several
EBTS3 films
Alanine Determine a scaling factor ~ This study combines the alanine >6 MeV 2020 [41]
to convert a dose determin- dose results of experimental and electron beam
ation using alanine based  simulation studies
on Co-60 calibration to give
the dose delivered in a
high-energy electron beam
PMMA Introducing a new The Z-scan system was used to Gamma 2021 [40]
dosimetry method measure the non-linear optical
called Z-scan to optimize  properties of the PMMA dosimeter.
the PMMA dosimeter A He-Cd laser beam (442 nm,
150 mW) was used for this system
Alanine A correction factor that Combined experimental and MC 20-180 keV 2022 [38]
can be used for alanine simulation codes for measuring X-rays
to measure the kilovoltage the dose at several X-rays beam
is X-rays quality
Alanine A model to calculate A microdosimetric one-hit Low 2022 [45]
the relative efficiency detector model was used to (40-170 kV)
of alanine pellets in characterize the detector’s intrinsic and me-
low-energy X-ray beams efficiency. Geant4-DNA MC dium X-rays
simulations estimated (100-300 kV)
microdosimetric distributions,
with literature data providing
the free model parameters
B3 film Understanding DSC was used to analyze the Low-energy 2022 [42]
the effect of heating thermal properties of B3 electron beam
the B3 film dosimeter radiochromic dosimetry films. (200 kV)
on performance The glass transition temperature
(T,) and decomposition behavior
of irradiated and non-irradiated
films were studied
Gafchromic  Understanding Gafchromic MD-V3 and HD-V2 Gamma 2022 [43]
MD-V3 and the effect of temperature were irradiated at various
HD-V2 films on dose measurement temperatures, and their optical

during irradiation density

These advances represent a positive progress
in the development of high-dose dosimeters, of-
fering improved accuracy and compatibility with
both gamma- and electron-beam radiation. They
enhance the ability to measure radiation doses with
fine detail, even on complex surfaces [30, 31]. This
progress not only strengthens the capabilities of
dosimetry and paves the way for the development
of novel dosimeters but also expands applications
in precise radiation measurements.

Optimization of the measurement methods. The
optimization of dosimetry depends on the develop-
ment of accurate and reliable measurement methods,

as illustrated by the studies summarized in Table 2.
Recent research has focused on optimizing com-
mercially available dosimeters to extend dose ranges
[37] and measurement fields [38, 39]. This includes
the introduction of novel methods for reading do-
simeter responses [40] and the implementation of
new correction factors [41].

Innovative approaches, such as the Z-scan system
for PMMA dosimeters [40] and optical fiber setups for
Gafchromic films [37], emphasize the need for precise
quantification of radiation doses. These methods are
particularly critical in scenarios in which environ-
mental factors, such as temperature and beam quality,
significantly affect dosimeter responses. Addition-
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ally, studies involving B3 films [42] and Gafchromic
MD-V3 and HD-V2 films [43] have highlighted the
importance of external parameters, such as tempera-
ture, in optimizing dosimeter performance.

The alanine dosimeter has long been used as a
secondary standard and transfer dosimeter in radia-
tion processing [19, 25]. Conventionally, alanine with
the EPR system has been used to measure absorbed
doses in electron beam and gamma radiation [7].
However, recent studies have demonstrated that ala-
nine can also be effectively applied to X-ray dosimetry
by incorporating a correction factor to account for its
response to low- and medium-energy X-rays [38, 44,
45]. These advancements highlight the development
of new methods that not only enhance the versatility
and reliability of alanine dosimeters but also address
challenges in dose determination accuracy across dif-
ferent radiation energy levels. As the use of X-ray ma-
chines emerges in industrial radiation processing, this
research will support the dosimetry of X-rays [46].

On the contrary, Malcolm McEwen made a signif-
icant contribution by introducing a scaling factor to
convert the dose measured with alanine dosimeters
irradiated at Co-60 to doses applicable for electron
beam qualities [41]. This approach has been ap-
plied in medical physics for >25 years and remains
a reliable method for accurate dosimetry [47]. The
scaling factor is determined through a consensus
approach by combining experimental and simulation
methods to establish precise values. Since alanine
dosimeters are typically traceable to the absorbed
dose to water for Co-60 beam qualities, this scal-
ing factor is particularly beneficial when extending
their use to electron beam measurements. However,
incorporating the scaling factor into the absorbed
dose measurement requires careful consideration of
its contribution to the overall uncertainty budget.

Challenges and outlooks

One of the challenges associated with experimental
approaches, often determined by user experience,
is selecting the appropriate dosimeter for irradia-
tion processing [7]. Key considerations include the
dose range, thickness, and post-irradiation stability
time. For applications such as food irradiation and
medical device sterilization, the dosimeter thickness
does not always accurately represent the surfaces
being measured [30, 31]. Additionally, positioning
the dosimeter within the object can be challenging,
often leading to low-precision dose measurements.

Another significant issue is the post-irradiation
stabilization time required to obtain reliable read-
ings. Given the demand for rapid dose measure-
ments in the field, alanine dosimeters are not
commonly used as routine options owing to their
lengthy stabilization time and high operational
costs. This highlights the need for dosimeters with
shorter post-irradiation stabilization times as well
as improved methods for precise positioning during
measurements. These highlights represent promising
research and innovation.

For many years, polystyrene calorimeters have
been a standard tool in the radiation processing

field [21]. However, recent advancements indicate a
growing interest in developing active dosimeters for
use in ultra-high-dose applications in medical phys-
ics [48, 49]. This technology can be adapted for the
radiation processing field, as it shares similarities with
high-dose rate requirements. Such adaptation would
require modifications to account for positioning
challenges and dose variations. These developments
present a valuable opportunity for future calorimetry
research.

Simulation method

The main reason for employing simulation methods
in radiation processing is to accurately predict the
dose distribution and to deepen the understand-
ing of radiation interactions to improve irradiation
techniques. Radiation processing facilities are often
large-scale and handle complex-shaped objects, as
they are typically used for mass-irradiation activities
[11, 50]. This scale and complexity pose challenges in
maintaining the quality of dosimetry. Unique issues
arise within the dosimetry system, such as the need
for precise measurements, numerous dosimeters, and
careful calibration to ensure consistent and reliable
results. Simulation methods address these challenges
effectively by providing accurate and detailed dose
calculations, thereby enabling better control and
optimization of the irradiation process and reducing
operational costs.

Simulation methods rely on computer program-
ming to obtain the desired physical quantities. Two
main methods are commonly used in radiation fields:
the point-kernel method and the MC method [9].
Both methods use random number generation to
model the stochastic nature of radiation. The point-
-kernel method, which is widely applied in nuclear
medicine [51, 52], is advantageous for calculating
point doses. However, its limitations in modeling
complex objects and its focus on point dose calcula-
tions make it unsuitable for radiation processing. In
contrast, the MC method is preferred for radiation
processing because of its flexibility. It allows for
detailed modeling of both irradiation facilities and
the objects being irradiated, making it the optimal
choice for applications requiring comprehensive and
precise simulations [9].

Several MC-based software applications are
commonly employed in ionizing radiation research,
including PENELOPE [53], Geant4 [54], EGSnrc
[55], MCPNX [53], RT-office [56], PUFFin [57],
FLUKA [58], and PHITS [59]. Each of these
software programs uses distinct algorithms and
configurations. In a study by El-Ouardi, a com-
parison between MCNP6 and Geant4 revealed a
compatibility result of <9.0% when compared with
the Fricke dosimeter [60]. These differences in the
simulation results are often attributed to variations
in the algorithm design of each software, which can
affect the cross-sections, physical models, number of
generated pseudorandom numbers, and numerical
estimates used to model the trajectories of photons
and electrons through materials.
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Review

Recent studies on the use of MC simulations in
radiation processing have primarily focused on two
areas: facility modeling and food irradiation. Table 3
lists the articles that specifically addressed MC simu-
lations for facility modeling and food irradiation.

Facility modeling plays an important role in
supporting dose mapping, a key component of
operational qualification activities. As shown in
Table 3, these facilities are categorized as first and
second gamma irradiators, which have relatively
smaller geometries than the larger fourth category
[14, 25, 61, 62]. Despite their smaller size, these
configurations can present challenges due to
the high number of radiation sources, which can
include up to 48 individual sources [61]. In contrast,
fourth category irradiators involve much larger geom-
etries, such as large totes that require detailed mod-
eling. For example, Tran Van Hung’s dose mapping
study modeled 68 tote boxes, each with dimensions of
50 cm % 50 cm x 90 cm [50]. Futher classification
and comparison of these facility categories can be
found in the sub-section discussing the combination
and simulation methods..

Particular attention must be given to the activity
and measurement dates of each Co-60 radionuclide
because variations in these parameters can signifi-
cantly affect the dose distribution. Furthermore, not
all manufacturers ensure a uniform distribution
of pencil sources across all pencil slots, leading to
non-uniform radiation source distribution [63].
This variability increases the complexity of achiev-
ing consistent dose distribution within the facility.
To address these challenges effectively, it is crucial
to thoroughly examine the facility design drawings to
obtain accurate geometric details. Proper geometry
is essential for creating precise models that reflect
the actual configuration of the facility, ensuring
reliable dose mapping and operational accuracy.

In addition to gamma irradiators, there are
studies modeling machine-based sources, such as
electron beam and X-ray irradiation facilities [46,
64]. However, only a few studies have focused on
the detailed modeling of machine-based sources, pre-
senting comprehensive modeling concepts in their
publications [64, 65]. While other studies involving
electron beams exist, they do not specifically address
e-beam modeling in detail [11, 58, 66].

Accurate e-beam modeling requires careful con-
figuration of the nominal electrical current to real-
istically represent the operational conditions of the
facility. The e-beam and X-ray facility modeling share
similar complexities with the gamma plant model-
ing. For instance, Eychenne obtained MC spectrum
results from an X-ray facility in Aerial, France [46].
The radiation spectrum, whether from electron beams
or X-rays, is a critical factor because beam quality can
vary across facilities. Ideally, the spectrum produced
by MC modeling should closely approximate a real-
istic electron or X-ray spectrum to ensure that dose
calculations align with experimental results.

Another unique challenge addressed by MC ap-
proaches is estimating the dose of fruit phytosanitary

irradiation. By employing MC simulations, accurate
dose estimations can be achieved without generating
fruit waste. This method is particularly valuable for
food materials with complex shapes, such as broccoli,
chicken, and fruits, where traditional methods may
be less efficient or wasteful [11]. From both techni-
cal and economic perspectives, direct measuring of
doses in fresh products is often not ideal for quality
control in mass-production processes, although it
remains a common practice for dose mapping [67].

Both facility modeling and food irradiation mod-
eling share a common focus on physical quantities,
specifically the calculation of absorbed doses, wheth-
er as dose distribution or specific doses in targeted
regions. However, their areas of emphasis differ. In
food irradiation, the dose distribution is primarily
observed on the fruit surface, particularly when us-
ing electron beams [58, 68]. This focus aligns with
the goal of phytosanitary irradiation, which targets
the fruit surface where pest eggs are typically laid
[69]. In contrast, for industrial facilities, the focus
of dose distribution is on identifying regions with
the best dose uniformity to optimize processing ef-
ficiency and product quality, thereby completing the
performance qualification steps [8, 50, 70].

In MC modeling studies that do not involve ex-
perimental validation, the emphasis is often placed
on understanding the physical interactions within
the simulated processes. While some studies pres-
ent results in absolute terms, this is usually because
the MC model has already been validated in previ-
ous research. For instance, Jongsoon Kim’s series
of publications over the past decade (2005, 2007,
2010, 2011, 2013, 2015, 2019) includes early works
with validation, allowing later studies to focus solely
on simulation without revalidating the model [67,
71-76]. Conversely, some studies presented results in
relative terms rather than absolute values, especially
when no experimental validation was conducted.

In addition, MC studies without experimental
validation often enable the rapid exploration of
various parameters and configurations, which may
be difficult or costly to replicate through experi-
mental means. This flexibility makes MC modeling
an invaluable tool for preliminary assessments and
hypothesis testing. By adjusting variables such as
geometry, source strength, and material composi-
tion, researchers can investigate potential outcomes
without the need for extensive laboratory setups.
A representative example is the study conducted
by Moradi et al., which employed MC simulations
to design a mini collimator for use in a Category I
Gamma Cell with the goal of improving the dose
uniformity ratio [61]. This work exemplifies the
strength of MC methods in allowing for the modeling
of various components and evaluating their effects
as part of an important design analysis before fabri-
cation. The study systematically compared multiple
collimator configurations, including different shapes
and materials, to identify the most effective design.
As a result, the manufacturing process could be di-
rected toward a single optimized model, improving
both cost-efficiency and the accuracy of subsequent
experimental measurements.
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In addition to its powerful capability to simulate
radiation interactions, simulation studies must vali-
date their findings to ensure accuracy. MC simula-
tions offer flexibility in modeling objects and allow
for the use of assumptions when specific details or
specifications are unavailable. Therefore, valida-
tion through experimental data or benchmarking
against established models is essential to confirm
the reliability of the simulations. This process not
only enhances the credibility of the findings but also
ensures that the results can be effectively applied
in real experiments, such as optimizing radiation
processes or improving facility designs.

Challenges and outlooks

The challenges in the MC approach include (i) ac-
curately modeling objects, particularly in assigning
their mass density, (ii) the limited ability of MC
simulations to account for dynamic rather than
static objects, and (iii) the complexity of the pro-
gram preparation. These challenges represent key
limitations of the MC approach, despite its notable
advantages in understanding physical processes
and estimating the absorbed dose. Nonetheless,
MC estimation results are generally acceptable
compared with experimental data if they fall within
the expanded uncertainty range of the dosimeter.

Fruit modeling was conducted using two meth-
ods: model based on DICOM images obtained from
computer tomography (CT) scans and CAD model
[58, 67]. Using DICOM images and converting
them into MC code provided a more accurate way to
mimic the fruit’s geometry. However, this approach
does not account for the true mass density distribu-
tion within the fruit. Real fruits often have varying
mass densities, even within a single layer of flesh.
The conventional approach involves simplifying the
fruit into two distinct regions with different mass
densities: the flesh and seeds. These two regions
were assigned separate mass densities, a method
commonly used in MC-based fruit studies. Although
this method is effective, the accuracy of fruit model-
ing can be further enhanced by assigning the true
density distribution for each region of the fruit.

The latest development of the PHITS MC code
introduced a feature to convert DICOM images into
MC code, automatically defining mass density based
on the gray values of CT numbers (Hounsfield units
[HU]) [80]. However, this feature was primarily de-
signed for human tissue and not for fruits. Therefore,
the conversion of a fruit’s CT numbers to its mass
density still requires validation to ensure accuracy.
Nevertheless, accurately measuring fruit density
remains a significant challenge.

Another significant challenge associated with the
MC approach is its limitation in simulating dynamic
objects, whether in the context of fruit studies or ir-
radiation facilities. In the case of MC simulations for
fruit, this issue was addressed by Jongsoon Kim [68]
and Kataoka [79], who introduced object rotation to
mimic dynamic movement. Their method involved
manually rotating the object to various angles and
averaging the absorbed dose across the rotations.

This approach demonstrated good agreement with
expectations and provided valuable insights into
uniform irradiation across the object’s surface.

For irradiation facilities, a key challenge lies in
modeling the transit dose in Type I irradiators, such as
Gamma-Cell or Gamma-chamber systems. The tran-
sit dose refers to the radiation dose absorbed by the
sample during its movement from the initial position
to the irradiation position [8]. While the transit dose
is generally measured in the order of Gray (Gy), it
becomes critical when the target dose is also in the Gy
range. However, it is less problematic when the target
dose is kilogray (kGy). Accurate modeling of transit
doses in these systems remains a complex task. Man-
nai et al. [81] addressed this challenge by calculating
the transit dose at three distinct time points along the
sample chamber’s transfer path, summing the dose
from all sampling points. More recently, El-Ouardi
[82] employed a semi-analytical approach combined
with MC simulations to calculate the transit dose.
Their method, inspired by Mannai’s work, focused
on shorter time intervals (4-35 s) to improve the ac-
curacy of the simulations [82].

The challenge of addressing dynamic motion in
MC simulations has been overcome using updated
MC codes, specifically 4D Monte Carlo (4D MC)
codes. These codes incorporate time as a fourth
dimension in addition to conventional 3D geometry
(X, Y, Z) axes [83, 84]. The primary application of
4D MC has been in medical physics, particularly for
dose reconstruction and verification in scenarios
involving dynamic organ motion [85]. By integrating
time into dose calculations, 4D MC significantly im-
proved accuracy compared with conventional static
models. However, these advanced features increase
computational demands, requiring high-performance
computing systems to achieve reliable results with
low uncertainties.

Looking ahead, 4D MC simulations offer a prom-
ising solution to address the challenges posed by
dynamic motion in radiation processing facilities.
One example of an MC code used for this purpose
is EGSnrc/4DdefDOSXYZnrc, an extension of the
EGSnrc system that incorporates time-dependent
geometry and deformation capabilities [83, 85]. The
application of 4D MC methods may extend beyond
first-category gamma irradiators to include fourth-
-category systems and electron beam facilities, where
objects are continuously transported via conveyors
during irradiation. This dynamic modeling approach
enhances both the accuracy and efficiency of dose
calculations in time-dependent irradiation scenarios.

The third challenge associated with the MC
approach is the complexity involved in program
preparation. Developing an accurate MC model and
obtaining the desired output, such as dose distribu-
tion, can take hours or even days. This process is im-
practical for radiation processing facilities because
of the limited time and computational resources.
However, a recent advancement in MC code devel-
opment, released in 2024, introduced a tool called
PUFFin (Penelope User-Friendly Fast Interface),
which represents a breakthrough in simplifying the
MC process [57]. This innovative tool allows users
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Table 4. Studies related to theoretical methods for processing radiation

Year Calculation Physical Object Author Reference
method parameter
2006 Multipole moment Flux Co-60 pencils Loussaief A. [86]
2007 Multipole moment Dose Co-60 pencils Loussaief A. [87]
2016 Haar Wavelet Numerical method Flux Co-60 pencils Belkadhi K. [89]
2017 Haar Wavelet Numerical method Flux Irradiated products with Belkadhi K. [15]
different densities
2017 Multipole moment Flux Co-60 pencils Rezaeian P. [88]
2020 TOPSIS Dose Irradiated product (box) Singh M. [90]
2023 Voronoi diagram Dose Irradiated product (box) Singh M. [10]

to input a 2D image and run simulations with ease.
Its intuitive graphical user interface (GUI) offers
a “plug-and-play” experience, making the process
more accessible and efficient. With these advantages,
it is hoped that the MC code will become a reliable
daily tool for accurately estimating absorbed doses
in mass-radiation processing.

Theoretical method
Review

Flux and dose calculations. Finally, the theoreti-
cal method is another significant method for dose
calculation in radiation processing. Several studies
(Table 4) have explored this method, including the
implementation of the multipole moment method,
which has been employed by various researchers to
calculate photon flux in irradiators [86-88]. The
multipole moment method is a robust analytical
technique that facilitates the calculation of charge
or mass distributions in systems such as electro-
magnetic fields. The reduction of complex three-di-
mensional problems into manageable analytical forms
enables precise modeling of photon flux, particularly
in irradiation facilities where uniformity and dose
control are critical. Therefore, this method is highly
effective for determining both the flux and dose, and
it can contribute to improve design and optimization
of irradiation systems.

To better understand how the multipole moment
method achieves these results, the process can
be divided into three key steps. First, the source
distribution is defined by specifying the positions
and activities of each element in the gamma source
array, such as pencil sources or Gamma cell units.
Second, the moments are calculated by integrating
the source distribution over space, typically using
Cartesian coordinates (x, y, z), to account for the
strength of the source relative to the point at which
the dose is estimated. Finally, the coefficients of the
multipole moments are determined through direct
analytical integration or by fitting simulation data,
such as those generated by MCNP simulations. Ad-
vanced techniques, like the Levenberg-Marquardt
algorithm, are often used to fine-tune these coef-
ficients, ensuring precise and reliable results [88].

Optimization of the dose mapping. Using a differ-
ent method, Menghraj Singh, in two notable stud-

ies, focused on optimizing dosimeter placement in
pallet boxes to ensure consistent and accurate dose
delivery in radiation processing [10, 90]. In his first
study [90], he integrated the analytical hierarchy
process (AHP) model with the technique for order
preference by similarity to ideal solution (TOPSIS)
model. This combination enables a systematic evalu-
ation of multiple placement strategies by consider-
ing various criteria, such as dose uniformity, cost,
and operational efficiency. In his second study, he
employed the Voronoi diagram model, a geometric
method that uses spatial partitioning to determine
the optimal distribution of dosimeters within a pal-
let. By identifying regions with potential dose varia-
tions, this method improves coverage and reduces
uncertainties in dose delivery.

Furthermore, Singh extended the Voronoi
diagram-based method to model product boxes and
optimize dosimeter positioning on vertical planes.
By incorporating Delaunay triangulation and Vor-
onoi vertices, the study demonstrated improved dose
uniformity with a lower overdose ratio compared
with traditional methods [10]. Notably, the Voronoi
method achieved a dose uniformity ratio of 1.06,
outperforming the conventional ratio of 1.07. This
advancement highlights the potential to enhance
commissioning dosimetry processes and overall
irradiation efficiency. The visibility and applicabil-
ity of this method in actual radiation processing
underscore its promise as a tool for improving dose
accuracy and operational efficiency in various in-
dustrial applications.

In addition to its performance benefits, the
Voronoi diagram-based method offers significant
resource optimization. Singh demonstrated that this
method reduced the number of dosimeters required
for dose mapping to 56 units compared with the 126
units needed in conventional methods to cover all
dose points [10]. This reduction not only streamlines
the process but also enhances the efficiency of dose
mapping, making it a highly effective solution for
improving quality assurance in radiation processing.

Challenges and outlooks

Theoretical methods, such as those based on the
multipole moment method, offer powerful tools for
dose and flux calculations in radiation processing
[87, 88]. However, their practical implementation
faces significant challenges. One of the key issues is
the validation of theoretical results against experi-
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mental data, as accurately reproducing the actual
irradiation conditions in a theoretical framework
can be complex. Additionally, these methods often
require extensive computational resources, particu-
larly when dealing with high-resolution models or
large irradiation systems. Integrating diverse optimi-
zation approaches, such as the AHP and TOPSIS,
with physical modeling frameworks add another
layer of complexity.

Another significant challenge in theoretical
methods is the variability in the source activity,
geometry, and material properties, which can lead
to discrepancies between the theoretical predictions
and experimental outcomes. Theoretical methods
typically rely on the assumption of ideal conditions
to model objects; however, in practice, these ideal
conditions are often unattainable. For example, the
material properties of an object, such as its density,
may vary because of its manufacturing processes,
introducing uncertainties into the model. Such
variations underscore the need for robust validation
to ensure that theoretical models accurately reflect
the complexities of actual conditions.

Despite these challenges, theoretical radiation
processing methods are promising. Advances in
computational algorithms, such as adaptive mesh
refinement and machine learning, are expected to
streamline the modeling process, making it faster
and more accessible. Enhanced validation protocols,
including benchmarking against MC simulations and
experimental data, will further strengthen the con-
fidence in these models. Resource optimization, as
demonstrated by Singh’s Voronoi diagram approach,
highlights the potential to reduce dosimeter usage
and enhance dose mapping efficiency.

Combinations of the methods
Experimental and theoretical results

Unfortunately, there are only a few examples of stud-
ies that combine experimental and theoretical ap-
proaches in dose calculations for radiation processing.
In such cases, the experimental approach is often used
as a reference for validating the results of theoretical
methods. As discussed in the section on theoretical
approaches, Rezaian used Amber dosimeters for dose
measurement and obtained good agreement between
the measurements and theoretical calculations [88].
Similarly, Singh used ceric-cerous dosimeters in his
study for dose mapping measurements optimized with
the Voronoi diagram algorithm [10].

These findings underscore the potential benefits
of integrating experimental and theoretical methods
to enhance the accuracy of dose calculations. How-
ever, this integration faces challenges, particularly
in terms of understanding the fundamental physics
of the models. In addition, theoretical approaches
often rely on assumptions that may deviate from the
actual measurement conditions. Although theoreti-
cal methods may be well-suited for research, they are
less practical for large-scale irradiation processing
because of time constraints.

Theoretical and simulation

A series of studies focused on optimizing alumi-
num plates to reduce electron beam doses demon-
strated the effective combination of theoretical and
simulation approaches [16, 91-94]. Specifically, the
Geant4 MC code was employed for dose calculations
to provide a detailed understanding of the underlying
physics of the experiments, as outlined in their publi-
cations. These studies considered not only the relative
depth dose but also the spectrum of the electron beam
after passing through the aluminum foil [94, 95].

However, one key issue is the complexity associ-
ated with accurately modeling the physical interac-
tions of electron beams with materials, which require
computational resources and expertise. Additionally,
the assumptions and simplifications made in the
simulations, such as the idealized material properties
and beam conditions, may not fully represent the
actual material, potentially leading to discrepancies
between the theoretical predictions and experimen-
tal results. These limitations highlight the need for
careful validation of models against experimental
data to ensure reliability and applicability in practi-
cal settings.

Experimental and simulation

In Tables 5 and 6, studies on irradiation facilities are
predominantly based on MC simulation results that
have been validated through experimental measure-
ments using dosimeters. In contrast, Table 3 pres-
ents only the MC modeling results without any ex-
perimental validation. Validating MC simulations is
a critical step in ensuring the accuracy of outcomes,
which is typically performed by comparing simula-
tion data with experimental dose measurements
obtained using dosimeters. As shown in Table 5,
the relative differences between the simulation and
experimental results ranged from 1.0% to 12.0%.
Not every measurement point in an MC simulation
requires validation; instead, representative points
can be selected for validation.

A solid understanding of dosimetry concepts —
such as dosimetry quantities, positioning, build-up
regions, dosimeter functionality, and external factors
affecting measurements - is essential for radiation
dose measurements. This understanding directly
affects the agreement between the MC simulation
and experimental validation. In MC simulations,
the dosimeter model must accurately reflect the
experimental conditions, including factors such as
dosimeter density, placement, and the presence or
absence of build-up material. For example, Majer et
al. modeled a partial hip prosthesis and validated the
simulation using an ethanol-chlorobenzene (ECB)
dosimeter [8]. The position of the dosimeter in the
simulation was adjusted to match its position in the
experimental setup, resulting in good agreement
between the experimental and simulation results,
with a relative difference of <5.0%.

A similar approach was used for validating the
MC modeling in fruit irradiation by comparing
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Table 6. A list of MC modeling for another irradiated object

. . Agreement
Year Object Software MC Parameters Experiments MC/EXP Reference
2021, FEgg PHITS Dose and dose RCD, FWT60-180, Good [79, 116]
2023 distribution Far West Technology agreement
2021 Cables MCNP 6.2 Energy deposition CTA film dosimeter = Good [66]
(MeV/g) agreement
2024  Aluminum, ethafoam, PUFFin Depth-dose CTA, B3-layer film;  Good [57]
wood, polystyrene distribution FWT-60, full-length  agreement

the simulation results with the experimental dose
measurements. In a study, Jongsoon Kim compared
the simulation results with dose measurements
taken on an apple phantom using an in-house do-
simeter phantom and radiochromic film [68]. A good
agreement was observed between the MC simulation
and experimental measurements, with a difference
of not more than 5.0%. This close match validated
both the simulation results and the dosimetry phan-
tom development, confirming the accuracy of the
measurements.

The choice of the dosimeter significantly affects
the experimental results and measurement methods.
Beyond the dose range, other performance char-
acteristics of the dosimeter must also be carefully
considered. For example, validating dose measure-
ments for fruits presents unique challenges because
of the high water content in fruits, which can
influence dosimeter performance. If the dosimeter
is not waterproof, the measurements may not be
reliable. Additionally, the selection and placement
of dosimeters on the fruit have a significant impact
on ensuring accurate dose measurement results.
Small-volume dosimeters are typically preferred
for point-dose measurements, as they provide more
precise measurement at specific locations. For as-
sessing dose distribution, film dosimeters are often
favored because of their good spatial resolution and
detailed representation of the absorbed dose across
the surface.

Conclusion

Dosimetry is fundamental to effective irradiation
treatments, primarily focusing on experimental
methods, such as measuring absorbed doses in real
objects using dosimeters. However, optimizing the
irradiation process requires a deeper understanding
of the underlying physical interactions. In this con-
text, MC simulations and theoretical methods offer
reliable dosimetry calculations. Each method has its
advantages and limitations, particularly in terms of
dose range, dosimeter thickness, calibration, and
environmental conditions, all of which influence
the precision of the absorbed dose quantification.
To obtain valid results, combining different
methods provides a robust approach while enabling
cross-validation. These combinations can take
several forms: (i) experimental and theoretical, (ii)
theoretical and simulation, and (iii) experimental

and simulation. Combining experimental and theo-
retical methods, for instance, faces challenges, par-
ticularly in terms of understanding the fundamental
physics underlying the models. Moreover, theoretical
approaches often rely on assumptions that may not
fully align with actual measurement conditions. Ad-
ditionally, the time required for dose calculations
using theoretical methods can be a limitation, espe-
cially for radiation processing services that demand
rapid results.

Integrating the MC simulation results with the
experimental validation provides the most robust
solution for dosimetry studies. This approach com-
bines the strengths of both methods: MC simulations
provide detailed insights into radiation interactions
and dose distributions, while experimental valida-
tion ensures the accuracy and traceability of mea-
surements. Together, these methods significantly im-
prove the precision of radiation dose measurements,
making them particularly valuable for large-scale
industrial applications. Moreover, with the variety of
MC codes available, users can select the most suit-
able and efficient option to streamline performance
qualification processes, enabling timely validation
before irradiation.

Despite advancements in dosimetry methods for
radiation processing, limitations persist, underscor-
ing the need for continued innovation and devel-
opment in measurement techniques. Addressing
these gaps effectively requires further exploration
and refinement of existing methods. By addressing
these challenges, researchers can enhance dose
calculation methods and unlock new opportunities
in dosimetry, leading to more efficient and precise
radiation processing technologies.
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