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Abstract: A Monte Carlo model using the FLUKA code was developed to
streamline dosimetry studies for proton cyclotrons, specifically for the IBA
Cyclone®18. The model simulates two liquid targets — Large Volume Silver
and Nirta®Conical8 niobium — allowing precise neutron fluence calculations in
the vault room. The accuracy of the neutron ambient dose equivalent, H*(10),
was validated using experimental data, with results showing strong agreement.
The uncertainty analysis indicated a statistical error of less than 10% for
neutron dose equivalent and 0.1% for neutron fluence. This model provides a
reliable tool for optimising cyclotron installation safety, offering accurate
neutron dosimetry with minimal statistical errors.
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1 Introduction

Four major manufacturers provide various cyclotron models and energy levels
(https://nucleus.iaea.org/sites/accelerators/Pages/Cyclotron.aspx) [e.g., GE (Minitrace,
PETtrace 09 - 16.5 MeV) (https://www.gehealthcare.com), IBA (Cyclone)
(https://www.iba-radiopharmasolutions.com/cyclotrons), ACSI (TR19, TR24)
(http://www.advancedcyclotron.com/cyclotron-solutions/tr19), (Eclipse 11 MeV)]. These
medical cyclotrons produce radioisotopes, particularly the widely utilised
radiopharmaceutical Fluoro-Deoxy-Glucose (FDG) in PET imaging (OCDE/AEN, 2005).
During Fluorine production, protons interact with an enriched oxygen target. The neutron
flux resulting from the '80(p, n)!®F reaction can escape from the cyclotron. It may be
released into the cyclotron’s components, such as the magnet coils (Bonvin et al., 2021),
the bunkers (Vichi et al., 2020) and the atmosphere (Infantino et al., 2015a). In this
context, Vichi et al. (2020) assessed the activation in PET cyclotron bunkers using Monte
Carlo simulations. They implemented models of a GE PETtrace and an IBA Cyclone.
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These models included their respective bunkers within the FLUKA code to identify the
primary long-lived radionuclides generated. However, Bovin et al. (2021) determined the
activation in cyclotron magnet coils by combining Monte Carlo calculation with RAW
and ActiWIZ software’s. In both studies, the discrepancies between calculated and
measured activity values were attributed to the unknown actual composition of the
materials assessed. In our developed FLUKA input code based on this limitation, we
included the exact composition of each material in the cyclotron’s geometry. These were
done to ensure coherent results.

The Fluorine production process can lead to significant air activation and result in
many contaminants. These contaminants primarily originate from nuclear reactions
involving nuclei present in the air. Such reactions include neutron capture with the
elemental constituents of air (14N(n, p)C!4; 1°0(n, p)O!7; 7O(n, p)O'?), including noble
gases (“°Ar(n, p)Ar*) (Infantino et al, 2015b). Upon release, these airborne
contaminants, mainly '“C and #!Ar, emit beta and gamma radiation. This poses a radiation
exposure risk to individuals nearby, especially cyclotron operators. The extent of air
activation depends on some factors such as the neutron spectrum and the geometry of the
cyclotron’s infrastructure. Different PET centres typically share similar infrastructure and
specific characteristics that can be generalised. Therefore, it would be more useful to
have a standard model of cyclotron. This model can be adapted to the infrastructure of
each site.

Providing a ‘ready-to-use’ input file that is, in fact, quite practical. To effectively
assess the biological effects of neutron radiation on human tissue, it is essential to
quantify the equivalent dose at specific points within a radiation field (Pelliccioni, 2000).
The determination of this radiological protection operational quantity, expressed as
neutron ambient dose equivalent H*(10) constitutes the main objective of this study. In
addition, when constructing a new cyclotron site or adding a bunker to an existing
facility, license holders often face the challenge of choosing the most appropriate
technology for safety and production efficiency. Experimental studies, though available,
can be expensive and time-consuming. Therefore, Monte Carlo simulations are a valuable
tool for supporting safety assessments related to medical cyclotrons (Albiniak and
Wrzesien, 2020). Although various codes are available, such as FLUKA (Battistoni et al.,
2007; Battistoni et al., 2015; Bohlen et al., 2014; http://www.fluka.org/fluka.php), MCNP
(Briesmeister, 1986), MCNPX (Benavente et al., 2015), MCNP6 (Alloni and Prata, 2017)
and GEANT4 (Agostinelli et al., 2003). Not all of them are equally suitable for safety
assessments related to low-energy medical cyclotrons. FLUKA, for instance, offers
detailed models for low-energy neutron interactions, making it a strong candidate for
these evaluations. MCNP, on the other hand, is highly versatile but may require extensive
customisation for specific low-energy applications. GEANT4 is excellent for particle
tracking. But, it may not be optimised for neutron transport at low energies, making it
less efficient for these assessments. These differences underscore the importance of
selecting the right code based on the specific requirements of the safety assessment.
FLUKA is a well-validated Monte Carlo code, renowned for its effectiveness in
modelling complex radiation environments and predicting radiation doses accurately.
This is essential for safety assessments in medical and industrial applications. This makes
FLUKA a valuable tool for radiation protection and safety studies. However, the
accuracy of FLUKA predictions relies significantly on the precision of the optimised
input parameters, including geometric design, materials, and physics approximations.
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These predictions may be difficult to achieve through experimental or cost-effective
methods. Any inaccuracies in these inputs can lead to significant errors in the
simulations. While the comprehensive FLUKA manual provides detailed methods and
tool descriptions (cards) in a general manner, it does not offer specific examples as
found in the GEANT4 Monte Carlo code [Advanced Example STCyclotron (Albiniak
and Wrzesien, 2020)]. Therefore, developing a general, robust, and detailed input is
essential to conduct advanced simulations for tasks like radiation protection, safety report
preparation, commissioning, and site modelling or modification for the same cyclotron
facility rather than rebuilding from scratch (Briesmeister, 1986).

Over the past decade, many extensive studies have been conducted on the safety
management and dosimetry of cyclotrons site through both experiments (Infantino et al.,
2015a, 2016b; Albiniak and Wrzesien, 2020; Benavente et al., 2015) and Monte Carlo
calculations using FLUKA (Infantino et al., 2015a, 2015b, 2016a; Infantino, 2015) and
MCNP (Benavente et al., 2015; Alloni and Prata, 2017; Alloni et al., 2019). However,
few studies have focused on determining accuracy and uncertainty and the relative error
behaviour of detector positioning (Infantino et al., 2015a; Infantino, 2015). These studies
focus solely on optimising the detector size to achieve minimal uncertainty while
decreasing the FLUKA input run time. In this context, Infantino et al. (2015a) optimised
the physical and transport parameters to estimate the accurate ambient dose equivalent
H*(10) in four positions in the vault room around the TR19 PET cyclotron. An average
ratio of 0.99 + 0.07 between experimental measurements and simulations has been
obtained. However, the four measurement positions were around the degrader and
activation of the aquifer only.

This study also explores the relationship between the accuracy and uncertainty of the
detector’s positions, simulation time, and CPU cost. Our proposed approach addresses the
challenge in pure analogue simulations, where minimising uncertainty typically demands
significant computational resources. To our knowledge, the accuracy and uncertainty of
the neutron ambient dose equivalent H*(10) around medical cyclotrons, along with the
detailed design of the entire target, have not been previously studied using FLUKA or
other Monte Carlo codes. This work provides a more precise understanding of overall
radiation safety. It also enhances the visibility and impact of scientific research.

2 Materials and methods

2.1 Overview of IBA cyclotron geometry

The IBA Cyclone® 18 is renowned for delivering beam energies of 18 MeV for protons
and 9 MeV for deuterons. It operates with high beam currents, achieving 100 pA for
protons and 40 pA for deuterons. Its versatility is demonstrated by a dual extraction
system with eight ports, accommodating various applications (https://www.iba-
radiopharmasolutions.com/cyclotrons). The cyclotron accelerates protons within a
1.35 Tesla magnetic field. It weighs 25 tons with dimensions of 2 metres in diameter and
2.2 metres in height. It features a deep valley magnet made of low-carbon iron
(electromagnetic steel) and four legs constructed from stainless steel. The technical
design of the bunker with Portland concrete density of 2.35 g/cm? within a 4 m x 6 m
vault room (Riga et al., 2018; El Azzaoui et al., 2023). The bunker’s wall is designed for
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ease of construction and on-site decommissioning (International Atomic Energy Agency,
2009).

2.2 Study strategy

In this study, we focused on three cyclotron models: PETtrace (GE)
(https://www.gehealthcare.com), TR19 (ACSI) (http://www.advancedcyclotron.com/
cyclotron-solutions/tr19), and Cyclonel8 (IBA) (Table 1) (https://www.iba-
radiopharmasolutions.com/cyclotrons). All three are designed to produce Fluorine-18 by
directing a proton beam at a liquid target containing enriched water H>'30 (97%). The
detailed geometry of the IBA medical cyclotron has been developed to assess the neutron
ambient dose equivalent H*(10). This model includes an experimentally substantiated
and optimised detector for measuring the ambient equivalent dose H*(10). The IBA
developed model simulates a cyclotron generating protons with an energy of 18 MeV.
However, the PETtrace (GE) and the TR19 (ACSI) were chosen for their similarities to
the IBA cyclone®18 model to assess neutron fluence. Notably, the PETtrace cyclotron
incorporates a silver insert material related to that of the IBA cyclotron. It is used to
evaluate the total neutron fluency outside the target. Conversely, the TR19 cyclotron is
utilised to investigate the neutron energy fluence within the target solution. It leverages
its unique target insert materials. In addition, the analysis of the uncertainty and the
accuracy for analogue FLUKA computing was performed.

2.3 FLUKA setup

The FLUKA Monte Carlo code (version 2021.2.2) was employed to integrate the
geometry of IBACyclone®18 cyclotron model (Ferrari et al., 2005). Implemented in
FORTRAN, FLUKA Monte Carlo code installed on a high-performance Linux system
with specific hardware requirements (8Go of RAM, CPU 3.00 GHz, 64 bits and Core i5).
The code involved a meticulous process for defining geometric complexities, specifying
beam characteristics, and detailing material properties. Such a comprehensive approach
guarantees an accurate representation of the cyclotron model (Figure 1). Additionally, to
simplify the creation and edition of FLUKA input file, the FLAIR user-friendly graphical
interface version 2.3-0 was used (Vlachoudis, 2009).

The simulation input omits the internal structure of the IBA cyclotron and the
associated beamline components used in proton therapy. It concentrates instead on the
target design for FDG production (Stonina et al., 2014).

Two liquid targets are included: the large volume ‘LV’ target with a silver insert and
the Conical8 target with a niobium insert (Table 1).

The left part of Figure 2 provides detailed views of the LV silver insert. In
Figure 2(e), the LV target comprises four distinct areas, including the front silver insert
filled with 2 cm? of enriched water (H2'80) 97%, shown in lime green. The target body,
illustrated in green, along with the cooling water diffuser, is made of brass. The cooling
water, represented in blue, circulates beneath both the brass and silver inserts, playing an
essential role in maintaining optimal operating conditions. This design integrates
seamlessly with the broader framework of the IBACyclone®18 cyclotron, offering a
comprehensive understanding of its functionality and applications in radioisotope
production. Similarly, the right side of Figure 2 presents meticulously designed 3D and
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plan cross-sectional views of the Conical8 niobium insert target. Figure 2(f) illustrates the
various components of the target designed in FLUKA. Positioned at the end of the
collimator, the front of the target features a conical area with a niobium insert depicted in
purple, 1 mm thick and wider at the bottom (Alloni et al., 2019). The inner conical area
was filled with 2.27 cm?® of enriched water (H,'®0) 97%, highlighted in lime green,
representing the target solution, as described in Table 2. The outer body of the target
coloured in red, constructed from black anodised aluminium, contributes to the target’s
structural integrity. Cooling water shown in blue circulates between the cone insert and
the target body, which is important for maintaining optimal operating conditions.

Table 1 Composed materials used to model cyclotron facility

. .. Density
Material Composition (@/em’)
Concrete (1) Carbon (23%), silicon (12%), hydrogen (10%), oxygen (40%), 2.34

calcium (12%), magnesium (2%)
Concrete (2) Hydrogen (1%), oxygen (52.91%), magnesium (0.2%), silicon 2.3
(33.70%), calcium (4.4%), carbon (0.1%), sodium (1.6%),
aluminium (3.38%), potassium (1.3%), iron (1.4%)
Stainless-steel Chromium (18%), iron (74%), nickel (8%) 8
ICRUmat Oxygen (76.2%), hydrogen (10.1%), carbon (11.1%), nitrogen 1
(2.6%)
O 18 - 0.001429
Water 18 O _18 (1%) 1.1
Hydrogen (2%)

TarSol Water (3%) 1.1

Water 18 (97%)

Figure 1 Cyclotron design and shielded bunker, (a) technical drawing (b) FLUKA schematic
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Figure 2 Targets, (a) the back of the LV silver insert (b) the Conical8 niobium target (c) 3D view
of the LV silver target in Flair (d) 3D view of the conical target in Flair, (e, f) plan cuts
of the LV silver and Conical8 targets in Flair (see online version for colours)

Y A b

2.4 Input structure description

The developed input for simulation contains six main parts: beam, geometry, materials,
physics, transport and scoring. The beam and BEAMPOS cards were used to define the
proton beam characteristics. A Gaussian distribution of proton beam is predominantly
utilised with a maximum energy of 18 MeV and intensity of 100 pA along the horizontal
direction of the acceleration (z-axis) with the width in the x direction measured at
0.216 cm (FWHM), and the width in the y direction at 0.301 cm (Tamburella and Giles,
2008). The geometry part includes cards that detailed the cyclotron facility compositions
divided into various regions assigned to the corresponding material (Table 1). To perform
our experiment two targets conical and cylindrical were modelled as described in
Section 2.3. Physics card specifies the physics models and particle transport settings.
COALESCE and EVAPORAT physics cards were used for the activation of coalescence
mechanism and the evaporation of heavy fragments respectively. The scoring cards are
customised to measure specific quantities such as fluence distribution, neutron ambient
equivalent dose H*(10), fluencies of proton, neutron and photon. The neutron ambient
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equivalent dose was estimated utilising the USRBIN card (X-Y-Z Cartesian and region
scoring) with the AUXSCORE card allowing the association between the estimator and
the conversion factors (Table 2). In addition, the USRTRACK card was used to estimate
the fluence distribution for neutron, photon, and proton particles. Three transport cards
were involved in our simulations which are: RADDECAY used to simulate the
radioactive decays, IRRPROFI used to establish an irradiation profile for calculations
related to radioactive decay, and DCYTIMES which specifies decay times for the
evaluation of radioactive product yields.

Table 2 Scoring and transport cards
Metrics Scoring cards Transport cards Supplement cards
Fluence (proton, USRTRACK (linear) None None
neutron and photon)
Fluence distribution USRBIN (Cartesian) None None
Ambient dose USRBIN (region) None AUXSCORE
equivalent H*(10)

(neutron and photon)

Figure 3 Detectors positioning around the IBA Cyclone®18 (see online version for colours)

Following the guidelines outlined in ICRU Report 43 (ICRU, n.d.), the original ICRU
sphere was utilised as a reference to estimate the neutron ambient equivalent dose
H*(10). This sphere represents tissue with a diameter equivalent to 30 cm, where the
ambient dose is measured at a depth (d) of 10 mm for the whole body. However, in this
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study to estimate the neutron ambient equivalent dose in the IBA cyclotron facility, we
modelled the detector as a sphere that contains another sphere (Figure 3). The inner
sphere was designated as a scoring region, and the radius of the detector volume was
optimised with an agreement to experimental data (Alloni and Prata, 2017). To optimise
the detector radius, 36 detectors, designed following ICRU recommendations and filled
with ICRUmat material as outlined in Table 1, were utilised. The detectors were
positioned 50 cm from the outer surface of the cyclotron along the middle plane and the
beam axis, with placements made at every 10° intervals. The detector positioned at the
proton beam axis was designated as the 0° position, while the azimuth angle varied
according to the compass direction from which the proton beam originated. The central
position geometry of the detector is illustrated in Figure 3.

2.5 Uncertainty assessment

Effectively handling uncertainty, accuracy, and CPU cost is pivotal in simulation strategy
to yield reliable results that align with experimental data. The accuracy of the simulation
largely hinges on the detector design and material selection, which are closely
intertwined with experimental data. Striking a balance to achieve the lowest CPU cost
without compromising accuracy is a key consideration in this study. A targeted
uncertainty level below 10% was deemed satisfactory as is customary in Monte Carlo
simulation for achieving convergence (Marco, 2016). However, attaining the ultimate
accuracy for the ambient equivalent dose H*(10) necessitates running multiple iterations
to fine-tune the detector size. The initial phases of this benchmark study were executed
on a standard computer with performance as mentioned in Section 2.3. Subsequently,
upon completion of the design and time estimation phases, an Amazon Elastic Compute
Could (EC2) with 16 cores and 32 GB RAM was employed to improve computational
efficiency, coping with the growing simulation complexity. This optimisation strategy
ensures a prudent equilibrium between achieving accurate results and efficiently
managing computational resources.

3 Results and discussion

3.1 Input testing

In order to evaluate the developed input, first USRBIN cards in Cartesian scoring
(X-Y-Z) were employed to estimate the proton flux in both LV and Conical8 targets
(Figure 4). This estimation aims to verify the precise targeting of the proton beam onto
the solution at the designated position. This step ensures alignment accuracy and
safeguards against misalignments that could impact the simulation results later. The
proton beam, represented in striking black and red hues, was effectively simulated using
the FLUKA code, as illustrated in Figure 4.

In the second step of input testing, the simulation entails evaluating the neutron yield
spectrum and comparing the outcomes with those from other cyclotrons, notably TR19
(ACSI) and PETtrace (GE). The trends in neutron fluence both inside and outside the LV
target are analysed for the IBA Cyclone®18, and their consistency with other cyclotrons
is observed (Figure 5). The results affirm that the FLUKA model yields reliable
assessments of neutron fluence comparing to data from (Infantino, 2015).
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Figure 4 Proton beam alignment, (a) the LV silver target (b) the Conical8 niobium target
(see online version for colours)
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3.2 Neutron ambient equivalent dose using large volume target

3.2.1 Optimisation of detector volume

Once the FLUKA input is verified, we have opted to estimate the neutron equivalent dose
H*(10). The simulation was conducted under the same conditions as experiments carried
out at the cyclotron 18/9 MeV with the LV silver target at the Flucis facility (IBA). The
neutron dose was estimated at 36 positions within the cyclotron vault room using an
adapted ICRU sphere introduced in Section 2.3. The modified ICRU sphere volume
undergoes validation via FLUKA simulations and experimental measurements (Alloni
and Prata, 2017), by assessing various detector radii (Ro = 0.35 cm, R; = 0.40 cm, R, =
0.42 cm, R3 = 0.45 cm, R4 = 0.50 cm). The analysis revealed that a detector radius of
R, = 0.42 cm is optimal for the neutron ambient equivalent dose calculations (Figure 6).
A good agreement between neutron ambient equivalent dose H*(10) obtained using
FLUKA with the adjusted ICRU sphere and experimental measurements with a mean
difference values of less than 10%.

Figure 6 Optimisation of detector radii for the neutron ambient equivalent dose calculation
(see online version for colours)
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The adjusted ICRU sphere is deemed verified for calculating neutron ambient equivalent
dose H*(10) at any position within the cyclotron vault room. Since, the developed input
has been verified and tested as described above, it can now be used with the Conical8
target.

3.2.2 Neutron ambient equivalent dose using Conical8 target

Now the detector volume is optimised, it is applied to estimate the neutron ambient
equivalent dose H*(10) with the Conical8 target. Therefore, a thorough comparison
between the LV silver target and Conical8 niobium target is conducted, considering
angular neutron ambient equivalent dose H*(10) in the vault room. The marginal increase
in neutron fluence in the cyclotron vault, as depicted in Figure 7, translates into variations
in H*(10). Specifically, the detector at 10° received an additional 100 mSv/h.pA from the
Conical8 target compared to the LV target. Moreover, the detector at 0° still experienced
an additional 50 mSv/h.uA from the LV target. This phenomenon is attributed to the
fluctuations in neutron fluence distribution across energy and space. The target solution
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volumes in LV and Conical8 are 2 ml and 2.27 ml, respectively. Notably, the Conical8
target possesses a larger volume of enriched water, potentially leading to a higher
occurrence of '8O(p, n)!$F reactions.

Figure 7 Assessment of neutron ambient equivalent dose around the cyclotron for LV and
Conical8 targets (see online version for colours)

700 A

i
i

Fluka LV
Fluka conical8
600 +

500 -

Neutron equivalent dose H¥(10) [mSv/h.pA]

-

sssssssssns®

T T T
=50 0 50 100 150

Azimuth angle [°]

T T
=150 =100

Figure 8 Comparison of neutron fluence in LV and conical8 targets: (a) The neutron fluence in
the target solution, (b) The neutron fluence in the vault room
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3.3 Neutron fluence distribution

The neutron fluence distribution was compared for the LV silver target and Conical8 in
two distinct manners: in the target solution [Figure 8(a)], and in the vault room
[Figure 8(b)]. The results reveal variations in neutron fluence distribution due to
disparities in target volumes and reaction probabilities. This disparity arises from the fact
that the cross-sectional area of the conically shaped niobium inserts diminishes from the
interior to the exterior. Consequently, certain proton beams have a lower probability of
interaction within the filled volume of the target. For thermal neutrons, the total neutron
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fluence for two targets remains similar [Figure 8(b)]. Nonetheless, a slight difference is
apparent around 1 MeV. The fluence of the Conical§ target slightly exceeds that of the
LV target. This variation in total fluence inside and outside the target is attributed to the
attenuation factors of the two targets. As noted in various studies (Infantino et al., 2015a,
2015b, 2016a, 201b; Infantino, 2015), the trends and peak flux exhibit a decrease.

3.4 Evaluation of uncertainty

The uncertainty in the simulation is influenced by the position and volume of the detector
as shown in Figure 9. Greater distance from the signal source necessitates more
computational power and time to achieve the same level of uncertainty. Changes in
detector volume led to decreased accuracy, underscoring the importance of experimental
verification to establish the credibility of simulations. The uncertainty in the estimation of
neutron ambient equivalent dose H*(10) depends on the detector volume, the number of
simulated primaries, and the distance from the target. Larger detector volumes require
fewer primaries to achieve the same level of uncertainty, thus reducing simulation time.
Regarding neutron ambient dose equivalent [Figures 9(a) and 9(b)] for LV and Conical8
targets respectively, the relative error of all H*(10) estimation around the cyclotron
remains below 10%. The distribution exhibits a convex pattern, with the lowest value
observed in the 10° detector. The proximity of the detector to the target corresponds to a
decrease in the relative error.

Figure 9 The angular distribution of relative error percentage for H*(10) estimation in detectors
for: (a) the LV target, (b) the Conical8 target (see online version for colours)
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The conducted simulation for 2 days and 15 hours, demonstrates relative errors below
0.1% for neutron fluence [Figure 10(b)] and less than 10% for neutron ambient dose
equivalent [Figures 9(a) and 9(b)] around the cyclotron. As illustrated in Figure 10(b), for
neutron energies above 0.01 eV (10® MeV), the relative error of the total neutron fluence
remains below 0.1% within the two-target solutions: LV and Conical8 targets. At the
boundary of the neutron energy region below 0.01 eV and near 20 MeV, the uncertainty
peaks [Figures 10(c) and 10(d)], while between these two points, the uncertainty
diminishes to less than 0.1%. This delineates a specific range where a given total neutron
fluence is considered reliable and accurate.
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Figure 10  The relative error percentage in both targets: (a) and (c) the fluencies inside and
outside the LV target; (b) and (d) The fluencies inside and outside the Conical8
(see online version for colours)
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3.5 Limitation

The main constraint in Monte Carlo simulations is runtime, requiring substantial
computational resources to minimise runtime and produce results with decreased
uncertainty. This input highlights that detectors situated further from the radiation source
demand longer runtime or additional CPU resources for parallel simulations to attain
acceptable uncertainty levels. It underscores that as the distance from the radiation source
expands, so does the uncertainty, emphasising the need for careful consideration and
allocation of computational resources for efficient simulations.

4 Conclusions and future perspective

A comprehensive design of the IBA Cyclone®18 cyclotron was carefully developed in
FLUKA Monte Carlo and subjected to thorough verification and testing processes. This
input is an accurate and precise tool for dosimetry studies, particularly for computing
neutron fluence in both liquid targets for Fluorine-18 production and the cyclotron air
volume, including the vault room. Additionally, it calculates the neutron ambient dose
equivalent H*(10) in the vault room, with uncertainty dependent on detector location.
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The developed input includes a reliable detector model based on the ICRU sphere,
capable of measuring neutron ambient dose equivalent H*(10) several positions in the
vault room. Uncertainties related to detector positions were assessed, along with an
evaluation of the computing detrimental effects of radiation required to maintain them
within acceptable limits. Achieving greater precision requires additional computational
time or CPUs. Future investigations will explore biasing techniques in FLUKA to reduce
simulation time, enhance dosimetry measurement aspects, and improve radiation
protection in proton cyclotrons.
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