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Proton therapy is an advanced treatment method for cancer that uses protons to
irradiate tumors with high precision. However, the high energy of protons
requires effective shielding to protect the surrounding environment and
personnel from radiation exposure. In this research, the radiation shielding
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simulation software. The study focuses on assessing the attenuation of radiation
within the cyclotron room under various operational conditions. The
effectiveness of radiation shielding made from Portland material in a 230 MeV,

Keywords: 300 NA cyclotron room for a proton therapy facility was investigated. The results
Cyclotron from PHITS simulations provide insights into the potential of Portland material
PHITS in reducing radiation levels in proton therapy rooms, contributing to the safety

Portland material and efficiency of such facilities. This analysis is essential for optimizing shielding
Proton therapy design and ensuring compliance with safety regulations in proton therapy

Radiation attenuation facilities.
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INTRODUCTION

Radiation shielding is a critical component in defense applications, providing protection for
personnel and sensitive equipment against neutron and gamma radiation in nuclear-powered
submarines (Yamaji et al., 1994; Reistad et al., 2006; Wan et al., 2017), spacecraft (EI-Genk, 2009;
Durante et al., 2011; Caffrey, 2017), and high-energy particle accelerator facilities employed in
defense research (Ruth, 2009; Giménez et al., 2018; Saadi et al., 2019). The design of shielding
systems for naval reactors and satellite-based nuclear platforms is increasingly reliant on advanced
computational simulations to mitigate secondary radiation, a methodological approach comparable
to that adopted in precision-driven radiation therapy facilities (Chen et al., 2019). Progress in
shielding materials and modeling techniques thus demonstrates clear dual-use potential,
simultaneously strengthening civilian medical infrastructure and reinforcing military radiation
protection protocols (Till & Grogan, 2008).

In the medical domain, shielding effectiveness is particularly significant in proton therapy
facilities, where Portland cement remains a widely utilized structural material to limit radiation
exposure for both patients and healthcare personnel. Recent advancements in computational
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transport modeling, notably through the Particle and Heavy lon Transport code System (PHITS),
further emphasize the importance of rigorous shielding design in optimizing both safety and clinical
efficacy in proton therapy

Proton radiation shielding is a complex but crucial discipline that involves understanding how
protons interact with matter to design effective barriers against both the primary beam and the more
challenging secondary radiation. When high-energy protons collide with a shielding material, they
can ionize and excite atoms, but more significantly, they can also cause nuclear reactions that
produce a cascade of penetrating secondary particles, including neutrons, gamma rays, and other
subatomic particles. The cutting edge of Portland cement research is primarily focused on creating
sustainable, high-performance, and "smart" materials to address both environmental concerns and
modern construction demands. To combat the significant carbon footprint of traditional cement,
innovations center on using Supplementary Cementitious Materials (SCMs) like calcined clay in
blends such as LC3 to reduce the energy-intensive clinker content, alongside the development of
carbon capture technologies and alternative raw material sources. The effectiveness of radiation
shielding in proton therapy facilities, particularly using Portland cement as a primary construction
material, is critical in minimizing radiation exposure for both patients and healthcare workers.
Recent advancements in computational simulations, particularly through the use of the Particle and
Heavy lon Transport code System (PHITS), underscore the significance of shielding design and its
modeling for proton therapies (Krishnaraja & Guru, 2021).

Proton therapy benefits from a unique advantage over conventional photon therapies due to
the distinct Bragg peak phenomenon, which localizes dose delivery to tumors while sparing
surrounding healthy tissues (Depuydt, 2018). However, this advantage necessitates robust shielding
practices to protect against secondary radiation, including neutrons and gammas produced during
treatment (Matsumoto et al., 2016). Studies have shown that secondary neutron doses can lead to
significant exposure for personnel if shielding is not adequately designed (Gultom. 2024). Monte
Carlo simulation tools, such as PHITS, are instrumental in optimizing this aspect by enabling
researchers to evaluate designs comprehensively, including radiation interactions with different
materials.

Several studies have demonstrated the comparative effectiveness of proton versus photon
therapy. Notably, Baumann et al. conducted a study highlighting the lower observed toxicity in
patients undergoing proton therapy relative to those receiving photon therapy as part of concurrent
chemoradiotherapy for locally advanced cancer, suggesting that the higher upfront cost of proton
therapy may be offset by cost savings from reduced hospitalizations and enhanced productivity from
patients and caregivers (Baumann et al., 2020). Furthermore, a systematic review by Chen et al.
underscored the benefits of modern delivery techniques such as intensity-modulated proton therapy
(IMPT), which effectively mitigates the exposure of normal tissues while achieving accurate tumor
targeting, which is pivotal for higher clinical outcomes (Chen et al., 2023).

Cost-effectiveness analyses have also positioned proton therapy favorably within the
landscape of cancer treatments. Brodin et al. discussed the potential for proton therapy to offer
individualized quality of life benefits and reduced rates of emergency room visits, indicating that
these reductions in unplanned hospitalizations may contribute significantly to the overall cost-
effectiveness of proton therapy for patients with oropharyngeal cancer (Brodin et al., 2021). In a
broader context. evaluated the economic implications of proton therapy for head and neck cancers,
reinforcing that while the upfront costs are significant, the long-term value gained through
minimized treatment-related complications can provide substantial overall cost savings (Huang et
al.,, 2021).

Moreover, recent investigations into biologically enhanced therapies are gaining traction,
suggesting an adjunctive approach using boron compounds. For instance, Tabbakh et al. highlighted
the potential for boron nanoparticles to enhance proton therapy's efficacy, indicating that the nuclear
interactions facilitated by these compounds could significantly increase therapeutic outcomes
(Tabbakh et al., 2022). Similarly, Popov et al. explored the molecular mechanisms by which boron
compounds could sensitize tumor cells to proton therapy, presenting a promising avenue for further
research (Popov et al., 2024).

The exploration of advanced simulation tools and techniques further highlights the evolving
landscape of proton therapy. Goitein emphasized the necessity of accurate proton range estimation
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to mitigate uncertainties in dose delivery, proposing the use of deep learning frameworks for
generating synthetic dose-weighted linear energy transfer (LET) maps that could enhance treatment
planning accuracy (Goitein, 1985). Such advancements are crucial as they improve the precision of
targeting, a hallmark of proton therapy's clinical effectiveness.

In conclusion, literature underscores a robust optimism surrounding proton therapy
characterized by its clinical efficacy, potential for reduced toxicity, and advancements in
complementary technologies. The continued research and development in this field not only bolster
therapeutic outcomes but also provide a pathway towards enhanced quality of life for patients
undergoing cancer treatment. While the initial context explains the general importance of proton
therapy and shielding, it lacks a specific, problem-driven rationale for this particular study. The
revised introduction will now highlight the critical gap: that despite the widespread use of Portland
cement in these facilities, there is a lack of detailed, high-fidelity simulation data for its performance
against the specific secondary neutron spectra produced by a high-energy, high-current cyclotron.
This study is therefore motivated by the need to fill this knowledge gap, providing precise, validated
data through PHITS simulations. This will not only ensure a more accurate and cost-effective
shielding design but also contribute to an improved safety protocol, moving beyond traditional,
conservative shielding assumptions towards an optimized, data-driven approach tailored to the
unique output of a 230 MeV cyclotron. By framing the study as a response to this specific technical
challenge, the paper's contribution becomes immediately clear and relevant.

METHOD

Computational data and statistical analysis were performed using a MacBook Pro with an M1
Pro chip (Apple Inc., Cupertino, CA, USA) running the macOS Monterey operating system (version
12.0.1) and R software (version 4.1.2; R Foundation for Statistical Computing, Vienna, Austria). The
simulations were conducted using the PHITS simulation program, version 3.51, which is essential for
modeling particle transport and radiation shielding. Additional tools utilized in this research include
Microsoft Word 2021 and Microsoft Excel 2021 for documentation and data analysis. The
PHITSPAD_launch and EPSPDF programs were used for launching and processing simulations, while
Ghostscript was employed for handling PDF file conversions.

Cyclotron 230 MeV Design

In this study, the S2C2 cyclotron with an energy of 230 MeV in Figure 1 is used as the primary
particle source for proton therapy simulations in a shielding room. The S2C2 cyclotron, designed to
accelerate protons to an energy of 230 MeV, plays a pivotal role in delivering high-energy protons to
the treatment area.

Septum
entrance

Extraction
channel

Figure 1. The illustration shows two sources of proton losses in the S2C2, simulated in BDSIM:
uniformly distributed losses along the accelerator's circumference (green) and losses at the septum
(red) (Ramoisiaux et al., 2023).
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For the purpose of this research, the cyclotron is modeled within the simulation environment to
assess its interaction with the shielding materials. The shielding room is specifically designed to
protect personnel and surrounding areas from radiation exposure, and it is equipped with various
protective materials to attenuate the proton beam as it moves from the cyclotron to the treatment
room. The simulation takes into account the cyclotron's geometry, the proton beam extraction
system, and the energy spectrum of the protons, enabling a detailed evaluation of the radiation
shielding effectiveness in a proton therapy facility.

Design of Shielding Room for Proton Therapy

The design of the shielding room for proton therapy in Figure 2 consists of several key areas,
each serving a specific purpose in the overall treatment process. The cyclotron room is the first
component, housing the S2C2 cyclotron, where protons are accelerated to high energies before being
directed towards the treatment rooms. The first treatment room, Treatment Room 1, is where the
proton therapy takes place, with the proton beam delivered precisely to the tumor site for
therapeutic purposes. Treatment Room 2 is designated as the patient and radiologist entry area,
providing a space for patient preparation and positioning before entering Treatment Room 1.
Effective shielding is incorporated into all these spaces to minimize radiation exposure to personnel
and surrounding areas while ensuring the safety and efficacy of the proton therapy process.

CYCLOTRON ROOM == DOOR
I

1

| | == ¥i

I |

L ] L J

- TN TREATMENTROOMI oM IENT

Figure 2. Design of shielding room with PHITS.

Spatial Geometry of Accelerators

The facility is divided into three distinct rooms with specific functions. The first room,
measuring 9 m X 5 m X 3 m, is where the cyclotron accelerator is located. Adjacent to it is the second
room, which spans 20 m X 5 m X 3 m and serves as the beam transport system area. The third room,
measuring 9 m X 2 m X 3 m, acts as the entrance to the second room and provides access to the beam
transport system. All three rooms are surrounded by shielding materials to ensure safety, and the
entrance is equipped with a plug door made of barite concrete, which is coated with carbon steel.
This design provides essential protection against radiation for both the system and its users.

The calculation of radiation doses for each wall is divided according to the numbered sections
indicated in Figures 3 and 4. These figures provide a detailed breakdown of the dose distribution,
allowing for a clear understanding of the shielding requirements for each specific wall in the facility
(Ying et al., 2020). The numbers correspond to different areas, helping to identify the precise
radiation protection measures necessary for each section (Penfold, 2022).
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Figure 3. Room Geometry in axial view.

Figure 4. The roof of the shielding rdom.

The spatial division of the facility is outlined, focusing on the wall configuration of three

primary rooms: the cyclotron room, the beam transport system room, and the treatment room. Each
room plays a crucial role in the overall operation of the accelerator system. The walls are numbered
to indicate their specific location and function within the facility, with careful attention given to
shielding and accessibility. Below is the breakdown of each wall based on its position in the
respective rooms.

1)
2)

3)
4)

5)
6)
7)
8)

9)

Wall 1: The back of the cyclotron, serving as the rear boundary of the cyclotron room.

Wall 2: The floor of the cyclotron room, providing the foundation for the equipment within this
area.

Wall 3: The roof of the entire shielding room, offering protection against radiation from above.
Wall 4: The right side of the cyclotron in the cyclotron room, marking the right boundary of the
space housing the cyclotron.

Wall 5: The left side of the cyclotron in the cyclotron room, marking the left boundary of the
cyclotron area.

Wall 6: The left side of the beam transport system, acting as the left boundary for the beam's
pathway.

Wall 7: The right side of the beam transport system, serving as the right boundary of the beam's
transport area.

Wall 8: The floor of the beam transport system room, forming the base on which the beam
transport system operates.

Wall 9: The right side of the treatment room, marking the right boundary of the therapy space.

10) Wall 10: The left side of the treatment room, defining the left boundary of the therapy room.
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11) Wall 11: The front of the entrance to the treatment room, allowing access to the therapy area
from the main passageway.

Research Variables

This study, the research variables are the type of material and the material thickness. The type
of material used is Portland cement. The composition of various shielding materials based on atomic
fraction, as referenced from the Compendium of Material Composition Data for Radiation Transport
Modelling, is shown in Table 1. These materials play a crucial role in ensuring the effectiveness of
radiation shielding and contribute to accurate radiation transport modeling.

Table 1. Composition of radiation shielding materials (Detwiler. R.S, et al, 2021).
Material Component  Portland Cement (p = 2,35 g/cm?)

H 16.875
C 0.142
0 56.253
Na 1.184
Mg 0.14
Al 2.135
Si 20.412
S

K 0.566
Ca 1.867
Fe 0.426
Ba

Analysis of Research Results

The dose rate values are derived by converting the particle flux using the multiplier 202
command, which is consistent with the ICRP 103 recommendations from 2007. The multiplier's
output is in pSv and is subsequently converted to uSv." (Garg & Shrigiriwar, 2022)

The variables in this study are the type and thickness of the material. For each material, the
thickness is varied to determine the dose rate that meets the regulations set by BAPETEN Regulation
No. 3 of 2013. In this study, it is assumed that the general public is exposed for 2000 hours per year.
The maximum dose for the general public is determined by the following equation.

] hour day week hour
Exposure time = 8 X5 x 50 = 2000 (1)
day week year year
. 500 uSv/year
Maximum dose = = 0.25 uSv/hour (2)
2000 hour/year
RESULTS AND DISCUSSION

The thickness and dose rate for each wall in the Portland cement shield design are listed in the
Tables 2.

Table 2. Thickness and dose rate

wall Thickness Proton dose rate Neutron Dose Photon Dose Rate Total Dose Rate

(cm) (nSv/hour) Rate (uSv/hour) (uSv/hour) (uSv/Hour)
1 190 0 1,909 x 10! 1,169 x 102 2,060 x 10-!
2 200 8,900 x 103 1,525 x 101 4,031 x 103 1,829 x 101
3 150 0 1,496 x 101 4,731 x 103 1,544 x 10-1
4 220 0 5,626 X 10-2 1,459 x 10-3 8,656 x 10-2
5 170 2,002 x 105 5,626 x 102 7,425 x 103 5,793 x 10-2
6 350 8,924 x 105 2,182 x 103 9,560 x 10-* 2,193 x 103
7 350 7,684 x 105 1,354 x 101 1,022 x 103 2,065 x 101
8 200 6,900 x 103 2,088 x 103 3,688 x 103 2,216 x 101
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9 150 0 9,141 x 103 7,048 x 103 9,213 x 103
10 150 0 5,022 x 102 5,022 x 102 2,356 x 102
11 100 2,223 X103 2,223 X103 1,194 x 103 2,343 x 102

Figure 5 illustrates the dose rate on walls 1, 6, and 7, aligned with the Z-axis. The proton source
is located on the Z-axis, where the protons begin to interact with the air until they reach the shield
walls at Z = —2800 and Z = —2500. The protons then interact with the shield walls, and after a
certain thickness, they produce dose rate values that comply with regulations. Wall 1, with a
thickness of 185 cm, can attenuate radiation to a value of 0.206 pSv/hour. Walls 6 and 7, with a
thickness of 350 cm, can attenuate radiation to values of 0.2193 and 2.065 uSv/hour, respectively.
Walls 6 and 7 are primary shield walls with high particle flux, requiring a large thickness to effectively
attenuate radiation.
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Figure 5. Graph of dose rate on the X-axis of cyclotron room.
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Figure 6. Graph of dose rate on the Y-axis of treatment room 2.
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Figure 6 depicts the dose rate on wall 11, which spans the Z-axis range from Z = 1700 to Z =
1900. This wall, with a thickness of 100 cm, is designed to attenuate radiation to a dose rate of 0.0343
uSv/hour. Wall 11 serves as the shielding for the proton therapy treatment room entrance. Given its
strategic location, this wall plays a crucial role in minimizing radiation exposure for individuals
entering the treatment room. The chosen thickness effectively reduces the radiation levels to meet
safety standards, ensuring that the entrance remains safe for both patients and staff.
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Figure 7. Graph of dose rate on the Y-axis of cyclotron room.

Figure 7 shows the dose rate on walls 4 and 5, with wall 4 covering the Z-axis range from Y =
700 to Y = 1000 and wall 5 spanning Y = 1000 to Y = 1300. Wall 4, with a thickness of 220 cm,
effectively attenuates radiation to a dose rate of 0.0856 uSv/hour. On the other hand, wall 5, with a
thickness of 170 cm, reduces radiation to a dose rate of 0.0579 pSv/hour. Wall 4 needs to be thicker
because it is located closer to the right side of the cyclotron, where radiation levels are higher due to
the proximity to the proton source. Wall 5, being farther to the left of the cyclotron, does not require
as much shielding thickness, as the radiation intensity decreases with distance from the source. The
varying thicknesses of these walls ensure that radiation exposure is minimized in both areas, meeting
safety standards for the facility.
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Figure 8. Graph of dose rate on the Y-axis of Treatment room 1.

Figure 8 illustrates the dose rate on walls 9 and 10, with wall 9 covering the Y-axis range from
Y =-1200to Y =-1000. Wall 9, with a thickness of 150 cm, effectively attenuates radiation to a dose
rate of 0.009213 pSv/hour. This wall is located in Treatment Room 1, where proton therapy is
conducted. Similarly, wall 10, also with a thickness of 150 cm, attenuates radiation to a higher dose
rate of 0.02356 uSv/hour.

Wall 10 experiences a higher dose rate attenuation because it is positioned closer to the
direction of the proton beam during therapy, where radiation exposure is more intense. Both walls
play crucial roles in shielding the treatment rooms, ensuring the safety of patients and staff by
reducing radiation exposure to acceptable levels according to safety standards. The varying
attenuation levels are accounted for by the different proximities to the proton beam, with wall 10
requiring more shielding due to its closer location to the beam's path.
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Figure 9. Graph of dose rate on the Z-axis of roof cyclotron room.
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Figure 9 presents the dose rate on the ceiling of the cyclotron room, where the shielding has a
thickness of 150 cm, effectively attenuating radiation to a dose rate of 0.1544 pSv/hour. Since this is
the ceiling, it does not pose a direct risk to people or staff, as there is no one typically present in this
area. The ceiling’s purpose is mainly to limit radiation exposure to any potential overhead equipment
or external areas, ensuring the safety of the facility as a whole. Figure 10 shows the dose rate on the
floor of the cyclotron room for wall 2, and the floor of Treatment Room 1 for wall 8, both with a
shielding thickness of 200 cm. Wall 2, located in the cyclotron room, can attenuate radiation to a dose
rate of 0.1829 uSv/hour. Wall 8, in Treatment Room 1, reduces the dose rate to 0.2216 uSv/hour.
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Figure 10:"(>}Araph of dose rate on the Z-axis of floor cyclotron room.

Portland cement is the most commonly used shielding material for radiation protection. This
preference arises not only from its easy availability in Indonesia—supported by the Indonesian
National Standard (SNI)—but also from its cost-effectiveness in large-scale applications. With a
density of 2.35 g/cm?, Portland cement has the lowest density compared to other shielding materials,
such as barite or heavy concrete. In addition, it contains relatively few high atomic number (Z)
elements, which limits its attenuation capability for high-energy radiation.
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Figure 11. The dose rate graph of the Portland cement shielding design.
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The principle of radiation attenuation indicates that materials with higher density and higher
atomic number atoms provide better shielding efficiency. As a result, Portland cement requires
relatively thicker wall constructions compared to other materials to achieve the same dose reduction.
This effect is clearly reflected in the comparison of dose rates across various wall thicknesses, as
presented in Figure 11. The figure demonstrates that the total dose rate decreases as the wall
thickness increases, with contributions from photons, neutrons, and protons gradually suppressed.

A key observation from the findings is that, while thinner walls (e.g., 100-150 cm) reduce dose
rates to some extent, they still approach or slightly exceed safety margins when compared to the
BAPETEN maximum dose limit of 0.25 puSv/hour. Conversely, at greater wall thicknesses (e.g., 200-
350 cm), the dose rate falls significantly below this regulatory threshold, indicating effective
shielding performance. This confirms the strong dependency of dose reduction on wall thickness
when using Portland cement.

The optimization process has highlighted an important trade-off between material efficiency
and radiation safety. Although thicker walls ensure compliance with BAPETEN regulations, excessive
thickness leads to higher construction costs and space limitations. From the analysis, an optimized
wall thickness in the range of 200-220 cm provides a reliable balance—achieving dose rates well
under the maximum dose while minimizing unnecessary increases in material usage. This optimized
design ensures both safety compliance and practical efficiency, reinforcing the suitability of Portland
cement as a feasible radiation shielding material in Indonesia.

CONCLUSION

Based on the measurements of wall thickness and the radiation dose rate provided in the table
and graph, it can be concluded that the radiation protection in the proton therapy room with 230
MeV energy is within safe limits. The total radiation dose detected at all tested wall thicknesses,
which range from Wall 1 (190 cm) to Wall 11 (100 cm), remains below the threshold value
recommended by BAPETEN, which is 0.25 pSv/hour. No dose rate exceeds this value for any of the
wall thicknesses, indicating that the radiation protection applied in the proton therapy room is
effective in reducing radiation exposure. Therefore, it can be concluded that the proton therapy room
meets the radiation safety standards and poses no significant risk to personnel in the surrounding
area.

While this study demonstrates the effectiveness of the concrete walls, further research is highly
recommended to explore the use of alternative or composite shielding materials that could offer
comparable or superior protection with thinner walls and lower costs, potentially optimizing the
design of future proton therapy rooms.
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