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Purpose: The neutron shielding properties of the concrete structures of a proposed
proton therapy facility were evaluated with help of the Monte Carlo technique. The
planned facility’s design omits the typical maze-structured entrances to the treatment
rooms to facilitate more efficient access and, instead, proposes the use of massive
concrete/steel doors. Furthermore, straight conduits in the treatment room walls were
used in the design of the facility, necessitating a detailed investigation of the neutron
radiation outside the rooms to determine if the design can be applied without violating
existing radiation protection regulations. This study was performed to investigate
whether the operation of a proton therapy unit using such a facility design will be in
compliance with radiation protection requirements.

Methods: A detailed model of the planned proton therapy expansion project of the
University of Texas, M. D. Anderson Cancer Center in Houston, Texas, was produced to
simulate secondary neutron production from clinical proton beams using the MCNPX
Monte Carlo radiation transport code. Neutron spectral fluences were collected at
locations of interest and converted to ambient dose equivalents using an in-house code
based on fluence to dose-conversion factors provided by the International Commission
on Radiological Protection.

Results and Conclusions: At all investigated locations of interest, the ambient dose
equivalent values were below the occupational dose limits and the dose limits for
individual members of the public. The impact of straight conduits was negligible because
their location and orientation were such that no line of sight to the neutron sources (ie,
the isocenter locations) was established. Finally, the treatment room doors were
specially designed to provide spatial efficiency and, compared with traditional maze
designs, showed that while it would be possible to achieve a lower neutron ambient dose
equivalent with a maze, the increased spatial (and financial) requirements may offset this
advantage.

Keywords: neutron shielding; proton therapy; Monte Carlo study

Introduction

The erection of a new proton therapy facility warrants a thorough investigation of the
shielding against unwanted exposure of workers and members of the public inside and
outside the facility. In a proton therapy facility, the nuclei of hydrogen (protons) are
accelerated to kinetic energies up to 230 MeV to allow the particles to penetrate deep
into a patient’s tissue and reach the target volume to sterilize cancer cells. However, not
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all protons that are being accelerated reach the target; a sizable fraction collides with various materials of the accelerator
and the beam transport system. All of the protons that are colliding with matter have a finite probability to interact with
molecules of the material they traverse. Finally, the protons that reach the target react with the molecules of the patient’s
tissue. The 2 main reaction channels open to protons traversing matter are ionization and, to a smaller degree, nuclear
reactions. Nuclear reactions may be further distinguished into elastic and inelastic reactions. Inelastic nuclear reactions are
again divided into direct reactions, when a primary proton directly knocks out 1 or more particles from the target nucleus,
and indirect reactions, where the proton is absorbed by a target nucleus that subsequently emits 1 or more particles from the
so-called compound nucleus. Direct and indirect inelastic reactions of protons in any material lead to the emission of
secondary neutrons (and to a lesser degree other charged particles, such as secondary protons, alphas, or heavier
fragments of the target nuclei). Neutrons are known to be a health hazard, having a large relative biological effectiveness [1,
2], and because of their charge neutrality they are notoriously difficult to control. The main method to reduce the risk of
neutron exposure is to slow the neutrons down to thermal energies and allow them to be absorbed by nuclei in the shielding
material (eg, concrete, iron, steel). The most efficient energy transfer takes place between neutrons and light nuclei, which
makes concrete an efficient radiation barrier because of the its relatively high content of hydrogen and oxygen. Another
possibility is that the neutrons undergo neutron-B-decay into a proton, an electron, and an electron-neutrino; however, the
half-life of a free neutron is on the order of 10 minutes and, hence, this channel is unlikely to play a significant role in the
context of radiation protection in a proton therapy facility.

Because measurements can only be performed in existing facilities, the neutron exposure in a planned facility must be
estimated by means of analytical calculations, which provide rough estimates in a short amount of time, or with Monte Carlo
simulations, which provide more accurate results but need significantly more computation time. Several planned and existing
ion therapy facilities have been simulated with Monte Carlo [3—13], and comparison of the simulation results with analytical
estimates and measured values have shown to provide conservative estimates of actual (measured) secondary neutron
exposure.

This study describes the Monte Carlo simulations of secondary neutron dose in a newly planned proton therapy facility in
Houston, Texas. The purpose of this study is to verify that the shielding design performs adequately and that the dose to
individual members of the public and occupational doses will comply with the radiation protection limits as defined in the Texas
Administrative Code [14]. These limits are an annual occupational dose of 50 mSv and the dose limits for individual members
of the public are defined as doses not exceeding 5 mSv annually and a dose not exceeding 0.02 mSv in any 1 hour.

Particular attention was paid to the overall impact of conduits, including traditionally designed conduits, with a double bend
and to straight conduits in the treatment room walls. The differences in ambient neutron dose equivalent values was evaluated
by simulating the facility with and without the conduits in place.

Finally, the impact of the treatment room doors was assessed because of the novel design using sliding doors instead of the
maze concept. Ambient neutron dose values in locations near the sliding doors were compared with data from treatment-room
exit designs using traditional mazes of typical dimensions.

Methods and Materials

A detailed Monte Carlo model of the facility building was created using MCNPX 2.7.0 [15] based on the vendor’s blueprints
(Hitachi, Ltd, Tokyo Japan). The model comprised the concrete structure, selected shielding elements (eg, additional metal
plates near the particle accelerator and inside the treatment rooms), and beam line elements where accelerated protons can
collide with the equipment and produce secondary radiation, mostly neutrons. Figure 1 shows a schematic drawing of the
cross section of the facility, including some relevant receptor locations. The concrete composition, listed in Table 1, was based
on a mixture commonly known as “Portland concrete” [16, 17], with a density of 2.35 g/cm™. Some locations (the outside
walls close to the accelerator) were modeled with a high-density concrete [17], the composition of which is also shown in Table
1. The density of this material was assumed to be 3.4 g/cm™. Figure 1 also shows details of the sliding door in a top-down
view. The distance between the walls and the door was 9.4 cm, and the gap to the floor was about 1.2 cm. The materials of the
door was 61 cm of concrete sandwiched between 2 steel plates of 7.62 cm in thickness each. In addition, Figure 1 shows 2
maze designs evaluated in this study.

The materials and densities for the proton targets were chosen according to the vendor’s specification of the respective
device where beam may be lost during operation. The targets in the treatment rooms, representing patients, were modeled of
water. All targets’ sizes were determined by the stopping lengths [18] of the simulated proton beams.
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Figure 1. The facility layout of
the Monte Carlo model,
including some relevant
neutron spectral fluence
receptor locations. Receptors
17, 20, 23, and 26 are located
in the treatment control rooms,
and receptors 28, 29, and 30
are located in the main control
room. Additional local shielding
was modeled at location A.
The lower image depicts a
schematic top-down view of
the treatment room door
designs showing the sandwich
design and the 9.4-cm air gap
between the door and the walls
of the sliding door (a) and the
more traditional maze designs
(b and c). The filled circles are
the isocenter location in the
rooms, and the arrows indicate
2 out of 4 simulated proton
beam directions. The
remaining 2 are normal and
antinormal to the image plane.

The radiation transport simulations through these models were facilitated as follows. Proton beams of different kinetic
energies (50, 170, 200, and 230 MeV) were simulated impinging on the targets. The neutron sources inside the accelerator
magnets were approximated by multiple sources, and the extraction beam loss point at the proton beam extraction was
approximated as a line source. Because of an expected high-dose region close to receptor No. 12, originating from high-
energy protons colliding with a high-Z material of the extraction electrode of the accelerator, additional local shielding was
implemented to achieve compliance with the radiation protection limits. At location A in Figure 1, a 20.3 cm (8 inch) thick ferrite
slab was integrated into the concrete wall and an additional local concrete block 50-cm thick was located between the
accelerator and the outside wall. Inside the treatment rooms, the proton beams for each energy were simulated at 4 cardinal
angles around the rotational axis of the gantries.

Table 1. Portland concrete and high-density concrete composition.

Nuclide Portland mass fraction (%) High-density mass fraction (%)
H 1.00 0.44

O 52.91 31.26

Al 3.39 0.17

Ca 4.40 4.36

Na 1.60 =

Ti = 0.19
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Table 2. Annual proton losses.

Beam energy Charge lost
Loss point (MeV) mcy™)
Injection 7 1980

200 360

50 2760

Scraper 50 8868

200 164

Fast Faraday cup 230 40

170 40

200 136

Gantry angle (°)
0 90 180 270
Isocenter (each) 230 — 68 68 10

—
—_

170 — 68 68 10 11

The particle transport in the Monte Carlo simulations was limited to protons and secondary neutrons. The Bertini physics
model was selected for the simulation of intranuclear cascades, and in all material definitions the ENDF/B-VII cross-section
data tables were used. The number of source particles was set to 5 X 102 and no variance reduction techniques were applied,
resulting in an average cpu-time of 1.5 X 10° minutes for each simulation. Secondary neutron spectral fluence ®, was scored in
69 spherical volumes, in the following referred to as “receptors.” distributed throughout the facility. The receptors were defined
with exponential binning from 0 MeV through 275 MeV, and the results were scored in units of cm™ per source proton.

Two different conduit designs were used in the facility: 1 in the traditional shape with 2 bends and 1 straight through the wall.
Both designs, each with a diameter of about 10 cm, were implemented in the model according to the original blueprints. By
design, the straight conduits were located at a height ensuring that there was no line of sight through the conduits to the most
prominent neutron source, that is, the isocenter in the treatment rooms. Last but not least, the air conditioning ducts were
modeled similar to the traditional design (featuring two 90° bends) with a diameter of about 40 cm.

All scored neutron spectral fluences were summed, weighted with usage factors to estimate annual and hourly values.
These usage factors consisted of conservatively estimated quantities of the charge lost at each beam loss location. The
annual values applied in this study are shown in Table 2. Note that these values constitute the worst-case scenario, taking into
account different usage patterns of the facility during commissioning and routine clinical use. Estimates of the hourly ambient
neutron dose equivalent were based on the assumption of a full hour of beam on time with the highest available proton energy,
corresponding to the highest neutron production probability.

The summed spectra were then converted to neutron ambient dose equivalent spectra by applying in-house code,
calculating the fluence to dose conversion factors, h, in units of pSv/cm™ from Petoussi-Henss and colleagues [19]. Figure 2
shows a plot demonstrating the agreement between calculated values and the tabulated values from the International
Commission on Radiological Protection.

The product of the weighted neutron spectral fluence ® and the conversion factor h of each receptor was summed over all
neutron energy bins and yielded the total ambient dose equivalent, H*(10) = 223V x h X AE; in units of pSv at each
receptor location. The width of each energy bin, i, is denoted by AE;. This formalism follows the method described by Polf and
colleagues [20]. The neutron ambient dose equivalent is an operational quantity based on dose equivalent and defined by the

W
N
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Figure 2. The fluence to dose conversion factor, h, in units of pSv 1 000 ey oy~ g e v
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International Commission on Radiation Units [21] for measurements in external radiation fields. It provides a conservative
estimate of equivalent dose, the protection quantity related to an exposure or potential exposure of persons under most
irradiation conditions.

To assess the overall impact of the conduits on the ambient neutron dose equivalent, 2 simulations were performed. One
simulation was performed in a model containing air-filled conduits as designed by the vendor, and 1e without the conduits in
place. Differences in annual ambient neutron dose equivalent were then computed at all receptor locations.

The differences in shielding properties of the sliding-door design and the traditional maze designs were estimated by
comparing the neutron fluence and the ambient dose equivalent outside the door. The maximum proton energy was simulated
to provide a maximum neutron fluence inside the treatment room. The neutron ambient dose equivalent values scored in the
maze-featuring runs were then compared with the sliding-door receptor. The maze’s concrete wall inside the treatment room
had a thickness of 115 cm, typical for this structure. For a proton energy of 230 MeV and for the 4 considered gantry angles (0°,
90°, 18°, 270°), an annual proton loss of 2.5 X 10'* was assumed. No self-shielding of the gantry was taken into account for
these simulations to provide worst-case conditions; all rooms were empty, except for a water sphere of stopping-length size at
the isocenter.

Results

A 2-dimensional plot of the weighted sum of the neutron fluence in the X-Y plane (at isocenter height, ie, 130 cm above the
ground level) is shown in Figure 3a. The values are given on a logarithmic scale in arbitrary units spanning 10 orders of
magnitude and are provided to demonstrate the integrity of the geometry and to show the relative intensity of total neutron
fluence.

Examples of simulated neutron spectral fluences recorded at the center of the accelerator, at the entrance and exit of the
maze to the accelerator room (see Figure 1, receptors 63, 64, and 31) are also shown in Figure 3b and 3c.

The annual H*(10) values summed over all spectra are shown in Figure 4a. Finally, Figure 4b shows the hourly ambient
dose equivalent, calculated by using beam loss weights, assuming a full hour of accelerator operation without interruption at
the maximum beam energy (230 MeV). All receptors located in public areas showed values below the legal limits of 5 mSv per
year and 0.02 mSv per hour. The receptors located in the occupational areas, including the main control room and the
treatment control rooms, all showed annual ambient dose equivalent values below 13 mSv per year, which is a factor of about
4 below the legal limit of 50 mSv per year for occupational dose. Figure 4a and 4b shows 2 data points named “TXroom” and
“outside alignment hole,” which were used to assess the impact of holes in the concrete walls, which would be bored into the
wall at the time of construction to facilitate accurate alignment of the beam-line equipment. The former refers to a receptor in
the rightmost treatment room next to the accelerator room. The receptor was located at the exit of the alignment hole. The hole
in the model was simulated to contain relatively low-density steel (approximating steel wool) and to be sealed with steel disks
of 2.54-cm thickness. The exposure of this receptor was evaluated with weights rearranged such that the beam was directed

Titt et al (2020), Int J Particle Ther
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Figure 3. Panel (a) shows the 2-dimensional logarithmic plot of total neutron fluence in arbitrary units, weighted with the annual beam-loss estimates, in
the isocenter plane. The lower plots show neutron spectral fluence ® per cm? and source proton, p, from receptors located at the center of the
accelerator, at the entrance and exit of the maze to the accelerator room in semi-log (b) and in log-log (c) plots.

into the room next door (ie, no beam in the room with the receptor). The latter data point refers to a similar boring in the wall at
the end of the beam tunnel, outside of which another receptor was located. This location is the only place showing an ambient
dose equivalent value close to (but still smaller than) the hourly limit of 0.02 mSv/h for members of the public. If necessary, this
value could easily be decreased by sealing the hole with concrete instead of steel. Finally, the ambient dose equivalent was
computed at the entrance of the air conditioner ducts on the second floor of the building. These ducts had a diameter of 40.6
cm and were embedded in all treatment room walls. Concerns these would lead to leakage and hence prohibitive neutron
ambient dose equivalent values could be dismissed.

Differences in annual ambient dose equivalent based on the impact of the conduits are shown in Figure 4c. The values
were found to be rather small in all receptor locations and did not violate the legal limits in any location.

Results of comparisons of the sliding doors versus the maze designs are given in the following paragraph. Note that only in-
room irradiation conditions using the highest proton energy were used for this study. Neutron spectra located at the exit of the
mazes and outside the sliding door were converted into neutron ambient dose equivalent and related to the values established
with the sliding door design (see Figure 4d). The door on the right-hand side showed about 3.75 times enhanced neutron
ambient dose equivalent values due to the fact that the door location was in line with the beam direction and the in-room wall
had a thickness of 115 cm, not enough to shield the high-energy neutrons sufficiently. The maze design with the door on the
left side showed neutron ambient dose equivalent values only 0.2 times that of the sliding-door design, resulting in a more
efficient design in terms of shielding properties. Nevertheless, the sliding door yielded values within the annual and hourly legal
limits and provided a more efficient design concerning spatial (and hence financial) aspects, and this design was considered
the most appropriate for the planned facility.

Titt et al (2020), Int J Particle Ther 34
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Figure 4. Ambient dose equivalent, H*(10) in units of mSv per year, based on summation over the ambient dose equivalent spectra weighted with
annual (a) and hourly (b) proton loss estimates. All receptors, except the ones inside the accelerator room and inside the treatment room, are shown
here. The hourly H*(10) data point for TXroom describes the value in the treatment room next to the accelerator when the beam was delivered to the
treatment room next to it. Panel (c) shows the frequency f of the differences in annual ambient neutron dose equivalent between simulations of the
complete facility with and without all the conduits in place. Panel (d) shows relative neutron ambient dose equivalent values simulated at the exit of a
treatment room featuring different door designs.

Discussion and Conclusion

The simulation of a novel proton therapy facility was performed with a Monte Carlo model to evaluate the shielding properties
of the concrete structure. Educated assumptions about the facility usage were applied to estimate the annual and hourly
neutron ambient dose equivalent, a conservative operational quantity used in radiation protection studies. The neutron
ambient dose equivalent was derived from scored neutron fluences depending on the particular type of proton interaction
cross-section tables that have been applied to the simulations. Generally, the accuracy of these tables is a subject for
discussion; however, published studies have shown excellent agreement and consistency with previous values and
measurements in the literature [5, 6, 20, 22, 23]. Statistical and systematic uncertainties in the scored neutron fluences must
be assumed to be difficult to estimate because they strongly depended on source and receptor locations, source particle
energies, gantry orientations, and other factors. To mitigate such uncertainties, we applied the most conservative estimates
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and assumed worst-case scenarios in all situations. In all cases the neutron ambient dose equivalent estimates were below
the legal limits as defined in the Texas Code.

The facility features novel design aspects, such as straight conduits in some locations, and massive sliding concrete doors
with metal plating instead of the more traditional maze design. Both design features provide economic advantages during
construction and allow easier access to the treatment rooms for patients and personnel. These features were evaluated in
detail and the results showed adequate shielding properties. The only value of concern may be found at an alignment hole, the
end of the beam tunnel, where the simulations led to hourly neutron ambient dose equivalent values very close to the legal limit
of 0.02 mSv h™". The authors recommend that this value could easily be lowered by simply filling the alignment hole with
concrete instead of the temporary sealing with steel plates and steel wool. In conclusion, this work presents results computed
from Monte Carlo simulations verifying the neutron shielding performance of a proton therapy facility concrete structure
containing novel design features. All neutron ambient dose equivalent values, computed using worst-case usage
assumptions, were below the requirements defined in the Texas Administrative Code [14].
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