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The objective of this study was to analyze the dependence of the neutron dose from the geom-
etry of the second band of the maze using dosimetric measurements of neutrons and Monte
Carlo simulations, and based on those results to design a novel radiotherapy room layout.
Measurements of the neutron dose ata two-band maze therapy room were performed for a
15 MeV photon beam only. Monte Carlo simulations were performed using the GEANT4
toolkit. In order to obtain the geometry dependence, we were changing the second band angle
while we kept the length, height, and width the same as in reality. Results show that the high-
est calculated dose was obtained for the 60° angle of the second maze. It is 17 % higher than
for standard 0° angle. For 30° it was 30 % smaller and for 90° was 10 % smaller. Although the
lowest dose was obtained for 30° band angle with calculations, it is not very practical for clini-
cal use. Clinically the most interesting would be the 90° angle which is practically a short
three-band maze, which could be promising from the perspective of neutron radiation protec-
tion since it could offer a compact constructional solution, and better optimization of the

available space.
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INTRODUCTION

Medical therapy accelerators working at ener-
gies higher than the energy threshold for (y, n) nuclear
reactions, produce a measurable number of neutrons
[1]. These neutrons are mainly produced in primary,
secondary collimators, jaws, and other materials with
high Z which can be found in the accelerator head [2].
Neutrons are produced via different reaction mecha-
nisms like giant dipole resonance (GDR), quasi-deu-
teron (QD), delta resonance (DR), efc. Neutrons pro-
duced through the GDR mechanism are similar to
evaporation neutrons from the compound nucleus [3].
Lead is one of the materials commonly used in acceler-
ator heads, and the energy threshold for (y, n) reaction
is 6.7 MeV for isotope 208Pb [1]. The neutrons are un-
charged and are not absorbed with the accelerator's
head materials [4]. Produced neutrons undergo scat-
tering with low Z material: treatment vault walls until
they are thermalized and finally captured [2].

To reduce the radiation dose near the entrance door
and protect staff at radiotherapy departments accelera-
tors are installed in the maze-designed bunkers [1]. Stan-
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dard geometry is with one band maze. Occasionally
two-band maze rooms are used [5]. There are a number
of publications considering standard one-band maze de-
sign which is extensively investigated [6-10]. Publica-
tions with two-band maze are not so common [11-12].

According to Amgarou et al., [13] the produced
photoneutrons spectra have a strong dependence on ac-
celerator design, operating energy, and head components
(target, flattening filter, jaws, collimator, and bending
magnet). As the aim of this manuscript was to investigate
the dependence of the dose at the entrance door and not
the neutron spectra, therefore for simulations verified
measured neutron spectra were used.

The purpose of this study was to analyze the de-
pendence of the equivalent neutron dose from the ge-
ometry of the second band of the maze using dosimetric
measurements of neutrons and Monte Carlo (MC) sim-
ulations and based on the results to propose a novel de-
sign of the treatment room.

MATERIALS AND METHODS

Neutron equivalent dose was measured in the
therapy room at Radiotherapy department, Institute of
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Figure 1. Scheme of therapy room (all dimensions in cm) and neutron dose measurement points

Oncology Vojvodina, Sremska Kamenica, Serbia. The
scheme of the therapy room with all the dimensions is
presented in fig. 1. Inside the room, Elekta Versa HD
(Elekta, Crawley, UK) accelerator is installed, which
produces 6 MV, 10 MV, and 15 MV photon energies.
The height of the vaultis 3.95 m. The inner walls of the
room are covered by 2 cm decorative wooden plates.
Part of the wall is covered by a 2 cm thick layer of PVC
(polyvinyl chloride) to moderate neutrons. Approxi-
mately this area is 20.3 m?.

Neutron equivalent dose was measured for 15 MV
photon energy since it produces the highest number of
neutrons and therefore the highest dose. Orientation of
gantry was 0°. Field size at the isocenter was 10x10 cm?,
For each measurement, the delivered dose was 3 Gy,
since Elekta Versa HD operates at the dose rate of ~600
MU per minute the measuring time was 30 seconds.

Measurement of the neutron dose at a two-band
maze therapy room was conducted using the Meridian
model 5085 survey meter (Health Physics Instrument,
Goleta, Cal., USA). The dosimeter was positioned 1 m
above the floor. The natural background in the therapy
room is significantly lower than the instrument thresh-
old, therefore it can be neglected. The detector has 15
% declared accuracy in the user manual. Before any
use of the survey meter, the calibration factor was
checked in our laboratory using a 23>Cf source [1].

The MC simulations were performed using an
internally developed solution based on GEANT4
toolkit.

The GEANT4 was originally developed for the
high-energy physics community, but over the years, its

physics models have been constantly expanded to cover
applications at lower energy. In recent years it has been
successfully used also to describe the transport of neu-
trons from thermal energy to GeV energies [14].

Most publications found in literature used to re-
construct the whole accelerator head and to use produced
neutrons in form of phase space for further simulations
[2, 15-18]. This method is computational power and
time-consuming. Since the full simulation of the whole
accelerator head was not the focus of this paper and to
overcome this problem, an external verified neutron
spectrum was used. The exact geometry of the therapy
room was reconstructed using constructive solid geome-
try (CSG), which is easy to use and normally gives supe-
rior performance. The CSG solids are defined directly as
three-dimensional primitives. They are described by a
minimal set of parameters necessary to define the shape
and size of the solid. The NIST compound database ma-
terials were used for MC simulations, according to man-
ufacturer specifications. All dimensions of the vault were
reconstructed using data provided by detailed construc-
tion drawings. General particle source was used as a pri-
mary generator of neutrons with externally measured
spectra [19]. Neutrons were emitted isotropically from a
sphere with 60 cm diameter which was positioned at the
isocenter. All simulations were performed using
HadronPhysicsQGSP_BIC HP and EMStandard Phys-
ics physics lists [20]. The default energy cut in range
value was 0.1 mm. As a dosimeter, a PMMA sphere with
a30 cm diameter was used, fig. 2. A measured dose at the
entrance door was used to obtain simulation parameters
(number of primaries, etc.). The number of primaries
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Figure 2. Reconstructed therapy
vault in MC simulations and
novel three-band maze layout

Figure 3. (a) Scheme of the
two-band maze therapy room.
A is the isocenter position.
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Measurement was conducted at
position 1. The MC simulation
was performed for positions 1-4.
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Dashed lines represent wall
positions for different angles in 1
MC simulations, and
(b) normalized neutron dose
obtained from MC simulations
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was 1010 and it was estimated to obtain statistical uncer-
tainty below 2 %. To obtain the geometry dependence we
were changing the second band angle keeping the length,
height, and width the same as in reality. Dashed lines rep-
resent wall positions for different angles in MC simula-
tions in fig. 3(a).

RESULTS

Measured neutron dose at the entrance door was
0.0027 uSv, fig. 3(a) [1]. At several control points in-
side the maze ofthe room, neutron dose was measured.
These control points were placed at the beginning of
the first band, middle, and end of the first band. Also,
one control point was placed in the middle of the sec-
ond maze, fig. 1. Those points were used to check the
agreement between calculation and measured neutron
doses. The difference was up to 5 % for all points. We
normalized the doses obtained from MC simulations,
to the measured one. Normalized neutron doses are de-
picted in fig. 3(b). Our results show that the highest
calculated dose was obtained for the 60° angle of the
second maze. It is 17 % higher than for standard 0° an-

(b)

gle. A possible explanation for this is the fact that the
differential dose albedo (wall reflection coefficient) is
highest for this angle. For 30° it was 30 % smaller and
for 90° was 10 % smaller.

DISCUSSION

In our work, MC simulations gave good agree-
ment with measured data. Therefore, MC simulations
may be a very powerful method for testing the new de-
sign of the treatment room. The only issue that authors
found is that they are quite a time and computational
power-consuming, even if the simplified simulations
setup is used. Although it is time-consuming it allows
evaluation of different bunker geometries to define the
most optimal solutions for the available space.

Although the lowest dose was obtained for 30°
band angle with calculations, it was not very practical
for clinical use. Clinically the most interesting would
be the 90° angle which is practically a short three-band
maze. This geometry could be very promising as it
could offer a compact constructional solution, and
better optimization of the available space (resources).
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With this significant dose reduction, even a doorless
system may be used, which improves patient access,
the safety of the radiation therapists and reduce the
cost of a heavy shielding door in comparison with a
standard one band maze or additional door shielding in
case of two band maze bunker. The position of the
door in three-band maze could be towards the control
console, which allows constant live monitoring of ac-
cess of the doorless system, which significantly im-
proves the safety of patients and staff.

CONCLUSIONS

In this paper, the measurement of the neutron
equivalent was performed in two-band maze room.
Based on this measurement results MC simulation was
performed to analyze the dependence of the equivalent
neutron dose from the geometry of the second band.
Although MC simulations are time and computational
power-consuming, they are very powerful methods
for treatment room design and radiation protection. It
allows testing and optimization of the new design be-
fore construction.

In our case, the lowest dose was obtained for 30°
band angle, which is not very practical for clinical use.
Clinically the most optimal solution would be the 90°
angle which is practically a short three-band maze.
This geometry may provide the most optimal use of
available space; also, it could provide a doorless solu-
tion that may reduce the costs, increase patient flow,
and improve the safety of patients and staff.
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Apnag A. TOT, Munana C. MAPJAHOBWh, UBan B. TEHIIEJL, Bopucnasa C. IETPOBUh

HOBU IU3AJH PAINOTEPAIIMICKE COBE - ITPEOJIOT
CA TP KPUBUHE XOJHUKA

AHanu3upana je 103a HEyTPOHA ¥ 3aBICHOCTH OJf FTEOMETPHje AIPYre KpUBUHE pagHOTEPAIHjCKe
cobe y3 momoh no3uMeTpujckux Meperha u MonTe Kapio cumynnanuja u Ha OCHOBY pe3yJiTaTa qu3ajHupaHa
je HoBa co6a. Mepeme HeyTPOHCKE J103€ Y paoTepanijckoj coOu ca IBe KpUBHUHE U3BEJICHO j€ 3a CHEPTH]Y
on 15 MeV. Monrte Kapno cumynanmje usBeneHe cy y3 nmomoh coreepa GEANT4. [1a 6u gobummm
TEOMETPHUjCKY 3aBHCHOCT MEHAH je yrao Apyre KpuBUHE, P TOME JYKUHA, BUCHHA W IIUPHUHA APYrOT
XOJIHMKA cy ocTalie ucre. Pe3ynraTu nokasyjy ja je Hajeeha go3a gobujena 3a yrao fpyre kpusute of 60°,
kojaje 17 % Beha op cranmappue reomeTpuje ca 0°. 3a yrao on30°no3aje 30 % mama, a3a90°je 10 % mama.
Hako je HajMama 1o3a gobujena 3a yrao apyre KpusuHe off 30°, OHa KIIMHUYKY HAj€ 3aHNMIbIBA. KiTnHIIKH
je HajuHTEepEeCaHTHUj! yrao KPUBHUHE APYror XomHnKa o 90°, mTo MpaKTUIHO NpelcTaBiba cO0y ca TpH
KpUBHHE, KOja MOXKe OUTH Ba’KHA ca acleKTa 3allTHTe Off HeyTpoHa Oyayhu Ja Hyau KOMIAKTHO
KOHCTPYKIFjCKO pelllekhe U 00JbY ONTHUMHU3AIN]Y PAaCHOI0KHUBOT IPOCTOPA.

Kmwyune peuu: paouoitiepaiiuja, 3awitiuitia 00 3paierba, Monitie Kapao meitiooa




