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ABSTRACT

Aim: The aim of this study was to design a safe bunker for an 18 MV linac in to configuration;
primary barriers made from nanoparticle-containing concrete and pure concrete.
Background: Application of some nanoparticles in the shielding materials has been studied
and it was shown that the presence of some nanoparticles improved radiation shielding
properties.
Materials and methods: Some percentage of different nanoparticles were modeled by the
MCNPS5 code of MC in the megavoltage radiotherapy treatment room’s primary barriers.
Other parts of the designed room, such as secondary barriers and maze door, were modeled
as ordinary pure concrete. A safe bunker was designed according to the MC derived spectra
at primary and secondary barriers location using a modeled and benchmarked 18 MV linac
in free air. Then, the thickness of the required shielding materials for the door and also
concrete for the walls and primary barriers were calculated separately.
Results: According to the results, required concrete thickness in primary and secondary
barriers was reduced by around 0.8% compared to pure concrete application. Addition-
ally, required lead and BPE decreased by 25% and 15%, respectively, due to primary barriers
nanoparticles.
Conclusions: It was concluded that application of some nanoparticles in the shielding mate-
rials structures in megavoltage radiotherapy can make the shielding effective.

© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Background

as compared to low energy machines. These include skin spar-
ing effect, low scattering and mostly forward photon beam
irradiation in radiotherapy which has made it possible to

Recently developed megavoltage radiotherapy electron linear  deliverer the prescribed dose to deep-seated tumors with-
accelerators (linacs) have offered some important advantages out damage to superficial and surrounding normal tissues.'
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Although these may seem to be important advantages of
megavoltage linacs, radiation contamination inside the room
and around the linac may be considered as a cost for the
above mentioned advantages.” Although the main electron
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and photon beam presence is in field and out of field at
the patient coach,’” photoneutron and, consequently, prompt
capture gamma ray propagate in any direction. Isotropic!®?°
propagation pattern has been reported for photoneutrons con-
taminating almost anywhere that the photoneutrons get on
the wall or low Z material and, consequently, energetic capture
gamma ray is produced. Radiation contamination in the mega-
voltage radiotherapy may cause secondary malignancies.>™
Then, at a banker with inadequate shielding, in addition to the
patient undergoing megavoltage radiation therapy, the staff
may also receive additional dose equivalent to the neutron
and gamma ray. According to the International Commission
on Radiological Protection (ICRP) report 103, radiation dose can
be expressed as the ratio of mean energy deposited in the unit
of the absorbed matter.**

Conversion of dose to dose equivalent which is more rel-
ative to biological effects of the radiation needs the radiation
weighting factor to be applied in the calculations. For electron
and photon in all energies, the factor, wg, is recommended
as 1 but it was reported energy dependent for neutrons. Dose
equivalent is calculated from below equation.

Hr = ZwRDR,T 1)
R

where Hr is dose equivalent in tissue T from radiation R.
According to Table B.3 of ICRP annals publication 2007,% wg
for neutrons is as follows.

—
Y

E<10KeV: wg = 5
10KeV <E<100KeV; wg = 10
100KeV <E <2000KeV; wg = 20
2000 KeV <E < 20,000 KeV; wg = 10
E>20,000KeV: wg = 5
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According to the literature and reported results of stud-
ies on the photoneutron spectra produced in medical linacs,*
photoneutrons energy reaches up to 3MeV with mean energy
of 1.5MeV around the linac and 100-200KeV at the maze
and maze entrance. The neutrons energies can mainly be
categorized in ¢ where wg = 20 at the maze entrance of treat-
ment room, which may be dangerous and lead to secondary
malignancies. Shielding against the above mentioned radi-
ation contaminations is necessary and, on the other hand,
optimum shielding requires a proper shielding material. Con-
crete has been reported as a good shielding material. Recently,
the use of nanotechnology and addition of some nanoparticles
in a concrete composition has been reported to increase the
attenuation factor in the photon and neutron radiation fields.
Monte Carlo (MC) simulation was used to the concrete pho-
ton linear and mass attenuation factor; x in (cm~') and w/p
in (cm? g~1), and also neutron linear and mass removal cross-
section g in (cm™') and Y R/p in (cm?g~!) in the presence
of and without nanoparticles. Then, a safe bunker designed
by MC simulation and analytical methods which compared
between nanoparticle-containing primary barriers and those
of pure concrete. A safe bunker was modeled and discussed in
our previous work with pure concrete with the same methods.
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Fig. 1 - The schematic representation of the room geometry
used in the current study simulated by Monte Carlo
simulation.

2. Aim

The aim of this study was to design a safe bunker for
18 MV linac in to configuration; primary barriers made from
nanoparticle-containing concrete and pure concrete. Our aim
was to apply nanoparticles in the megavoltage shielding to
reduce the required thickness of shielding materials.

3. Materials and methods

In the current study, MC simulation and analytical meth-
ods were used to investigate the effect of the presence of
nanoparticles in a concrete composition on the photon and
neutron linear and mass attenuation factors. The MCNP5 code
of MC, the International Atomic energy Agency (IAEA) safety
report 47, and the National Council on Radiation Protection
and Measurements (NCRP) report 151'® recommended ana-
lytical methods used in this work. To design a safe bunker
with nanoparticle-containing concrete for a treatment room
(shown in Fig. 1) including an 18MV Varian 2100Clinac irra-
diation, the linac was modeled precisely and according to
the measured values benchmarked and verified. The method
and explanation of the modeled linac and benchmarking pro-
cess was according to our previous works.'® Verification and
benchmarking the modeled linac for the photoneutron cal-
culations conducted by the calculation of apparent neutron
source strength (Qy which shows the number of photoneu-
trons production by linac per X-ray Gy atisocenter) calculation
for the linac and comparison with the reported value liter-
atures. Qy has been defined by IAEA no. 47'® and NCRP no.
151" as “the number of neutrons produced by linac per Gy of
X-ray delivering to the isocentre in n/Gy X-ray of the isocen-
tre. An 18MV Varian 2100Clinac was simulated and considered
for the calculations. Photon and neutron spectra were derived
at the primary barriers. Required thickness of nanoparticle-
containing concrete was calculated to reduce the radiation
to dose limit; photon and neutron. The formulations
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recommended by the IAEA safety report 47 and NCRP report
no. 151" were used. Neutron and photon dose equivalent
were also obtained at the maze entrance. The ordinary wall
concrete composition as recommended by the NCRP report
no.144'° contains 1.5% B4C, 1.5% WO3 and 1.5% Fe,O3; and
1.5% PbO,. The micro-scale lattice configuration was consid-
ered to fill the walls materials with the nano-scale particles.
1.5% per g (weight percent in concrete) in the voxel simulated
walls were simulated and the nano-particles were simulated
in 20nm diameter and spherical shape. The nano-spheres
filled the walls simulated by the lattice configuration with
0.1mm cubic voxels. All of the room walls were simulated in
a lattice configuration with 0.1 mm cubic voxels filled by the
20nm nanoparticles. Radiation attenuation, fluence and dose
variation caused by the presence of the nano-scale materi-
als were evaluated by comparing the parameters with a room
made of ordinary pure concrete. An overview on the above
mentioned attenuation factors is made below for more clari-
fication.

I(x) = Ipe™™* 2

I1(x) is the transmitted and scored photons or gamma ray
intensity (in the modeled good geometry) while Iy is the radia-
tion initial intensity. x and x are the linear attenuation factors
in cm~! and cm, respectively. By dividing the linear atten-
uation factor (u) by density, the mass attenuation factor in
cm? g~1 is obtained as in below equation.

1 I
L1 (3) (3)

P pX I
Neutron macroscopic removal cross-section and mass
removal cross-section are obtained from the below equations;

where A is the atomic mass number, o, is the total interactions
cross-section and Z in Eq. (6) is the effective atomic number.

S Rem ) = 252, @

Z B _ 0.206A*1/3Z*°~294(cm2 g—l) )
P

Thickness of the required shielding material is recom-
mended to be calculated from the below equations.

Number of required tenth value layers of shielding materi-
als equals to

1
No of TVLS = log,, (E) (6)

In the above equation, the required attenuation of barrier
B may be determined according to a desired dose constraint
(design limit) that is derived from an occupational or public
dose limit.

3.1. Monte Carlo simulation

MCNPS5 is a MC code was developed in 2007 by the Los-Alamos
National Library (LANL) and has been widely used for the
radiological problems. Different studies have been conducted
using the MCNPX code and interesting, useful and helpful

results were reported in radiology and radiotherapy physics
as well as shielding design. An 18MV Varian 2100Clinac was
simulated fully. The main simulated parts of the linac were
the target, electron stopper, primary collimator, movable jaws,
fattening filter, complex and massive lead shielding and sec-
ondary collimator, and other fine parts. The modeled linac was
verified and benchmarked using the comparison of measured
and simulated percent depth dose (PDD) and photon beam
profile (PBP) dataset at the depth of 103.3 cm (Isocentre) from
the targetin a 50 cm x 50 cm x 50 cm water phantom. PDD and
PBP dataset were consistent with our previous work. Photon
and photoneutron spectra and dose derived at the primary
and secondary barriers and the derived spectra were used as
the source in the concrete attenuation factor calculation. After
room designing, photoneutron and neutron capture gamma
ray spectra as well as linac leakage X-ray spectra and dose
were derived at the maze entrance. Linear attenuation fac-
tor and mass attenuation factor for derived energy spectra
was used to calculate primary barrier concrete, door lead and
borate polyethylene (BPE) thickness.

3.2.  Analytical methods

IAEA no. 47 and NCRP no. 151! recommended the formu-
lation proposed by Wu and McGinley?® to calculate neutron
and prompt gamma ray dose equivalent at the maze entrance.
Both methods are based on the neutron fluence at the inner
maze entrance, Qy and dimensions of the room. Addition-
ally, for linac leakage photon dose calculation at the maze
entrance, the reports recommended a formulation. Our dose
calculation by the analytical methods in this study is based on
the methods recommended by IAEA no. 47 and NCRP no. 151
as well as the used factors value. Explanation of the methods
is as follows.1617

Neutron spectra from the linac at the isocenter were shown
in Fig. 2 which were derived by Monte Carlo simulation.
Neutron fluence at the inner maze entrance, maze entrance
neutron and gamma ray dose equivalent were calculated using
Egs. (7), (8) and (9), respectively.

_ Qu | 54Qq
" 4nd? 27S

1.26Qn
2nS ?)

PA

A
Dp =24 x10"1 x g x \/ S—r x (1.64 x 107%/19 1 10-%/Tn) (g)
1

where Ty obtained from and S; is the cross-section of the maze
in m?. Capture gamma ray dose equivalent for straight maze
is calculated from the below equation.

D, =57 x 10716 x g4 x 107%/62 (9)

The reader can find explanation of the parameters in equa-
tions 8-10 in the IAEA safety report no. 47, NCRP report no.
151 and Wu-McGinley 2003 paper.'®'7:20 Equations 9 and 10
were proposed by Wu-McGinley and recommended by the
mentioned protocols. Then, the number of required TVLs was
calculated for obtained total radiation dose shielding accord-
ing to the protocols recommendations.
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Fig. 2 - Photoneutron spectra derived by Monte Carlo simulation at the isocenter of the studied 18 MV linac.

Table 1 - Neutron dose estimation at different locations in and out of the bunker using both Monte Carlo simulation and

analytical method.

Point Mean analytical Dose equivalent Mean analytical Dose equivalent
results in mSv Gy ! results in (mSvGy~1) in this
mSv Gy 1 mSv Gy ! this study

study
1(isocentre) 6.90 x 101 5.41x 10! 6.20 x 101 5.45x 1071
2 3.10x 107! 2.67 x 107! 3.65x 107! 2.77 x 10~
3 9.60 x 102 8.54 x 102 9.12 x 102 8.50 x 102
4 8.54 x 1073 6.74 x 103 8.39 x 103 7.71% 1073
5(50 cm inner the door) 3.16 x 103 2.16 x 103 3.90 x 103 1.56 x 103
6(50 cm outer the door) n/a n/a 2.89 x 1073 9.65 x 10~

4, Results

In the current study, MC simulation and analytical methods
were used to calculate photon and neutron dose equiva-
lent at the primary and secondary barriers as well as the
maze entrance. MC simulation results showed that the neu-
tron fluence at the isocentre without walls in the regular
field sizes of 10cm x 10 cm, 20cm x 20 cm, 40 cm x 40 cm was
9.01x 1072 n/cm?, 8.43 x10°n/cm? and 7.81x 102 n/cm?2.
Photon dose equivalent at the isocentre was 0.12 x 10~%° per
primary electron. Then, 8.33 x 10'* primary electrons were
required to run to deliver 1 X-ray Gy dose equivalent to
the isocentre and for this electron incidence on the tar-
get, 1.34 x 1012 neutrons were produced. From calculations,
our simulated linac model neutron source strength (Qyn) was
1.34 x 102 neutrons per Gy of X-ray at the isocentre. The
obtained factor is an essential value for the neutron dose
equivalent calculation by MC simulation because the sim-
ulation results are the value per primary source photon or
particle. According to the MC neutron dose calculation and
because 10cm x 10cm is recommended as a standard field
size, photoneutron dose equivalent at 3.3 m and 3.6 m from the
isocentre (primary and secondary barriers positions, respec-
tively) were obtained by MC simulation as 1.5 x 1072 Sv/Gy X
isocentre and 1.2 x 1072 Sv/Gy X isocentre, respectively. On

the other hand, photon dose obtained as 9.25 x 10~2 Gy/Gy
of X-ray at the isocentre. Table 1 shows the neutron dose
estimation at different locations of the simulated room. At
the secondary barrier position, only scattered, leakage X-ray
and other photons dose were found to be much lower than
the primary barrier location. To calculate the required thick-
ness of concrete for designing a secondary barrier, the public
area factor was applied and the 840 x 10~3 m obtained while
the same value for nanoparticles was 834 x 10~3 m. MC sim-
ulation method calculated the TVL for the ordinary concrete
and above mentioned nanoparticles included ordinary con-
crete for the 18 MV photon spectrum as 4443 x 103 m and
4403 x 10~3 m respectively. For five days a week (8 h per work-
ing day), the workload recommended as 600 Gy and inserting
the value in the recommended formulation for design dose
limit calculation for the control area, required concrete thick-
ness for the primary barrier obtained as 1779 x 10~3m and
1765 x 1073 m for the pure and nanoparticle-containing ordi-
nary concretes. Secondary barrier should shield the scattered,
leakage and other X-ray in the linac housing. MC derived
photon and neutron spectra at the primary and secondary
barriers were used to calculate the required thickness (TVLs
numbers) to design a safe bunker. At the maze entrance,
prompt gamma ray, leakage X-ray and photoneutron spec-
tra were used to model a narrow beam source in a good
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geometry to obtain required BPE and lead thickness to a maze
entrance door. The obtained thickness was 9mm lead (in
two layers of 4.5 mm in a sandwich configuration) and 34 mm
BPE. Because the recommended analytical methods are insen-
sitive to nanoparticle-containing concrete, the calculations
made separately and results were compared with the differ-
ences of the MC simulation results discussed. In our previous
work,!” a safe bunker for an 18MV Varian 2100 C/D linac was
designed using MC simulation and new released protocols
recommendation on the photon and photoneutron shielding
design for megavoltage linacs. In the previous work,"” we cal-
culated thickness and TVL for ordinary pure concrete. But in
this paper nanoparticle-containing concrete was applied to
model the primary barriers. According to the results, using
nanoparticles in the primary barrier modeling led to around
0.8% decrease in the required thickness for the primary bar-
riers as compared to pure concrete. Additionally, in case of
the maze door, a 25% reduction in lead thickness and 25% in
the required thickness of BPE was obtained in the presence
of nanoparticles in the primary barrier in comparison to pure
and nanoparticle-containing primary barriers. Also, it can be
said that a 0.7% reduction in the required secondary barri-
ers was obtained due to the application of nanoparticles in
the primary barriers. Results of our previous work showed
that without recommendation and based on the linac pro-
duced photon and neutron dose and spectra; it is possible
to design a safe bunker with low difference with the analyt-
ical methods proposed in recommendations. In the current
study, our aim was to use the same procedure but differ-
ence between this work and our previous work was that
in the current study, the primary barriers of the designed
treatment room was modeled as a nanoparticle-containing
ordinary concrete. Designing a room with primary barriers
with nanoparticle-containing concrete reduced the required
thickness, TVL as well as maze entrance radiation contamina-
tion dose equivalent. This led to a decrease in the thickness of
maze door shielding; lead and BPE. Around 4-7% decrease was
shown in the photon and neutron mass attenuation factors
in nanoparticle-containing ordinary concrete. According to
the results, the required thickness of nanoparticle-containing
ordinary concrete for the primary barriers, lead in door design
and BPE as door shielding material decreased. Additionally,
dose from photoneutrons, prompt gamma ray and leakage
photons from the modeled linac showed a decrease through
the application of primary barriers with nanoparticles. Com-
paring our previous work'® in which the primary barriers were
modeled as ordinary concrete and results of this work were
nanoparticles were applied in the primary barriers concrete
composition, revealed that nanoparticles decreased dose and
shielding thickness from 0.7% for secondary barriers to 25%
for lead and 15% for the required thickness of BPE. Our con-
sidered door was in a sandwich configuration and performed
well in this study. Additionally, good agreement was revealed
between MC simulation and the methods reported in proto-
cols. Differences may be attributed to the fact that analytical
calculations cannot take into account the effect of nanoparti-
cles in the radiation removal. Finally, it should be stated that
the increase of around 8% in the concrete shielding properties

reported by Mesbahi and Ghiasi®* is in good agreement with
this study results.

5. Conclusion

We modeled a megavoltage radiotherapy treatment room
walls made of ordinary concrete loaded with some percent-
age of different nano-scale particles in the primary barriers.
The results showed an increasing attenuation factor in the
concrete loaded with nanoparticles. Consequently, the pri-
mary barriers made of concrete containing nanoparticles led
to lower concrete requirement for the barriers design. It was
revealed that the shielding properties of ordinary concrete
loaded with nanoparticles was enhanced. Further studies and
more precise investigation are recommended to obtain more
results.
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