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Aim:  The  aim  of this  study  was  to characterize  the  radiation  contamination  inside  and  outside  the  mega-
voltage  radiotherapy  room.
Background:  Radiation  contamination  components  in the  18  MV linac  room  are  the  secondary  neutron,
prompt  gamma  ray,  electron  and  linac  leakage  radiation.
Materials  and  Methods:  An 18 MV  linac  modeled  in a typical  bunker  employing  the  MCNPX  code  of  Monte
Carlo.  For  fast calculation,  phase-space  distribution  (PSD)  file modeling  was  applied  and  the calculations
were  conducted  for the  radiation  contamination  components  dose  and  spectra  at  6  locations  inside  and
outside  the  bunker.
Results: The  results  showed  that  the  difference  of  measured  and  calculated  percent  depth-dose  (PDD)
and  photo  beam-profile  (PBP)  datasets  were  lower  than acceptable  values.  At  isocenter,  the obtained
photon  dose  and  neutron  fluence  were  2.4  ×  10−14 Gy/initial  e◦ and  2.22  × 10-8 n◦/cm2,  respectively.
Then,  neutron  apparent  source  strength  (QN) value  was  found  as  1.34  ×  1012 n◦/Gy X  at isocenter  and
the  model  verified  to  photon  and  neutron  calculations.  A surface  at 2  cm below  the  flattening  filter  was
modeled  as  phase-space  (PS)  file  for PDD  and  PBP  calculations.  Then  by use  of  a  spherical  cell in the  center

of  the linac  target  as  a PS surface,  contaminant  radiations  dose,  fluence  and  spectra  were  estimated  at
6  locations  in  a considerably  short  time,  using  the  registered  history  of all  particles  and  photons  in the
13GB  PSD  file  as  primary  source  in  the  second  step.
Conclusion: Designing  the  PSD  file  in MC modeling  helps  user  to solve  the  problems  with  complex  geom-

 in a
20  Gr
etry  and  physics  precisely
©  20

. Background

The shielding of radiological facilities against photon and neu-
ron exposure is a requirement to prevent the radiation-induced

alignancies in patients and staff in radiation therapy depart-
ents. Concrete is the primary material recommended for the

esign of a megavoltage bunker; in radiography departments, how-
ver, lead is the main shielding material. The characteristics of
oncrete and the improvement of shielding against radiation have

een the subject of multiple studies.1–6 Additionally, the capabili-
ies of the Monte Carlo (MC) all-purpose N-Particle transport code
MCNP) and other computational methods

∗ Corresponding author.
E-mail address: hoseinghiasi62@gmail.com (H. Ghiasi).
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507-1367/© 2020 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights res
 shorter  run-time.
eater  Poland  Cancer  Centre.  Published  by  Elsevier  B.V.  All  rights  reserved.

to solve the complex problems of the radiological field have
been revealed and application of the code to different radiolog-
ical problems has been increasingly reported in the literature as
well as neutron dosimetry in mixed field dosimetry.7–10 Interna-
tional Commission on Radiation Units and measurement (ICRU)
in report no. 26, which discussed neutron dosimetry for biology
and medicine, reported that dosimetry in neutron-gamma mixed
radiation field should be conducted by at least 2 dosimeters, one
sensitive to gamma  ray and the other to neutron. The dosimeter
applied in this study conducted dosimetry in a gamma-neutron
mixed radiation field.8

Moreover, MC  simulation must be conducted by an experi-

enced user, as this is a fact that employment of modeling approach
for MC  simulation, making it strong, powerful, and fast-operating
method, compared with a full MC  simulation. Modeling involves
the application of knowledge to the problem and reduction of the

erved.

https://doi.org/10.1016/j.rpor.2020.01.006
http://www.sciencedirect.com/science/journal/15071367
http://www.elsevier.com/locate/rpor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rpor.2020.01.006&domain=pdf
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ispensable complexity of an input file, which includes essential
nformation and avoids unnecessary information. Modeling proce-
ures improve the precision of the results in the shortest possible
un time. For example, simple linac model simulations yield good
esults that can often provide sufficient information.11–18

One of the main aims of MC  code users is to obtain the best
esults in as short a time as possible. MC  simulation is applied
ithin a range of radiological fields, including radiation therapy,
osimetry, and treatment planning, as well as radiation source
haracterization, nuclear medicine, and radiation distribution map-
ing. Importantly, using MC  methods, dosimetric parameters
elated to a radiation therapy facility including linear accelerator
Linac) and its bunker can be scrutinized.15–18 MC  simulation of

edical Linacs and characterization of electron and photon beams
ave been the subject of numerous studies in radiation physics.19

esbahi et al. used the MCNP code to estimate photoneutron
nd capture gamma  ray doses from a verified linac in different
ooms and within multiple maze layouts.2 They also estimated the
eutron and capture gamma  ray doses in a room made of high-
ensity concrete and reported the effect of concrete composition
n the neutron dose. Ghiasi and Mesbahi3 utilized the MCNPX
ode to derive an analytical formula to calculate capture gamma
ay dose equivalent in the double-bend mazes during megavolt-
ge radiotherapy. In another publication, they characterized (n,�)
nd (�,n) photonuclear reactions in a radiation therapy bunker
nd derived neutron, photon, and gamma  ray spectra and dose
quivalents at different locations in a radiation therapy room.20

eigi et al. designed a safe bunker for an 18-MV linac and calcu-
ated the required thickness for barrier and door material.14 Ghiasi
nd Mesbahi simulated a simplified linac model, in accordance
ith Swanson’s reported data and compared proposed and full
C models.15 Moreover, they simulated a medical linac in a treat-
ent room and assessed the effect of gantry rotation on the maze

ntrance dose.16

Different applications of MCNP code for estimation of photon
nd neutron dose and energy spectra have been reported in the
iterature.17–20 For instance, Ghasemi studied photon and pho-
oneutron dose equivalent from a 15 MV Siemens PRIMUS and
alculated thermal neutrons.21 Chibani et al. conducted photonu-
lear dose calculations for 18 MV  photon beams of Siemens and
arian linacs. They reported that neutron dose equivalent decreases
ith reduction in field size while the proton (or alpha) dose equiv-

lent does not vary significantly, except for the 1 cm × 1 cm field.
oth Varian beams (15 and 18 MV)  produce more neutrons, pro-
ons, and alpha particles than the Siemens 18 MV beam. This
s mainly because of their higher primary electron energies: 15
nd 18.3 MeV, respectively, vs. 14 MeV  for the Siemens 18 MV
eam.22 In addition to MCNP, other MC  codes have been used in
rachytherapy and external radiotherapy. Radiation contamination
round the linac and inside the room was measured in multiple
tudies.1–4,7,15–30

Estimation of the radiation contamination components char-
cteristics with an acceptable statistic error by MC  simulation at
oints out of room needs high run-time. PSD file designing capa-
ility in the MC  simulation method allows the user to solve the
roblems with complex geometry and physics, long distance from

nitial source to the point of estimation and in mixed radiation com-
osed of different types of radiation transport thorough different
aterials in short run-time preserving precision. In full MC  simu-

ation without modelling, high run-time is needed and the method
f MC may  not be applicable in the above mentioned conditions.
n this paper, neutron, gamma  ray, linac leakage and electron con-

aminant radiation in distant points (points in room, maze and out
f room) were estimated using the PSD file in short run-time and
reserving precision. It may  be considered as one of the advantages
f the present work over the one component of radiation contami-
ncology and Radiotherapy 25 (2020) 233–240

nation estimation in low distance. Application of PSD file designing
and using it for shortening the run-time and preserving the esti-
mation precision was  one of this work advantages as well as the
components of radiation contamination characterization in one MC
input-file running.

2. Aim

Our aim was  to model a linac and evaluate the production of use-
ful beam and contaminant radiation around the modeled linac. We
used a phase-space distribution (PSD) file approach to enable rapid
calculations and preserve the precision of the calculations. Simu-
lation was  conducted using a verified and benchmarked model for
photon and other radiation characterization, inside and outside of
the room. Dosimetric properties, in-field and out-of-field radiation
dose, fluence, and other dosimetric characteristics were addressed
in this study. We  followed the TRS-398 technical report of the Inter-
national Atomic Energy Agency (IAEA), in conjunction with other
recommendations and reports.31

3. Materials and methods

The main parts of an 18 MV  Varian C/D 2100 linac head, as well
as a massive shielding assembly, were simulated in accordance
with manufacturer-provided data. The linac was modeled in a typ-
ical treatment room made of ordinary concrete to simulate actual
radiation scattering from room walls. A water phantom with the
dimension of 50 × 50 × 50 cm3 was simulated at a source to surface
distance (SSD) of 100 from the linac target and 150 cm from the
room roof. The main simulated parts that affect the photon beam
and radiation contamination characteristics were as follows: the
bending magnet, a Gaussian distribution of primary accelerated
electrons, a tungsten target with cupper electron stopping piece,
a complex iron-flattening filter and its supporting parts, primary
and secondary collimators, movable jaws in the X and Y directions,
mirror and ionizing chambers as well as a massive and complex
shielding around the head. The distribution of incident primary
electrons striking on the target was  simulated as Gaussian distri-
bution with full width at half maximum (FWHM) equal to 0.97 mm
according to the primary electron distribution. Materials of these
parts were simulated in accordance with manufacturer provided
documents. Bunker entrance door was simulated as a sandwich
configuration, composed of 15.08 cm borated polyethylene (BPE)
I center, 0.48 cm steel and 1.27 cm lead as outer layers. Boron
polyethylene (PE) was simulated as 5% of PE which was sandwiched
between the inside lead layer and outside steel layer of 0.48 cm or
15.08 cm BPE including 5% boron in weight between the outer lay-
ers of 1.27 cm lead + 0.48 cm steel. Importantly, the inner layer of
BPE in 5% Boron (w%) contained two  steel and lead layers. In sum-
mary, in the construction of the bunker entrance door, a central
polyethylene (5% borated) with thickness of 15 cm was sandwiched
between two  steel sheets with thickness of 0.48 cm on each side.
Finally, these pieces were covered by two external layers of lead
with thickness of 1.27 cm.

Figs. 1 and 2 show the simulated linac and room, including
dose scoring points within the room and outside the room. Steel
slabs inside the concrete were modeled with 7.9 g/cm3 density and
atomic fractions of 0.15% C, 0.30% Si, 0.50% Mg,  and 99.05% Fe. Inside
and outside of the modeled bunker were filled with air contain-
ing 1% moisture, at a density of 0.0012 g/cm3. The composition of
the air, by atomic fraction, was modeled as follows: 1.00% H, 0.02%
C, 77.26% N, 21.26% O, and 0.46% Ar. The air also filled the empty

space of the linac head. For reference, the source electron energy
spectrum was modeled as a Gaussian distribution with a mean of
18.13 MeV  and a FWHM of 1.39 MeV. The PSD surface was modeled
at 1 cm lower than the flattening filter in a planar surface config-
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Fig. 1. A horizontal cross-section of the modelled bunker of an 18 MV  Siemens PRIMUS linac. The light-gray areas are concrete, while the dark-grey areas are steel.
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ig. 2. Fully described geometry of the simulated Varian 2100 Clinac (side view). Th
,  moveable jaws; 5, head shielding assembly; 6, flattening filter.

ration, as the upper parts of the linac head are not movable and
he lower parts, such as movable jaws, are moving during field size
pening and calculations. During the initial run, all generated radi-
tion history was registered and stored in the PSD surface. In the
econd run of the program, the PSD surface, including all histories,
perated as the source and upper parts were removed from the
C model. Using this method, percent depth dose (PDD) and pho-

on beam profile (PBP) were derived with only a field size opening
ariation of up to 15 min  for each field size. During the initial run of
he PSD file, 6 × 107 primary electrons and generated photons, as
ell as other particles, were registered in the PSD surface. With this
umber stored in the PSD history, the maximum statistical errors of
C results for PDD and PBP calculations were 0.004 to 0.009 within

he penumbra region and at a depth of 50 cm.
Fig. 3 shows a comparison of curves obtained by MC  simula-
ion and direct measurement. One of the advantages of the PSD
pproach was the ability to delete most interactions of photons
nd elections with fixed components of the head (which remain the
ponents are: 1, primary electrons; 2, primary collimators; 3, secondary collimators;

same for all runs) that is time-consuming. This approach reduces
effectively simulation run-time from several hours to several min-
utes on a personal computer. Comparing the measured PDDs and
PBPs, the MC  model of the linac head was  verified and the energy
of the primary electrons was  tuned and set with a real linac. The
primary collimator opening angle was simulated as 14◦ relative to
the central axis of beam.

Cylindrical cells (1 mm radius and 50 mm height) were modeled
in a long cylindrical cell to score the absorbed dose and radiation
fluence, at a depth of 5 cm in the phantom. Additionally, the same
cells, perpendicular to the photon beam axis, simulated a beam
profile calculation at 5 cm below the phantom surface.

PDDs and PBPs for field sizes of 10 × 10, 20 × 20, 30 × 30, and
40 × 40 were calculated and compared with measurements. We
also derived and compared PBP in the X and Y directions and at

the four edges of the simulated field sizes. Tissue-phantom-ratio
(TPR20,10) for the MC model of the linac was  obtained in accor-
dance with the Technical Report code of practice Series number
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ig. 3. (A) Normalized photon beam profile (PBP) in various field sizes for the linac
sed in the study. (B) Normalized percent depth dose (PDD) in various field sizes for
he linac used in the study.

98, released by the International Atomic Energy Agency (TRS-398
ode of practice of IAEA), and compared with the value derived
rom the real linac by measurement in a standard 10 × 10 cm2 field
ize, as well as other field sizes. Dosimetric data derived from mea-
urements and the linac including PDD, PBP, TPR20,10 for different
elds were compared with the TRS-398 criteria. The dose profiles
t the penumbra region were compared to the MC results and were
n good agreement with measured data. The number of neutrons
roduced from a linac at the isocenter, normalized to the photon-
bsorbed dose in Gy at isocenter, was calculated. The linac model
as verified to estimate photoneutron contamination and perform

ubsequent capture gamma ray calculations. Our resultant values
nd differences were reported in this paper. Furthermore, organ
oses from out-of-field radiations were assessed and secondary
ancer risk estimation as well as fatal/nonfatal risk estimation for
he patient organs in 18 MV  photon beam were performed. For
ose calculations around the linac, inside and outside of the room
as measured in accordance with the PSD method for other sur-

aces. Because of the long run-time required to obtain a result with
cceptable uncertainty, a spherical surface around the linac was
odeled as the PSD surface; electron/photon/neutron mode was

sed to run the input file and all histories around the linac were reg-
stered at the surface. For next calculations, the linac was removed

rom the room geometry and the PSD surface replaced the linac
nd operated as the source. Photon, neutron, and capture gamma
ay doses were calculated at six points inside and outside of the
oom. After calculating the sum of photon and neutron doses, the
ncology and Radiotherapy 25 (2020) 233–240

total dose at the studied points was reported. Further, a Medical
Internal Radiation Dose (MIRD) humanoid phantom was  used to
score a 72 Gy dose that is delivered to the prostate as the tumor
and scattered radiations to other organs were estimated by the MC
method. Appling the report no.103 of the International Commission
on Radiological Protection (ICRP), risk estimations for the organs
were performed. At 3 points, including 1 m from the isocenter on
the treatment coach, inside and outside of the outer maze entrance
door, thermos-luminescence (TLD) dosimetry was conducted to
find TLD dose measurement. As ICRU no.26 recommendation for
neutron dosimetry in mixed neutron-gamma ray mixed radiation
field, TLD 600/700 pair was  chosen to dosimetry; TLD 600 is sen-
sitive to thermal neutron and TLD 700 is insensitive to thermal
neutron while sensitivity to gamma  was  the same. TLDs employed
in this study were TLD 600/700 chips with TLD reader of Harshaw
3500 reader with heating rate of 5 ◦C/sec in the temperature range
of 30–250 ◦C after irradiation. TLD 600 rich of 6Li wich have high
thermal neutron absorpion cross-sectoion due to nuclear reaction
of (6Li(n,ɑ)3H) while TLD 700 enriched for 7Li (which cannot react
in the above nucler reation) and cross-section of thermal neu-
tron absorption for it is very low while sensetivity of both TLDs
to gamma  can be considered to be the same. Secondary Standard
Dosimetry Laboratory (SSDL) irradiated and provided data to derive
the calibration curve and factor. The TLDs used in this study were
3 mm × 3 mm×0.89 mm  in size and had effective atomic number
(Zeff) 8.2; therefore, the neutron dosimeters in this study can be
considered as tissue-equivalent material. TLD 600 and 700 enrich-
ment for Li isotopes was 95.6% 6Li and 99.99% 7Li in LiF composition
of TLDs. In fact, TLD 700 poses a small amount of 6Li then TLD 600
sensitivity is higher than TLD 700 while sensitivity to gamma  ray
is the same. According to SSDL provided data, TLD chips were first
tested and those having sensivity whithin ±3% gave us to use to
experimentals. Callibration curve is shown in Fig. 6. Calibration fac-
tor (CF) was 0.0034 Gy/nC according to the callibration curve wich
derived the TLDs absorbed dose in Gy as a function of response in
nC. Distances of 1, 14 and 20 cm were used to irradiation in the
calibration process.

4. Results

The PSD method of MC simulation was utilized to model an
18 MV  Varian 2100 Clinac. The modeled linac was rapidly veri-
fied and benchmarked for the photon and neutron calculations,
using the PSD method. Our calculations revealed absorption of
1.2 × 10−14 Gy dose from X-rays, per an initial incident electron.
8.33 × 1013 initial electrons are needed to deliver an X-ray dose of
1 Gy ray at the isocenter. 2.50 × 1014 initial electrons are required to
simulate a 3 Gy/min photon dose-rate produced by the linac. Thus,
4.17 × 1012/s initial electron rate is required to reach a 3 Gy/min
dose rate at the isocenter. At different field sizes, the absorbed dose
in the water phantom in the cylindrical cells at height and radius
of 0.1 mm and 5 mm located on the central axis from the phantom
surface to 20 cm below the phantom surface was scored. Datasets
derived from the MC  simulation method and direct measurement
were compared. Tuning the primary electron energy was per-
formed in comparison with the measured PDD data. Different PDDs
were calculated from primary electron energies of 17.5–18.5 MeV.
The MC  calculated PDDs were compared with measured PDD. Based
on the best agreement (less than 1% difference) between measured
and calculated PDD, the energy of the modeled primary electron
was set as 18.3 MeV. Source to isocenter distance (SID) was set as
103.3 cm.  In the modeled water phantom with sides equal to 50 cm

and SID as 103.3 cm,  for PDD at a standard 10 × 10 cm2 field size, the
differences in PDD curve between MC and measurement methods
were 0.86%, 0.88%, and 1.12% at dose build-up, dmax, and descending
regions, respectively. In other fields, the difference at dmax was  <1%;
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Fig. 4. (A) Photon spectra at location 1. (B) Photon spectra at location 2, in the maze. (C) Neutron spectra at location 2, in the maze. (D) Photon spectra at location 3, inside
t ation
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he  door. (E) Neutron spectra at location 3, inside the door. (F) Photon spectra at loc
pectra  at location 5, in the control area. (I) Neutron spectra at location 5, in the c
ocation 6, outside the bunker.

he differences in dose build-up and descending regions were near
he values obtained for the standard field size. Comparing dataset
ifferences in these three regions of PDD curves with the TRS-398
ode of practice criteria (which explain acceptable limits), the dif-
erences between the simulated model and measured data did not
iolate the TRS-398 criteria. The resulting data for PBP curves were
ompared with the measured data at the depth of 5 cm in a water
hantom; the comparisons revealed that the calculated differences
ere below the limits of the TRS-398 code of practice criteria.

Figs. 1 and 2 show schematic views of the modeled linac, as
ell as PDD and photon PBP curves for studied field sizes, respec-

ively. TPR, using the recommendations of TRS-398, was  compared
ith the PDD parameter. TPR20,10 is recommended to be used in

alculations and has been reported as a parameter that exhibits
eam penetration and energy characteristics. Thus, we calculated

t according to the IAEA code of practice. MC  calculated TPR20,10
as 0.773, while direct measurements showed it as 0.774.
We calculated relevant parameters of MC  model for photoneu-
ron calculations. The most important parameter was the model’s
pparent neutron source strength (QN). It was defined as the num-
er of neutrons produced by the linac when the linac delivered 1 Gy
 4, outside the door. (G) Neutron spectra at location 4, outside the door. (H) Photon
l area. (J) Photon Spectra at location 6, outside the bunker. (K) Neutron Spectra at

X-ray at the isocenter. QN is in neutron per dose of isocenter n◦/Gy
and our MC  calculations showed QN of 1.23 × 1012 n◦/Gy X-ray at
the isocenter. In this work, we calculated the primary electrons
required to define the dose rate using this value. Our calculated flu-
ence (photon/cm2) at isocenter was  1.86 × 10−04 per initial electron
(photon/cm2/e0). According to our calculations, photon intensity at
the isocenter was 7.75 × 108 (photon/cm2/s). Photoneutron inten-
sity and fluence at the isocenter were calculated as 2.65 × 104

(photon/cm2/Gy X-ray) and 6.31 (n0/cm2/s). We  calculated the
photon or neutron fluence in 1 cm2  per second. Photoneutron and
photon doses, equivalent at the positions marked in Fig. 1, were
obtained as follows: at isocenter, photon dose was  2.4 × 10-14 Gy
per initial primary electron and neutron fluence at isocenter was
2.22 × 10-8 neutron per cm2 (n0/cm2). Using these data, QN was
calculated as 1.34 × 1012 n0/Gy at isocenter photon dose. Average
energy of the neutrons at isocenter was scored as 0.42 MeV. Multi-
plication of this value in scored cells per neutron per initial electron

yields neutron per Gy of photon dose at isocenter at a specific posi-
tion. As seen at the location 1 (Fig. 1) in MC  derived spectra for
photons and neutrons, peaks of neutrons appeared at 0.7 MeV  and
1.2 MeV, while for photons only a peak at 0.583 MeV  was observed.
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Table 1
Monte Carlo estimated dose equivalent in mSv/Gy.

Location in geometry Photon Neutron Total

1 (1.00 ± 0.00)) × 10◦ (1.37 ± 0.03) × 10−2 (1.01 ± 0.03) × 10◦

2 (6.10 ± 0.23) × 10−6 (5.55 ± 0.09) × 10−5 (6.16 ± 0.10) × 10−5

3 (1.328 ± 0.028) × 10−6 (5.74 ± 0.05) × 10−6 (7.06 ± 0.06) × 10−6

4 (3.37 ± 0.10) × 10−7 (2.61 ± 0.10) × 10−8 (3.63 ± 0.10) × 10−7

5 (1.285 ± 0.029) × 10−8 (2.78 ± 0.05) × 10−9 (1.56 ± 0.03) × 10−8

6 (2.30 ± 0.6) × 10−7 (2.61 ± 0.16) × 10−9 (2.3 ± 0.6) × 10−7

Table 2
Photoneutron, capture gamma  ray and linac leakage photon dose equivalent at out of close door (outer Maze entrance, 1 m above than floor) in mSv/Gy X at different distances.

Distance from door 30 cm 50 cm 70 cm 90 cm 100 cm
Photoneutron 3.37 × 10−7 1.11 × 10−7 7.87 × 10−8 4.84 × 10−8 9.92 × 10−9

Capture gamma ray and photon from the linac 2.61 × 10−8 1.247 × 10−8 1.09 × 10−8 9.95 × 10−9 9.83 × 10−9
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ig. 5. Photons from a linac head and neutron capture gamma spectra outside door,
s  in location 4. Linac photons are dominant.

Dose equivalent and ambient dose equivalent were calculated
or all six marked points and tabulated in Table 1. The effect of the
oor on dose attenuation for photon, neutron, and total dose is also
abulated in Table 2. In Fig. 1, Points 5 and 6 are located outside
f the room and the effect of the walls in radiation reduction was
ound by dose scoring inside and outside of the room. In addition
o dose calculation at different points in the bunker, spectra analy-
is was conducted at the same locations. Further, using a humanoid
hantom, simulation of prostate radiotherapy with 36 fractions and

 Gy per fraction was performed. The secondary cancer risk was cal-
ulated for different organs. Notably, photon dose equivalent was
educed by approximately 4.34 × 106 times at location 6 outside
he bunker relative to isocenter. Additionally, the door attenuated
hoton and neutron doses by 4 and 10 times, respectively, as shown

n Table 1. A considerable reduction was observed in both neutron
nd photon dose within the maze at location 5 outside the maze.
hoton dose equivalents at 50 cm above and around the target of
he modeled linac were estimated as 0.0051 and 0.0028 mSv/Gy of
-ray at isocenter. The results of TL dosimetry for the photoneu-

ron at the distance of 1 m from the isocenter on the treatment
oach, inner and outer maze door points showed a small differ-
nce with MC  results. Difference at point 1 or isocenter were 2.47%,
.77% and 2.89%, respectively, for photoneutron dose. Additionally,
hoton and neutron spectra analyses were conducted, using the F4

ally of the MC  code at the locations shown in the room geome-
ry. Derived spectra are shown in a logarithmic scale in Fig. 4. At
he maze entrance, capture gamma  ray spectra, due to photoneu-
ron contamination as well as linac leakage photons were derived
Fig. 6. Calibration curve for TLD 600/700. Ra-Be source employed to irradiation of
the TLD 600/700 pairs at 7, 14 and 20 cm to calibration of the dosimeters to neutron
dosimetry in this study.

using the F4 tally of MC  with narrow energy bins. The spectra were
shown in Fig. 5. According to our estimations and derived energy
fluence at isocentre and maze entrance it was seen that only 11% of
the neutrons at isocenter were fast and epithermal and 89% of the
neutrons were thermal. Thermal neutrons have a negligible por-
tion in delivered dose equivalent at patient body and isocenter.
But, in the maze and maze entrance, thermal neutrons are domi-
nant and dose from the neutron is dose from the thermal/resonance
neutrons.at the maze entrance, peak of neutron energy fluence
observed at energy range and number of neutrons as follows. MC
simulations scored neutrons energy fluence in narrow bins from
3.66 × 10−7 to 3 MeV  at the maze entrance and it was  found that
energy range of 2.90 × 10−6–3.66 × 10−5 MeV  had higher number of
neutrons at the maze entrance with 2.03 × 10−8–1.29 × 10−8 neu-
trons. For photons from the linac head at maze entrance, in energies
of 0.04, 0.10 and 0.85 MeV  the number of photons as 7.58 × 10−9,
4.28 × 10−8 and 6.75 × 10−9 are the peak of photons in the spec-
trum. For capture gamma  ray energies also 0.151, 0.518, 1.64,
4.25, 5.25, 8.45 MeV  having 2.48 × 10−8, 9.12 × 10−8, 1.54 × 10−8,
1.12 × 10−8, 1.02 × 10−8, 7.85 × 10−8 gamma  ray photons due to
neutron capture made peaks in the energy fluence.

5. Discussion
In the current study, photoneutron and subsequently gener-
ated capture gamma ray dose and fluence were investigated. Our
method comprised of the computational PSD approach of the MC
method. The PSD approach reduced run-time while decreasing
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omputational statistical error. Our linac model was  verified and
enchmarked using a measurement dataset for PDD and PBP com-
arisons. Further, the model of linac was verified for the neutron
alculations by deriving the linac QN. We  obtained a value that is
lightly higher than the previously reported value for the same
odel and operating machine. The difference may  be attributed

o the presence of room walls. Reported values were calculated
round an in-air linac model, whereas our result was calculated for

 linac in a bunker. In our previous publication, it was  revealed that
oom walls can be a photoneutron source, which other publications
ave also reported.13,25–28 Additionally, the steel slab in the con-
rete may  cause increased neutron production because of the high
tomic number of the steel. According to the maze dimensions,
oom height, room inner surface and other characteristics of the
oom and of the machine, such as QN and delivering X-ray photon
ose to isocenter, dose level at door location can be different. Our
imulated door reduced dose level to acceptable dose level (0.1 mSv
er week, 5 days and 8 h working time per day) in the geometry and

inac as well as material of the room walls. Konefal et al. and deliv-
ring X-ray photon dose to isocenter, dose level at door location
an be different. Our simulated door reduced dose level to accept-
ble dose level (0.1 mSv  per week, 5 days and 8 h working time per
ay) in the geometry and linac as well as material of the room walls.
onefal et al.22–34 In their study, they proposed a significant change

n the design of a door to a room with slowed down neutron field
y means of commonly used inexpensive protective materials and
roposed a door composition and material.24 Our simulated door

s similar to that designed by Konefal et al.24 in material and differ-
nt from their door in dimensions. Our designed door reduced the
ose to below the acceptable level in our geometry and linac char-
cterizations such as QN value of linac, walls materials and room
nd maze dimensions. Differences in BPE, steel and lead thickness
n relation to the work of Konefal et al.24 may  be attributed to
he difference in machine and room characteristics. Photon and
eutron spectra, inside and outside of the bunker, were in agree-
ent with other studies.30–40 Different investigations regarding the

eutron and photon dose in the bunker support our results. Dose
stimation and shielding evaluations for out of room points have
ot been conducted extensively and radiation characterization in
ontrol room and out of treatment room were needed. Although
t is time-consuming and difficult to reach an acceptable level of
tatistical error, we used the PSD method and showed that time-
onsuming runs could finish in <28 min, with statistical errors of
0.012. Using the PSD method, we calculated the dose and spectra
round the linac, as well as inside and outside of the bunker. Sev-
ral studies regarding the photoneutron dose and spectra analysis
uring megavoltage radiotherapy support our results. For instance,
ur MC  derived spectra were in close agreement with the results of
srangul-NA et al.52 in terms of prompt gamma  ray analysis and also
n each spectrum, an annihilation peak can be seen.41 The authors
roposed additional work on this issue to improve the investiga-
ions. Regarding the room effect on the radiation attenuation, as
ell as door composition, some researchers have evaluated the
eutron and gamma  ray attenuation factor and their results support
ur observations.41–51

. Conclusions

In the current study, photoneutron, prompt capture gamma  ray,
lectron contamination and linac leakage photons were character-
zed. It was seen that prompt gamma  ray photons are dominant
t maze entrance and electron contamination was found only

n-field and slightly around the useful beam. Furthermore, pho-
oneutron propagated from target to outside of the room. Each
omponent was characterized using PSD file designing. Addition-
lly, it was revealed that application of the PSD approach in this
ncology and Radiotherapy 25 (2020) 233–240 239

study efficiently reduced run-time while preserving the estima-
tion precision. Our findings showed that PSD approach was  more
effective than full MC  simulation in solving the radiation transport
problems, especially in complex geometry and physics of the prob-
lem and long distances of radiation source to the estimation point.
The authors recommend PSD file employment in radiation dosime-
try for complex geometry and when radiation transport in a long
distance is needed.
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