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ABSTRACT

Background: High-energy linear accelerator (linac) is a valuable tool and the most
commonly used device for external beam radiation treatments in cancer patients. In
the linac head, high-energy photons with energies above the threshold of (y,n) interac-
tion produce photoneutrons. These photoneutrons deliver the extra dose to the patients
undergoing radiation treatment and increase the risk of secondary cancer.
Objective: In this study, a simplified model of the linac head was simulated and
photoneutron dose equivalent was calculated at the isocenter and maze in the sphere
detector. In addition, the absorbed and equivalent dose of photoneutron were estimated
in the some organs of the phantom.

Methods: The simulations were made using the Monte Carlo code. The ICRP ref-
erence adult male voxel phantom was used as the human body model for dosimetry
calculations.

Results: The results of dose calculations at the isocenter and maze showed that
photoneutron dose decreases as the function of distance from the isocenter and in-
creases with increasing the distance from the entrance maze.

Conclusion: Itis concluded that the simplified model of linac head is a useful and
reliable method in dosimetry calculations. Calculations illustrated that the photoneu-
tron dose is not negligible and duo to its harmful biological effects on body, it should
be considered in the treatment plans.
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Introduction
owadays, using medical linear accelerator operating over 10
MYV has increased for cancer treatment at radiotherapy centers.
Photon beams produced by these linacs have several advan-
tages among the other radiotherapy treatments such as higher dose in
depth, lower skin dose, reduced amount of scattered dose on healthy tis-
sues around the tumor and lower isodose curve [1,2]. According to the
operating voltage of the linac, the maximum energy of photon ranges
from 8 MeV to 25 MeV. Whereas, the required threshold energy for .
(v,n) interactions in heavy materials is about 8 MeV (e.g. is 7.34 McV  [iettiumbri I
. . . S H Miri-Hakimabad
for tupgsten) [3,4].Therefore, the hlgh-energy ph0t0n§ can collide Wlth Physics Department,
the high-Z nucleus of target, collimator, and flattening filter of linac [l IlISANN Tl
head such as tungsten and lead and eventually photoneutrons will be | auaEE L AN
roduced. The level of additional and unwanted photoneutron doses in AN
produced. The level of additional and unwanted photoneutron doses in  FESTEESSRTRCY
patients has increased concerns about developing further damages in  [EISRIMIEIALS
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normal tissues and increasing the risk of sec-
ondary cancers. These amounts of radiation
dose can also cause damages in the personnel
of radiotherapy center working in the maze of
the treatment room. Considering the facts that
a high intensity of photon flux needed to kill
tumor cells and such intensity creates destruc-
tive effects in human body the estimation of
received doses by the patients and staffs is es-
sential.

In this work, MCNPX 2.4.0 Monte Carlo
code was used for all simulations [5]. The
simplified geometry of the linac head was
simulated and the photoneutron spectra and
the photoneutron dose equivalent were calcu-
lated at the isocenter and the maze of the treat-
ment room for a linac operating in 15,18,20,
and 25 MV. To assess the photoneutron dose
in the patients, the ICRP reference adult male
voxel phantom was used and the photoneutron
absorbed doses (sum of the absorbed doses of
photoneutrons and photons from photoneu-
tron interactions with the body composition)
were calculated in the organs of this realistic
voxel phantom in a brain, stomach, pancreas,
and prostate treatments with a 15, 18, 20, and
25 MV accelerators. Furthermore, the photo-
neutron equivalent dose in the relevant organs
was calculated in order to provide quantitative
criteria for comparison.

Materials and Methods

Photoneutron source

The photoneutrons produced in high-energy
accelerator can be classified in two groups: the
first group has a Maxwellian energy distribu-
tion, which are called evaporation neutrons.
When the energy of incident photon distrib-
ute among all the nucleons of the nucleus, a
neutron which is close to the nucleus surface
acquires enough energy to emerge as an evap-
oration neutron. These neutrons have isotro-
pic angular distributions. The second group
produced through direct interaction between
a photon and a neutron in the nucleus. In this

case, the photon gives all its energy to the
neutron. These neutrons are mostly emitted
in the direction of the in-coming photon and
are known as knock-on neutrons [6].In addi-
tion, their energies are greater than evapora-
tion neutrons. Nevertheless, the evaporation
neutrons constitute the larger portion of the
photoneutrons. To describe the photoneutron
spectra the following equation was derived:

dN E = In|E,.. /E+S,|
—=a—eT +f—5—
d€ T [, "In|E,, /E+S,|dE

max

where dN/dE is the amount of the neutrons
with energy between E and E+dE. The first
part is corresponding to the evaporation neu-
trons in which a is the fraction of evapora-
tion neutrons, and T is the target nuclear tem-
perature in MeV. In the second part, B is the
fraction of the knock-on neutrons, E_  is the
maximum energy of accelerated electrons and
S is the separation energy of neutrons in the
target nucleus. For tungsten target, a=0.8929,
p=0.1071, T=0.5 MeV, and S =7.34 MeV.

MCNP simulations

The detailed geometry of linac is not always
available. So, to confront this limitation, a sim-
plified model of linac was simulated by Monte
Carlo N-Particle (MCNP) to study neutron
transport around the linac. This approach was
used by other authors successfully [6-9]. In the
linac head, the main source of photoneutrons
is the reactions between photons and tungsten.
Therefore, the simplified geometry of the head
was simulated as 10 cm-thick spherical shell
of tungsten with an air conical aperture. The
point-like source of the photoneutron with
spectra given by eq.1 was located in the center
shell. The average photoneutron energies of
these spectra were 1.15, 1.25, 1.31, and 1.46
MeV for 15, 18, 20, and 25 MYV, respectively.
In order to simulate the different radiation field
sizes a suitable angle of cone was considered.
The used photoneutron spectrum and simpli-
fied model of the simulated head were shown
in figures1 and 2.
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Figure 1: The photoneutron spectra derived from Eq. 1
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Figure 2: The simplified model of linac head and voxel phantom in MCNPX simulation
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Simulation of the treatment room was based
on Imam Reza hospital of Mashhad city in
Iran. The thicknesses of the walls of treat-
ment room and maze were considered 140 cm
and 165 cm, respectively, which were made
of standard concrete with a density of 2.23
gr.cm?. The isocenter was located at a height
of 114 c¢cm from the floor and the distance be-
tween the source and the isocenter was about
100 cm. The schematic view of the treatment
room was shown in the figure 3.

To evaluate the photoneutron dose equiva-
lent and photoneutron spectrum at the differ-
ent distances from isocenter and the maze of
the treatment room, the sphere with a diameter
of 10 cm was simulated as a detector and was
placed at the isocenter. Because of the body
shape effects on the dose distribution, the
sphere detector is not an adequate implement
for estimation the received dose by patients.
So, in the next step the voxel phantom was
used and calculations were made for human
body.

The absorbed dose in the organs and tissues
due to photoneutrons produced in the clinical
linacs cannot be measured directly but it can
be calculated by using Monte Carlo simula-
tion, which considers detailed and accurate

model of the human body. To represent an ac-
curate model of the human body with detailed
internal structures, voxel phantoms were used
which are based on the computed tomography
(CT) or magnetic resonance imaging (MRI)
images of real persons. Each voxel of this 3-D
model of human body is characterized with its
index and the constituent material.

To calculate the photoneutron dose in body
organs, we used the ICRP reference adult
male voxel phantom that has the height and
the mass of 176 cm of 73 kg, respectively [10],
and built of 254x127x222 voxels with dimen-
sions 0f 0.2137x0.2137x0.8 cm’.

Estimation of the photoneutron spectra and
dose equivalent in the sphere detectors were
done using the volumetric flux (F4 tally card),
with flux-to-dose rate conversion factors re-
ported by the NCRP38 [11]. The F6 tally and
mean radiation weight factor of ICRP 103
were used for dose calculations in the voxel
phantom [12]. S(a,p) treatment was used to
account thermal neutron scattering in concrete
and soft tissue. According to the thicknesses
of the walls, the variance reduction method
(Russian-Roulette) was considered in the
MCNP input file. Ultimately, the statistical er-
rors in all the calculations were less than 3%.
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Figure 3: The x-y plan of simulated treatment room
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In MCNPX, the tally results are reported per
source particle. Therefore, to obtain neutron
doses in each treatment, normalization factors
were used to calculate the dose values per 1
Gy photon absorbed dose at the isocenter.

Although the strength of produced photo-
neutrons depend on the structure of the linac
head, but their amounts are not differing sig-
nificantly between the various types of linacs.
So, the photoneutron strength per Gy (Q) mea-
sured by the other researchers for linacs oper-
ating in 15,18,20, and 25 MV, were used for
calculations. These data were listed in tablel.
Since the MCNP outs are per incident neutron,
all results were multiplied by the related Q.

Results and Discussion

Sphere detector

The fluences of photoneutrons in the spheres
containing air and soft tissue at the isocenter
(for 15 MV) were displayed in figures 4 and 5,
respectively. There are two peaks in the spec-
trum: first one at energy of 0.5 MeV is due
to direct neutrons which move directly from
the head to the detectors and the second one
at energy of 1077 MeV is related to thermal
neutrons produced by scattering from head’s
components and walls of treatment room.
The results of our calculations for determin-
ing photoneutron spectra in air were in good

Table 1: The measured photoneutron strength (n /Gy) used in the calculations

Manufacturer Model Nominal MV Q(n/Gy) Study
Siemens MD 15 0.2x10" Followill et al. (2003)[13]
Siemens KD 18 0.88x10" Followill et al. (2003)[13]
Siemens KD 20 0.92x10" McCall (1987)[14]

GE Saturne 43 25 2.4x10" Fenn and McGinley (1995)[15]
12 -
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Figure 4: Photoneutron spectra at the isocenter (air) for 15 MV accelerator
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Figure 5: Photoneutron spectra at the isocenter (soft tissue) for 15 MV accelerator

agreements with spectra reported by the other
researchers [16-18].

According to the figure 4, the dimensions
of irradiation field does not affect the thermal
neutron fluence in the air detectors significant-
ly. So that, the frequency of thermal neutrons
were increased less than of 2% for 40x40 cm?
field size with respect to that of 10x10 cm?
field size.

However, it should be noted that the rate of
increase in neutron frequency in the energy of
about 0.5 MeV is greater. So that, the 20x20
cm? field size increased the direct neutrons
flux about 30% rather than 10x10 cm? field
size. This increasing for 30x30 cm? and 40x40
cm? field sizes were about 33% and 35%, re-
spectively. This means that the rate of increase
in neutron fluence at larger irradiation fields
was almost the same. Because of the impor-
tance of knowing the incident neutron flux on
patients, the neutron spectrum was calculated
in the soft tissue detectors.

Figure 5 illustrated the photoneutron flux in
a spherical detector containing soft tissue. In

this figure, two peaks were seen similar to air
detectors. However, the peak corresponding
to thermal neutrons was larger than theother
peak, and a substantial reduction in the direct
neutron peak was observed. These changes
occur as fast neutrons lose their energies and
rapidly become thermalized, primarily be-
cause they have relatively large cross sections
for elastic scattering with hydrogen.

At irradiation fields of 20x20 cm?, 30x30
cm?, and 40x40 cm? thermal neutron fluence
increase 38%, 45%, and 50% compared to that
of 10x10 cm?, respectively. While the rate of
increase for fast neutrons at irradiation fields
of 20x20 cm?, 30x30 cm? and 40x40 cm?
were 66%, 72%, and 76%, more than that of
the irradiation fields of 10x10 cm?,separately.
These significant discrepancies between irra-
diation field of 10x10cm? and the larger ones
are due to the size of spherical detector (radius
of 10 cm). The photoneutron dose equivalent
in the air as a function of distance from the
isocenter for different field sizes and energy
of 15 MV, was shown in the figure 6. For
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Figure 6: Photoneutron dose equivalent at different distances from the isocenter for 15 MV ac-

celerator

all irradiation field sizes the amount of dose
equivalent at the isocenter was larger than
other positions. In addition, by dose equiva-
lent at isocenter of larger field size were more
than dose equivalent at irradiation field of
10x10 cm?, so that this quantity at field size
of 20x20cm?, 30x30 cm?, and 40x40 cm? was
47%, 48%, and 48.5%, higher than at 10x10
cm?, respectively. The difference between
dose equivalent of field sizes of 10x10 cm?
and 20x20 cm? were considerable but the ef-
fect of field size of 20x20 cm? and 40%40 cm?
on dose was almost the same. By increasing
the distance from the isocenter(at 20 cm away
from isocenter), a sharp drop was seen in the
dose equivalent rate and for greater distances
this reduction occurred with smoother slop. In
the field size of 10x10 cm? the amount of dose
reduction at 20 cm away from the isocenter
was 50%, while dose equivalent at distances
0f 40 cm and 140 cm from isocenter were 9%

and 56% less than that at 20 cm from the iso-
center, respectively. This trend was similar
for the other irradiation field sizes so that the
amount of dose reduction relative to isocenter
at distance of 20 cm were 73%, 63%, and 41%
at field size of 20x20 c¢cm?, 30x30 cm?, and
40x40 cm?, separately. To compare and vali-
date the results with the other published data,
a neutron strength of 1.2x10'> n/Gy for 18 MV
linac was used as Zabihzadeh et.al [19] and
then the results compared by those of Sohrabi
[20]. Table 2 indicates the results of this study
and the corresponding values measured by
Sohrabi et.al for 18 MV. Comparisons confirm
that there is a good agreement between the
outcomes of these two studies.

Dose equivalent was also calculated for
18, 20, and 25 MV at the different distance
from the isocenter. The results showed that
the photoneutron dose equivalent decreases
with increasing distance from the isocenter.
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Table 2: Comparison between calculated photoneutron dose equivalent and measured data (in

air)
Neutron dose equivalent at isocenter Neutron dose equivalent at 20 cm from
(mSv/Gy) the isocenter (mSv/Gy)
10x10 cm? 40%40 cm? 10x10 cm? 40%40 cm?
Measurement 22 3.7 05 20
This work 1.9 3.7 0.9 2.2

In general, the results showed that the dose
equivalent of photoneutron at the isocenter
was maximum, which were about 0.61, 2.71,
2.85, and 7.53 mSv/Gy for 15, 18, 20, and 25
MV respectively (for a 40x40 cm? field size).
Moreover, it was observed that by decreasing
the field size the neutron dose equivalent re-
duces, so that this quantity for a 10x10 cm?
field size decreases to 0.3, 139, 1.47, and 3.88
mSv/Gy at the isocenter. It should be noted
that by increasing the distance from the iso-
center, the dose equivalent decreases gradu-
ally and falls to 0.07,0.31,0.33 and 0.89 mSv/
Gy at a distance of 140 cm away from the iso-
center for 15, 18, 20 and 25 MYV, respectively
(for a 40x40 cm? field size).

In order to estimate the amount of dose re-

ceived to patient at maze, photoneutron dose
equivalent was also calculated at different
points in the maze. According to our results,
the dimensions of irradiation fields have no
effect on the neutron dose equivalent in the
maze, so photoneutron dose equivalent for
just 40x40 cm? field size at air detector placed
at different distances from the entrance were
displayed figure 7. Given the results, the dose
equivalent at the entrance of the maze was
lower than at the other points in the maze. By
increasing the distance from the entrance of
treatment room, dose equivalent increased, so
that at energy of 25 MV this value was 1100%,
180%, and 167% higher than at energies of 15
MYV, 18 MV, and 20 MV, separately. It should
be mentioned that these remarkable enhance-
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Figure 7: Photoneutron dose equivalent at different distances from the maze entrance
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ment were due to the value of Q (the number
of neutron produced at energy of 25MV per
1 Gy were 1100%, 180%, and 167% higher
than at energies of 15 MV, 18 MV, and 20 MV,
respectively).

Voxel phantom

Doses of the photoneutrons, produced from
the linac head, is not taken into account in
the treatment plans. While awareness of their
amounts is very important to have a better es-
timation of secondary cancer risk, and also it
can help in conducting the appropriate treat-
ment plans for patients.

In this study, it was assumed that the patient
was irradiated to treat the tumors in the brain,
stomach, pancreas, and prostate. For this pur-
pose, a simplified model of the linac head (as
described above) was set in the front of these
organs in the voxel phantom (AP geometry).

So that, the distance between their center of
masses and neutron source was 100 cm (i.e.
the center of masses were located at the iso-
center). Calculations were performed for
10x10 cm? irradiation field size and energy of
15, 18, 20, and 25 MV. This configuration is
shown in the figure 2 for prostate treatment.

Photoneutron absorbed doses of adrenals,
brain, gonads, liver, lungs, stomach, thyroid,
gall bladder, heart, kidney, pancreas, prostate,
spleen, thymus, and eye lens in the case that a
simplified model of linac head was located in
front of the brain were shown in the figure 8.
Relative statistical uncertainties of these cal-
culations were less than 3% except for the eye
lenses, which was less than 10%.

According to the figure 8 and table 3, brain
absorbed dose for 15, 18, 20, and 25 MV was
0.011, 0.052, 0.056, and 0.15 mGy/Gy, sepa-
rately. Despite the fact that brain was the target,
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Figure 8: Photoneutron absorbed doses (mGy/Gy) in brain tumor treatment
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Table 3: Absorbed dose and equivalent dose values of photoneutron in the brain tumor treat-

ment
15 MV 18 MV 20 MV 25 MV
Organ absorbed  equivalent  absorbed  equivalent  absorbed  equivalent  absorbed  equivalent
dose dose dose dose dose dose dose dose
(10°mGy/Gy)  (10?mSv/Gy) (10?mGy/Gy) (10ZmSv/Gy) (102mGy/Gy) (102mSv/Gy) (102mGy/Gy) (10?mSv/Gy)
Adrenals 2.27 1.37 1.05 6.36 117 7.09 3.09 18.74
Kidney 2.25 1.36 1.02 6.18 1.09 6.61 3.21 19.46
Prostate 2.61 1.58 1.25 7.57 1.33 8.06 3.59 21.77
Spleen 2.75 1.67 1.23 7.45 1.3 7.88 3.71 22.49
Gonads 4.06 2.46 1.84 11.15 2.14 12.97 5 30.32
Pancreas 4.55 2.76 2.05 12.42 2.23 13.52 6.35 38.50
Gall Bladder 5.02 3.04 2.23 13.51 2.38 14.43 6.5 39.41
Liver 5.74 3.48 2.58 15.63 2.73 16.55 7.39 44 .81
Lungs 7.08 4.29 3.2 19.38 34 20.61 9.17 55.60
Stomach 6.82 413 3.08 18.66 3.22 19.52 9.36 56.75
Heart 8.1 4.90 3.68 22.29 3.84 23.28 10.5 63.66
Brain 1.2 6.78 523 31.68 5.59 33.89 15.7 95.19
Eye lens 13.7 8.29 6.71 40.64 6.67 40.43 17 103.07
Thyroid 15.1 9.14 6.34 38.40 6.7 40.62 17.5 106.10
Thymus 13.6 8.23 6.28 38.04 6.82 41.34 18.4 111.56

the eye lenses, thyroid, and thymus received
greater doses than brain, because they were
more close to the body surface. The outcomes
revealed that doses received by eye lenses,
thyroid, and thymus were 21%, 34%, and 22%
more than what brain received. In addition,
the organs which were more distant from the
brain, received less photoneutron doses than
the closer ones. It should be mentioned that
the great amounts of energy deposited in the
thyroid and thymus were due to their proxim-
ity to the body surface, which cause them to be
exposed to greater energies of photoneutrons.
By increasing the energy, the dose increases,
and this enhancement is very remarkable for
25 MV owing to its high neutron strength
(2.4x10" n/Gy). Calculations indicated that
some normal tissues, which were not desired
to be irradiated, also received high photoneu-
tron equivalent dose. Because of these irrepa-
rable damages, concerns about neutron dose
have increased.

Now suppose that the patient should receive

photon dose of 50 Gy according to the pre-
scribed treatment plan. Then the amount of
absorbed dose of photoneutron in the sensi-
tive organ such as thyroid for energies of 15,
18, 20 and 25 MV would be 0.755, 3.17, 3.35
and 8.75 mGy, respectively. In this case, the
equivalent dose in the thyroid for mentioned
energies will be 4.57, 19.2, 20.3, and 53.05
mSyv, separately.

Due to the peak of incident neutron spectrum
is in the range of 0.5-1 MeV and maximum
W, is in the same energy range, equivalent
dose is high in the phantom organs. Therefore,
the photoneutron dose should be considered in
the designing of treatment plan. Because this
high amount of dose equivalent causes to seri-
ous damage to healthy tissue certainly.

As expected, the maximum doses were de-
livered to stomach, pancreas, and prostate in
stomach, pancreas, and prostate tumor treat-
ments, respectively (tables 4-6). In these ir-
radiations most of abdominal organs received
extra doses that can increase the secondary
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Table 4: Absorbed dose and equivalent dose values of photoneutron in the stomach tumor
treatment

15 MV 18 MV 20 MV 25 MV

Organ absorbed  equivalent  absorbed  equivalent absorbed  equivalent absorbed  equivalent
dose dose dose dose dose dose dose dose

(10°mGy/Gy)  (10?mSv/Gy)  (10?mGy/Gy) (102mSviGy) (102mGy/Gy) (102mSviGy) (10?2mGy/Gy) (102mSv/Gy)
Adrenals 3.84 2.33 1.8 10.90 1.94 11.76 5.56 33.71
Kidney 3.71 2.25 1.72 10.42 1.87 11.34 5.42 32.86
Prostate 5.26 3.18 243 14.72 2.74 16.61 713 43.23
Spleen 4,94 2.99 2.35 14.23 2.58 15.64 7.34 44.50
Gonads 8.36 5.06 3.56 21.56 37 2243 11.20 67.91
Pancreas 8.24 4.99 3.85 23.32 4.06 24.61 11.30 68.51
Gall Bladder 6.8 412 311 18.84 3.23 19.58 8.88 53.84
Liver 7.72 4.67 3.62 21.93 3.8 23.04 10.40 63.06
Lungs 6.78 4.11 3N 18.84 3.29 19.94 9.05 54.87
Stomach 18.6 11.26 8.55 51.79 9.14 55.41 25.30 153.39
Heart 9.14 5.53 4.21 25.50 4.45 26.98 12.10 73.36
Brain 2.84 1.72 1.26 7.63 1.37 8.31 3.76 22.80
Eye lens 4.65 2.82 2.11 12.78 1.73 10.49 5.12 31.04
Thyroid 124 7.51 5.37 32.53 6.08 36.86 16.00 97.01
Thymus 12.3 7.45 5.68 34.40 6.14 37.22 15.60 94.58

Table 5: Absorbed dose and equivalent dose values of photoneutron in the prostate tumor
treatment

15 MV 18 MV 20 MV 25 MV

Organ absorbed  equivalent  absorbed  equivalent absorbed  equivalent  absorbed  equivalent
dose dose dose dose dose dose dose dose

(10°mGy/Gy)  (102mSviGy)  (10?mGy/Gy) (102mSv/Gy) (102mGy/Gy) (102mSviGy) (10?mGy/Gy) (102mSv/Gy)

Adrenals 2.55 1.54 1.13 6.84 1.25 7.58 343 20.80
Kidney 3.09 1.87 1.40 8.48 1.52 9.21 4.22 25.59

Prostate 16.90 10.23 7.94 48.09 8.51 51.59 23.70 143.69
Spleen 2.58 1.56 1.18 7.15 1.23 746 3.41 20.68

Gonads 15.70 9.51 6.78 41.07 7.34 4450 19.10 115.80
Pancreas 5.85 3.54 2.69 16.29 2.84 17.22 7.66 46.44
Gall Bladder 5.98 3.62 2.73 16.54 2.92 17.70 7.94 48.14
Liver 5.58 3.38 2.55 15.45 2.74 16.61 7.61 46.14

Lungs 4.32 2.62 1.95 11.81 212 12.85 5.71 34.62

Stomach 7.00 4.24 3.20 19.38 3.45 20.91 9.36 56.75
Heart 5.36 3.25 2.45 14.84 2.61 15.82 7.01 4250

Brain 1.80 1.09 0.83 5.05 0.91 553 2.59 15.70

Eye lens 3.34 2.02 1.46 8.84 1.50 9.09 3.17 19.22
Thyroid 8.58 5.19 3.82 23.14 3.96 24.01 10.60 64.27
Thymus 7.80 4.72 3.38 2047 3.67 22.25 9.86 59.78

J Biomed Phys Eng 2014; 4(4) / 157



Mohammadi N et al

www.jbpe.org

Table 6: Absorbed dose and equivalent dose values of photoneutron in the pancreas tumor

treatment
15 MV 18 MV 20 mv 25 MV

Organ absorbed  equivalent  absorbed  equivalent  absorbed  equivalent  absorbed  equivalent
dose dose dose dose dose dose dose dose

(10°mGy/Gy)  (10°mSv/Gy)  (102mGy/Gy) (10°mSv/Gy) (102mGy/Gy) (10?mSv/Gy) (102mGy/Gy) (10?mSv/Gy)
Adrenals 3.74 2.26 1.75 10.60 1.98 12.00 543 32.92
Kidney 3.81 2.31 1.78 10.78 1.95 11.82 543 32.92
Prostate 5.92 3.58 2.50 15.14 2.86 17.34 7.46 4523
Spleen 3.35 2.03 1.54 9.33 1.69 10.25 453 27.47
Gonads 9.06 5.49 4.02 24.35 4.36 26.43 11.30 68.51
Pancreas 13.00 7.87 6.06 36.71 6.64 40.25 18.30 110.95
Gall Bladder 9.76 5.91 4.57 27.68 4.87 29.52 13.60 82.46
Liver 9.30 5.63 422 25.56 454 27.52 12.30 74.58
Lungs 6.42 3.89 2.90 17.57 3.12 18.91 8.59 52.08
Stomach 12.50 7.57 5.63 34.10 6.15 37.28 16.50 100.04
Heart 8.00 4.84 3.63 21.99 3.86 23.40 10.50 63.66
Brain 2.78 1.68 1.30 7.87 1.37 8.31 3.72 2255
Eye lens 4.63 2.80 2.46 14.90 2.31 14.00 7.18 43.53
Thyroid 12.40 7.51 5.44 32.95 5.45 33.04 14.60 88.52
Thymus 12.20 7.39 5.34 32.34 5.66 34.31 14.60 88.52

cancer risk in these regions.

Finally, the mesh tally was utilized to define
the energy deposition distribution around the
target volume of treatment. Then the stored
energy in each voxel was divided by corre-
sponding density, and the absorbed dose was
calculated in the phantom. The size of each
scoring cell of the mesh tally in the phantom
was set to 0.2137 cm x 0.2137 cm x 0.8 cm as
the same of voxel dimensions. Absorbed dose

Absorbed dose (107 mGy/Gy)

distribution around the prostate for energy of
15 MV is shown in the figure 9. According to
the x-z view of this figure, the maximum ab-
sorbed dose was in the target volume, but in the
surrounding tissue the value of absorbed dose
was in the range of 14x103-18%x10" mGy/Gy.
In other view(x-y plan), it was observed that
the amount of absorbed dose in the skin and
tissues close to the body surface was signifi-
cant and ranged from14x10 to 24x10”° mGy/
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Figure 9: Photoneutron absorbed dose (mGy/Gy) distribution around the prostate in the pros-

tate treatment for 15 MV accelerator
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Gy. By increasing the depth and approaching
to the back of body, absorbed dose decreased
to 2x10° mGy/Gy. Unexpectedly, this reduc-
tion was not observed for two regions which
were located in front of the hands and their
absorbed doses were greater than the other
positions of back of the body. This is due to
the fact that hands acted as reflector and scat-
tered the photoneutrons toward the body, so
they caused enhancement in received doses in
these regions. Therefore, to prevent this from
happening it was suggested that patients were-
placed in the arm raised position during the
prostate treatment.

Conclusion

Unwanted neutrons are produced in the
high-energy medical linear accelerators due to
(v,n) interaction in the heavy materials of the
linac head. These photoneutrons deliver addi-
tional doses in the patients and even can lead
to secondary cancer. Our calculations with
MCNPX Monte Carlo code indicated that the
photoneutron spectrum at the isocenter has
two peaks in the thermal area and 0.5 MeV.
The photoneutron dose equivalent had the
maximum value at the isocenter, which was
decreasing as the distance from the isocenter
increases. Considering the results and good
accordance obtained between calculations and
measurements, it should be concluded that
the simplified model of linac head is a useful
and reliable method in dosimetry calculations.
Moreover, using MCNPX code, photoneutron
doses received in the whole anatomy of a re-
alistic voxel male phantom undergoing a par-
ticular treatment, specifically brain, stomach,
pancreas, and prostate treatments with 15, 18,
20, and 25 MV accelerators were calculated. It
was also illustrated that the photoneutron dose
1s not negligible and duo to its harmful biolog-
ical effects on body, it should be considered in
the treatment plans.
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