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Abstract

Introduction: Advanced treatment modalities involve applying small fields which might be
shaped by collimators or circular cones. In these techniques, high-energy photons produce
unwanted neutrons. Therefore, it is necessary to know neutron parameters in these techniques.
Materials and methods: Different parts of Varian linac were simulated by MCNPX, and
different neutron parameters were calculated. The results were then compared to photoneutron
production in the same nominal fields created by circular cones.
Results: Maximum neutron fluence for 1 × 1, 2 × 2, 3 × 3 cm2 field sizes was 165, 40.4,
19.78 (cm–2.Gy-1 × 106), respectively. The maximum values of neutron equivalent doses
were 17.1, 4.65, 2.44 (mSv/Gy of photon dose) for 1 × 1, 2 × 2, 3 × 3 cm2 field size,
respectively, and maximum neutron absorbed doses reached 903, 253, 131 (μGy/Gy photon
dose) for 1 × 1, 2 × 2, 3 × 3 cm2 field sizes, respectively.
Conclusion: Comparing the results with those in the presence of circular cones showed that
circular cones reduce photoneutron production for the same nominal field sizes.

Introduction

External beam radiotherapy (EBRT) is the most common and useful modality of cancer
treatment. Linear accelerators (linacs) generate megavoltage electron and photon beams with
different energies. High-energy photon and electron beams produce unwanted neutrons and
deliver undesirable dose to patients. However, this extra dose is low but due to the high radiation
quality factor of neutrons (wR), these particles have significant biological effects.1–3 The rate of
this phenomenon depends on energy of the incident photons and atomic number of the target.
Therefore, radiotherapy with photon energies above 8 MeV usually consists of photonuclear
process known as (ɣ, n) reaction which is the main source of neutron production. The NCRP
116 suggests a radiation quality factor of 20 for neutrons with energy of 0.1–2MeV which might
be produced in radiation therapy with photon beams. Considering the radiation quality factor of
20 for these photoneutrons shows the significant contribution of these particles in patients’
effective doses and consequently in radiation-induced fatal cancer risks. Therefore, it is
necessary to be aware of neutron portion in different treatment methods.4

To ensure deliveringminimum dose to healthy structures, applying relatively small fields (0.3
× 0.3 cm2– 4 × 4 cm2) is needed. For this purpose, there have been many developments in
treatment machines. Small fields in EBRT are shaped by collimating a flattened or un-flattened
high-energy photon beam using jaws, multi-leaf collimators (MLCs), circular cones, or
adjustable tertiary collimators.5,6

Lately, Hosseinzadeh et al studied neutron contamination in the presence of circular cones.7

However, there is no quantified comparison of neutron contamination due to circular cones and
secondary collimator jaws which are both required in delivering different treatment techniques.

Since neutron dose measurements are accompanied by intensive gamma irradiation which
cause uncertainty in photon fields, the dead time and pileup affects will falsify the results of
experimental measurements.8 The dosimetry of mixed photon-neutron fields represents
frequent problems concerning the measurement/discrimination of dose contribution of
different radiation components due to the complexity of neutron interactions with tissue,
dosimeter, and ambient materials together with a wide range of the neutron energy. To
overcome the difficulties of the measurements, numerical simulations with Monte Carlo (MC)
codes would allow a detailed analysis of each component of mixed fields with the aim to
compensate for the lack of the precision in measurements.9–12

The aim of this study is to calculate different neutron contamination parameters such as
neutron fluence, neutron absorbed dose, and neutron equivalent dose in small 18 MV photon
fields by MC MCNPX simulation and compare those created in presence of circular cones.
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Materials and Methods

At the onset of the study, MCNPX 2.6 was used to simulate the
Varian Clinac 2100 C/D linac producing 18 MV photon beams. In
order to provide a precise information of this machine, detailed
geometry and materials data consist of target (W, Cu), primary
collimator (W), flattering filter (Ta, Fe), ion chambers (Kapton),
and collimators (W) were simulated according to the information
provided by the manufacturer. Moreover, a 50 × 50 × 50 cm3 water
phantom with the source surface distance (SSD) of 100 cm was
simulated, as well. The most important part of MC calculation is
the validation of the simulation. Therefore, percentage depth dose
(PDD) and beam profile at depth of 5 cm in water phantom were
calculated for a 10 × 10 cm2 field size. For PDD calculation, small
cylindrical cells with the radius of 1 cm and thickness of 2 mm at
the central axis were simulated. Calculation of beam profile was
also performed in 0.2 cm × 1.5 cm × 1 cm cells which were located
at the vertical direction of the central axis at depth of 5 cm in the
water phantom. For both parameters, the energy deposited in each
scoring cell was calculated by *F8 tally and then was divided to the
maximum value. Source definition of this simulation was defined
to produce electron—photon beams with the maximum energy of
18.35 MeV and the Gaussian energy distribution with a full width
at half maximum (FWHM) of 1MeV. For validation purpose, code
was run with 2 × 109 histories which resulted in the statistical
uncertainty of about 3%. Then, the results of this calculation were
compared with those of practical measurements obtained by a
Semiflex ionisation chamber (PTW, Freiburg, Germany).

In order to activate photoneutron generation in the MC
simulation process, the fourth entry of Phys:p card was changed
to -1; thus, neutronswhich are produced by (ɣ, n) reactionswould be
tracked. Three different field sizes shaped by secondary collimators,
1 × 1, 2 × 2, and 3 × 3 cm2, were simulated to calculate different
parameters of neutrons, and the code was run with 2 × 109 histories
in electron-photon-neutron mode.

Neutron fluence in terms of (number cm2 /electron) and
neutron absorbed dose in terms of ((MeV/g)/electron) were
calculated by F4 tally and F6 tally, respectively. Additionally, the
dose conversion capability provides several standard default dose
functions. Therefore, dose function (DF) card was used to calculate
the neutron equivalent dose in terms of (mSv/ electron).

Since uncertainties of neutron calculations in photon treatment
fields are more than acceptable ranges, therefore time computation
reduction methods such as applying electron and photon cut-off
energy (1MeV), FCL (Forced-Collision) card to control the forcing
of neutron or photon collisions in each cell and force these particles
to interact with head of linac and EXT (Exponential Transform)

card to stretch the path length between collisions in a preferred
direction and increase the weight of the neutrons in each cell were
used. These cards increase accuracy of neutron calculation and
decrease the statistical errors of the calculations to 2–3%.13

The other way to produce small photon fields in linac is using
the circular cones made of lead that can be attached to a linac head
as an accessory. Figure 1 shows a schematic view of a circular cone
and how it can be attached to the linac. It is interesting to compare
photoneutron production in small photon fields created by
secondary collimators and circular cones. Therefore, neutron
parameters of the fields created by secondary collimators were
compared with those of circular cones reported in Hosseinzadeh
et al. study.7 The comparisonwas done between same nominal field
sizes (1 × 1, 2 × 2, 3 × 3 cm2 square fields versus 1, 2, 3 cm
circular ones).

Results

Different parts of simulated Varian Clinac 2100 C/D linac
producing 18 MV photon beams are depicted in Figure 2.

PDD and beam profile obtained by Semiflex ion chamber and
MCNPX calculations for 10 × 10 cm2 field size are shown in
Figure 3. Additionally, Table 1 reports the results of validation and
error calculation of this comparison.

Figure 1. Circular cone: a. Schematic view of a circular cone, b.
circular cone attachment to the gantry.

Figure 2. Simulated 18 MV Varian Clinac 2100 C/D linac

2 Nooshin Banaee et al.

https://doi.org/10.1017/S1460396923000328 Published online by Cambridge University Press

https://doi.org/10.1017/S1460396923000328


All results of MCNP are calculated per source initial particles
(number of electrons prior to the target as number of histories). Thus,
analysing these results in radiotherapy situation, normalisation of
photoneutron production per Gy of delivered photon absorbed dose
at each field size was required. Therefore, number of neutron, neutron
equivalent dose, and neutron absorbed dose were normalised to the
1 Gy of photon dose in the maximum depth dose (dmax).14,15 With
suchmethod of calculation, the results of this study are comparable to
the treatment situation. Table 2 shows the maximum photon dose at
(dmax) for small field sizes shaped by secondary collimator jaws and
circular cones.

Figure 4 shows the neutron fluence per Gy of photon dose along
the central axis for different field sizes shaped by jaws and circular
cones. The number of neutrons per Gy of photon dose in secondary
collimator for small fields is more than those of circular field. There
are two reasons that number of neutrons per Gy of photon is less
for circular cones:

(a) Circular cones and secondary collimators are made of lead
and tungsten, respectively. Therefore, photons are more
attenuated by lead (circular cone) compared to tungsten
(secondary collimator). Attenuated photons produce less
number of neutrons per Gy of photon. Therefore, neutrons
per Gy of photon dose in secondary collimator for small
fields are more than those of circular field.

(b) The comparison of number of neutrons per Gy of photon is
done for nominally same field sizes (e.g., 1 cm2 cone versus
1x1 cm2 collimator). However, the area of these field sizes
is not same and secondary collimator creates bigger field
size compared to corresponding cone field. And as the field
size increases, number of neutron per Gy of photon
decreases which is consistent with previous publications.7

Table 3 indicates neutron fluence for small field sizes shaped by
secondary collimator jaws and circular cones. As it is shown,

Figure 3. Comparison of Semiflex ion chamber
measurements and MC calculations for
10X10 cm2. a: PDD curve, b: beam profile

Table 1. Simulation validation parameters: ion chamber measurements versus MC simulation

Beam profile Parameters Ion chamber MC Differences

Max differences in flatness region – – 1.64%

Max differences in the penumbra region – – 9.1%

FWHM 9.6% 9.8% 0.2%

Percentage depth dose Maximum difference at build-up region – – 0.58%

R50 0.56 cm 0.54 cm 0.02 cm

R80 1.2 cm 1.18 cm 0.02 cm

R90 1.62 cm 1.56 cm 0.06 cm

Maximum dose point (cm) 3.4 cm 3.38 cm 0.02 cm

Table 2. Photon absorbed dose at (dmax) for small field sizes shaped by secondary collimator jaws and circular cones7

Field size Photon dose at dmax (Gy/electron)

Secondary collimator jaw (cm2) Circular cone diameter (cm) Secondary collimator jaws Circular cones

1 × 1 1 3.54E-17 3.00E-16

2 × 2 2 1.45E-16 5.19E-16

3 × 3 3 3.26E-16 8.47E-16
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neutron fluence increased to a specific depth of phantom and then
decreased monotonically by increasing depth. The largest value of
neutron fluence appeared at depth of 2 cm in all field sizes, and as
the field size decreases, neutron fluence increases. According to the
neutron fluence in Figure 4, number of neutron per Gy of photon

dose in secondary collimator small fields is more than those of
circular cones.

Figure 5 indicates the neutron equivalent dose along the central
axis for different field sizes shaped by collimator jaws and circular
cones. Table 4 shows the comparison of neutron equivalent doses

Figure 4. Number of neutrons per Gy of photon
dose for different field sizes along the central axis

Table 3. Number of neutrons per Gy of photon dose for different field sizes7

Field size Maximum calculated fluence (cm2 Gy 1 × 106)

Secondary collimator (cm2) Circular cone diameter (cm) Secondary collimator jaws circular cones
Maximum depth of

fluence (cm)

1 × 1 1 165 7.76 2

2 × 2 2 40.4 6.02 2

3 × 3 3 19.78 5.08 2

Figure 5. Comparison of neutron equivalent doses for various
field sizes along the central axis
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for various field sizes. These results show that neutron equivalent
dose has been decreased by increasing depth of phantom, and also
the smallest field size has the largest value of neutron equivalent
dose. Additionally, neutron equivalent dose in secondary
collimator is more than circular cone fields. It shows that the
cross-section of photoneutron interaction with high Z materials of
cone and secondary collimator increases at smaller fields. Although
the intensity of photons decreases in small fields, due to the
absorption of low-energy photons inside the collimators, beam
hardening occurs. Through inelastic scattering of neutrons with
the internal wall of the collimator, more photons are produced and
these cause the increase of neutron equivalent dose for smaller field
sizes. Also as mentioned before, the comparison of neutron
parameters is done for nominally same field sizes, and it should be
noted that the area of these field sizes is not same and secondary
collimator creates bigger field size compared to the corresponding
cone field. Therefore, these reasons lead to larger equivalent dose
with the secondary collimators than circular fields.

Figure 6 shows the neutron absorbed doses for different field
sizes along the central axis. As it is indicated, neutron absorbed
dose similar to neutron equivalent dose reaches its maximum
value at the surface of the phantom and then decreases
monotonically by increasing depth. Similar to equivalent dose
and neutron fluence, absorbed dose in secondary collimator is
more than those of circular cones. Table 5 compares neutron
absorbed dose quantitatively for different field sizes. Therefore,
similar to neutron equivalent dose, the photoneutron interactions
increase in smaller fields and consequently the neutron absorbed
dose increases in smaller fields.

As it is shown in Tables 3, 4, and 5, all neutron parameters are
bigger at central axis of beam created by secondary collimator than
those of circular cones. In secondary collimator and circular cone
fields, photoneutron production per Gy of photon dose increases
by decreasing field size. It seems that circular cones reduce the
amount of neutron in central axis.

Discussion

Secondary cancer probability is the most concerning matter in
radiotherapy. One of the most important factors in increasing
the secondary cancer probability is neutron contamination in
megavoltage photon fields which causes extra and un-estimated
dose to the patients. Therefore, it is crucial to have quantified
information of neutron contamination in different treatment
modalities.16 In the studied treatment methods, generated
neutrons in photoneutron interactions have the highest amount
and energy at the surface of phantom. Therefore, at the surface
of the phantom, fast neutrons will be changed to thermal
neutrons, the number of neutrons will increase, and the fluence
will be increased and reach a peak at specific depth (2 cm) in
which all fast neutrons have been thermalised and then the
number of neutrons decreases. Equivalent neutron dose and
absorbed dose decrease monotonically by increasing depth in
phantom. Neutron equivalent dose is related to neutron
radiation quality factor which is significant for high-energy
neutrons. Therefore, at the surface of the phantom, neutron
equivalent dose is maximum, and by decreasing energy in
depths, neutron dose will decrease linearly. Neutron absorbed

Table 4. Neutron equivalent dose for different field sizes7

Field size Neutron equivalent dose (mSv/Gy)

Secondary collimator (cm2) Circular cone diameter (cm) Secondary collimator jaws circular cones12

1 × 1 1 17.1 1.31

2 × 2 2 4.65 1.12

3 × 3 3 2.44 1.08

Figure 6. Neutron absorbed dose along the central axis for
different field sizes
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dose is directly related to neutron energies; therefore as the
depth increases, absorbed dose of neutron decreases.17,18

Therefore, it can be concluded that superficial organs are more
affected by photoneutrons.

As the field size decreases, due to the absorption of low-energy
photons in thickness of collimators, the most high-energy photons
will exist in smaller fields, and by their interaction with high Z
materials, the photoneutron production in smaller field will be
increased. Also, since the amount of high Zmaterials present in the
path of high-energy photons increases in smaller field sizes, the
photoneutron interaction increases. Therefore, neutron fluence,
neutron absorbed dose, and neutron equivalent dose increase when
the field size—created either by cone or secondary collimator—
gets smaller.7,19

Neutron contamination in small fields of circular cones has
been reduced at the central axis in comparison to those created by
secondary collimators. The reason for this phenomenonmight be
that: a) some of these neutrons are scattered out of the primary
beam and central axis, b) neutron energy reduced which caused
softer neutron spectrum, and c) although photoneutrons can be
produced in circular cones, but the number of high-energy
photons which can interact with circular cones are lesser
compared to interacting with target and flattering filter.19,20

Therefore, it seems that using circular cones in small fields can
reduce the neutron contamination at central axis.

Conclusion

The results of this study revealed delivering small photon fields by
circular cones produces less neutron contamination compared to
those shaped by secondary collimator jaws. Comparison of
various parameters of neutron contamination in different field
sizes shows that by decreasing the field size neutron fluence,
neutron equivalent dose and neutron absorbed dose per Gy of
photon dose in treatment field increase, and it is due to the high
amount of photoneutron interactions in small fields.
Additionally, organs at the surface are more influenced by
neutrons, which should be considered in treatment. On the other
hand, photoneutron production in the central axis of high
megavoltage photon beam will decrease in the presence of
circular cones.
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