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Due to the increase in the survival probability for patients treated with modern radiotherapy
techniques to live enough for experimenting the late radiation effect, low dose outside the
treatment volume becomes a concemn. However, besides the absorbed dose, the beam
quality outside the field edge should be taken into account. This work aimed at investigating the
photon and electron fluence spectra outside the field edges for several small radiotherapy fields
for determining the quality of the beams in order to better evaluate the secondary effect after
modern radiotherapy treatments. Phase-space files of a 6 MV X-ray beam produced by a
Varian iX linac for eight small fields of 0.7 x 0.7 cm?, 0.9 x 0.9¢cm?, 1.8 x 1.8cm?, 2.2 x
2.2cm?, 2.7 x 2.7 cm?, 3.1 x 3.1 cm?, 3.6 x 3.6 cm?, and 4.5 x 4.5 cm? and for the reference
10 x 10 cm? field at SSD = 100 cm were generated using the BEAMnrc code. The photon and
electron fluences in each field were calculated at 0.15, 1.35, and 9.85 cm water depth and
several off-axis distances using FLURZnrc. The number of low-energy electrons between 1
and 10 keV at 2 cm outside the field edge increases by 60% compared to the central axis. Due
to the relatively high linear energy transfer (LET) of these electrons, the results of this work
should help to better evaluate the possible late effect of secondary radiation on healthy organs
close to the tumor volume after radiotherapy treatment. We also observed high-energy
electrons outside the field edge that are attributed to the leakage of the primary electron
beam from the head of the linac. From a standpoint of radiological protection, these electrons
should be taken into account when evaluating the dose delivered to the patient’s skin.

Keywords: low-energy electrons, Monte Carlo simulation, EGSnrc, linear accelerator, small field dosimetry,
secondary radiation effect, mean photon energy, radiation outside the field-edge

INTRODUCTION

The use of modern radiotherapy techniques for cancer treatment has been successful. Consequently,
the survival probability for patients to live enough for experimenting with late radiation effects has
progressively increased [1]. So, knowing the peripheral (outside the field edge) low absorbed dose
received by healthy surrounding organs becomes an important issue [2-4], principally if anatomical
structures with tolerances to low absorbed dose are involved. From a biological standpoint, it is well
known that for a given absorbed dose value, the radiobiological effect varies with the energy beams.
Furthermore, the susceptibility to ionizing radiation of each healthy organ or tissue close to the
tumor volume depends on the low-energy radiations (electrons and photons) generally present
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outside the field edge. In terms of dosimetry studies, the
dosimeters mostly used in the clinic to evaluate the absorbed
dose are regularly energy-dependent [5-10]. Therefore, this
might be the reason for which discrepancy is commonly
observed on the absorbed dose measured outside radiotherapy
fields with different dosimeter types [11-14]. The main issue is
the fact that the dosimeters are commonly calibrated within the
beam central axis and then used to measure dose outside the field,
and subsequently, the measured dose can be misleading due to
the energy dependence. Recently, skin QED diodes, optically
stimulated luminescent dosimeters, and LiF
thermoluminescent dosimeters have been used to measure the
absorbed dose outside the field edge, finding notable differences
between dosimeters [14]. It was concluded that the dosimeters
should be calibrated out-of-field and preferably with bolus equal
in thickness to the depth of interest [14]. However, this proposal
requires those dosimeters calibrated using a known radiation
quality. Unfortunately, the beam quality outside the field edge is
not well documented in the literature, especially for small field
MV beams.

Several groups have reported electron- and photon-energy
spectra for large field sizes [12, 15-17]. Edwards and Mountford
[12] have investigated the difference between the energy
spectrum outside the field edge and the corresponding
spectrum on the central axis near a phantom surface (0.1 cm
depth) for a 6 MV X-ray beam. Their study was done on the
central axis and at 1, 2, 5, and 10 cm from the edge of one small
field of 4 x 4 cm” and two large fields of 10 x 10 cm® and 15 x
15cm?® Information about the average electron and photon
energies was not provided since their main interest was to
evaluate the sensitivity of two dosimeters situated outside the
field edge relative to the central axis [12]. Scarboro and colleagues
[15] have scrutinized the mean photon energy in three field sizes
of 5 x 5 cm?, 10 x 10 cm?, and 20 x 20 cm? at several depths and
off-axis distances to evaluate the impact on the
thermoluminescent dosimeter (TLD) response. They found an
over-response up to 12% outside the field relative to the beam
central axis, which was associated with the high contribution of
the low photon energy within the spectrum outside the field edge.
Independently, Jang and collaborators [16] have examined the
variations of the electron- and photon-energy spectra in 3D-CRT
(three-dimensional conformal radiation therapy) and IMRT
(intensity-modulated radiation therapy) photon fields and the
subsequent impact on the dosimeter (radiographic films and
TLDs) response as well as on the water-to-material stopping-
power ratio. The electron- and photon-energy spectra, as well as
the mean energies of photons and electrons, were calculated for
four open square fields of 5 x 5cm? 10 x 10 cm?, 20 x 20 cm?,
and 40 x 40 cm®. They found a strong dependence of the photon
spectra with the spatial positions and an over-response of the
TLD and radiographic films of ~10 and ~30%, respectively, and
concluded that spatial variations of the electron- and photon-
energy spectra should be considered as important factors in 3D-
CRT and IMRT dosimetry [16]. On the other hand, Ding [17] has
calculated incident photons as well as contaminating electrons
and positrons in two radiotherapy energy beams for two field
sizes of 10 x 10 cm” and 40 x 40 cm?, observing for 6 MV X-rays

Energy spectra outside radiotherapy fields

that the incident charged particles contributed 7-21% of to the
maximum dose at the surface when the field size increases from
10 x 10 cm® to 40 x 40 cm®. Concerning the small field size, to the
best of our knowledge, there is one study where electron- and
photon-energy spectra in liquid water have been evaluated in a
Varian Clinac iX 6 MV linear accelerator (linac) for several field
sizes from 10 x 10 cm? down to 0.5 x 0.5 cm? [19-21]. However,
such a study concerns only the spectra within the beam central
axis. Also in such a study, the transport parameters used to
generate the phase spaces at the water phantom surface were 0.7
and 0.01 MeV for the global ECUT and PCUT, respectively [22],
which suggests a hard X-ay spectrum due to the lack of
contribution of low photon energies to the phase space. From
the revision above, it can be noted that there are no data available
about electron- and photon-energy spectra outside the field for
small field sizes. Thus, precise knowledge about the beam spectra
characteristics—such as mean electron- and photon-
energy—outside small radiotherapy fields would allow us to
better evaluate the biological effect for healthy organs and
make appropriate corrections based on the energy dependence
of a given dosimeter used to evaluate the absorbed dose outside
the field edges.

This work investigated the electron- and photon-energy
spectra outside small radiotherapy fields compared to those
within the central axis as a function of water depth to better
quantify the possible late effect of secondary radiation on healthy
organs close to the tumor volume after radiotherapy treatment.
The total electron fluence (TEF: all primary electrons generated
by photons plus secondary electrons due to electron-electron
interactions) and secondary electron (SE: electrons due to
electron-electron interactions) spectra were scored. The
interest for the SEs is based on the fact that previous results
have shown that 40-90% of the electrons generated by high-
energy photons (e.g., “°Co gamma) are SEs of energies below
10 keV [23]. Furthermore, it has been concluded that linear
energy transfer (LET) of SEs is a more adequate parameter to
describe the effect of ionizing radiation in the matter [23, 24].

MATERIALS AND METHODS

Based on a drawing provided by the manufacturer under
confidentiality, a Varian iX linac has been designed using the
BEAMnrec [25] Monte Carlo (MC) code to generate phase-space
files (PSFs) of a 6 MV X-ray beam for field sizes of 0.7 x 0.7 cm?,
0.9 x 0.9 cm?, 1.8 x 1.8 cm?, 2.2 x 2.2 cm?, 2.7 x 2.7 cm?, 3.1 x
3.1cm? 3.6 x 3.6 cm®, 4.5 x 4.5 cm’, and 10 x 10 cm”. All field
sizes were defined at 100 cm SSD (source to surface distance),
i.e., the PSFs were generated considering the air volume between
the source and the phantom. The energy of the accelerated
incident electron impinging the target was 6 MeV. The linac
geometry included 60 leaf pairs of multileaf collimators (MLCs),
head-shielding, and other structural components. Note that to
create the phase space files, the BEAMnrc code allows simulating
square fields using the secondary collimators. Nevertheless, the
FLURZnrc module of the EGSnrc MC code allows cylindrical
geometries only. Thus, to calculate the fluences, the square fields
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TABLE 1 | The different field sizes used in this study.

Length of the
square field (cm)

Diameter of the
equivalent circular field

(cm)
0.7 0.75
0.9 1.0
1.8 2.0
2.2 2.5
2.7 3.0
3.1 3.5
36 4.0
45 5.0
10.0 11.2

were converted into equivalent circular fields according to the
following relation [26]:

1= d(0.891 + 0.00046d), (1)

where [ is the length of the equivalent square field and d is the
diameter of the circular field. Compared to the so-called “4 x area/
perimeter” method to calculate the equivalent field, Eq. 1 has
been considered more reliable and the associated errors are
negligible [26]. Ref. 26 reported a table for equivalent square
fields down to 0.5 cm length. The diameters of the circular fields
corresponding to the square equivalent fields at the phantom
surface are given in Table 1. The circular fields are similar to
those used by a CyberKnife unit. So, the photon/electron spectra
calculated in this work are expected to be applicable to
CyberKnife since it is the same 6 MV beam.

In the simulations, 5 x 10'° histories were followed.
Contrary to the phase space data reported in the literature
for the Varian iX linac [22], in this work, transport parameters
for the global electron transport cut-off (ECUT) equal to
512keV and photon transport cut-off (PCUT) equal to
1keV were used to generate the PSFs. The maximum
fractional energy loss per step (ESTEPE) was 0.01%, and the
cross-section database generated by the XCOM package was
considered. To benchmark the PSFs, percentage depth dose
(PDD) and dose profiles were calculated in a 40 x 40 x 40 cm?®
water phantom for 5 x 5cm?, 5.4 x 5.4 cm?, 10 x 10 cm?, and
20 x 20 cm? field sizes using the DOSRZnrc [25] module. The
PDDs were obtained at 70 cm (the distance used in CyberKnife)
and 100 cm SSD, while the dose profiles were obtained at 10 cm
water depth. The results were compared with the
measurements performed with several ionization chambers
in two different Varian iX linacs: For one linac, PDD results
were compared with the measurements performed at 70 cm
SSD in 5.4 x 5.4 cm” and 10 x 10 cm® field sizes using one
Exradin A12 and two FC65P Wellhofer Scanditronix ionization
chambers. We found differences of less than 0.5%. For the other
linac, PDD and dose profile results were compared with the
measurements performed at 100 cm SSD in 5 x 5cm?, 10 x
10cm?, and 20 x 20 cm® field sizes using a PTW 30013
ionization chamber. Figures 1A,B display the PDD and the
dose profile for the 10 x 10 cm? field. The results agree within
less than 3% in the PDD and 5% maximum in the dose profile
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within the penumbra region. The excellent agreement between
the simulation and the measurements suggests the correctness
of the drawing parameters and the energy of the incident
electron beam that impinges the target. Consequently, no
corrections were required during the benchmarking process
against measurements as generally done for linac models used
in MC simulations. Afterward, the electron and photon
fluences were calculated at 0.15, 1.35, 9.85, and 19.85cm
water depth and several off-axis distances (OADs) using the
FLURZnrc module of the EGSnrc [21] MC code considering
the same parameters mentioned above, including the size of the
water phantom.

The photon spectra, total electron fluence (TEF: all primary
electrons generated by photons plus secondary electrons due to
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FIGURE 1 | (A) PDD calculated by MC simulation compared to that
measured with a PTW 30013 ionization chamber for the 10 x 10 cm? field. (B)
Dose profile calculated by MC simulation compared to that measured with a
PTW 30013 ionization chamber for the 10 x 10 cm? field.
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FIGURE 2 | Normalized photon fluence as a function of photon energy at several OADs for the 4.5 x 4.5 cm? field size.

2.0F Center Water depth (cm) ] Edge ]
9,6 = 0.15 L
18f o 135 3 *, ]
—_ ‘** ® 9385 *
S e " o 10.0[Ref21] | @ Ko
é" Lé6r \.‘ O* *19.85 ] ) ) ]
O (1)
: 1,4.._.. ° i % % 1
b We g o] Vedesgy
2 12} m ] ]
<]
) * ‘
E 1‘0 I 1 L 1 L L 1 L L , L Il L L I L L Il L I
© 1.3t 1 cmfrom the edge E 2 cm from the edge
|, 12} N ]
g L1f * * E
8§ rop, L. X E * ]
S ootk J* | JE W ]
0.8F E *. °
[ J ® ¢ E
07 L g®® B e Na .t S
06F o4\ @ / 1 o\ O E
05-’3‘ 5 —‘i.“'o = ._
0.4 % ‘omm,
03f E Ny ]
0.2 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
012 3 456 78 91001 2 3 456 7 8 910

Square field size (cm)

FIGURE 3 | Mean photon energy as a function of square FS for four water depths and several OADs.

electron—electron interactions), and secondary electron (SE:
electrons due to electron-electron interactions) spectra were
scored within voxel sizes of 0.15 x 0.3 cm?> for field sizes of
0.7-2.2 cm, 0.3 x 0.3 cm” for field sizes of 2.7-4.5 cm, and 0.5 x
0.3 cm? for the 10.0 cm x 10.0 cm field.

RESULTS

Photon Fluence Spectra
Figure 2 presents the energy photon fluence normalized to the total
fluence of the corresponding voxel for the 4.5 x 4.5 cm” field. Note
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TABLE 2 | Mean photon and electron (TEF and SE) energy at water depth =
0.15 cm. The uncertainties are 0.1-0.7% (coverage factor, k = 1) [27].

Field size Off-axis distance (cm) Average energy (MeV)
(em x cm) Photons Electrons
TEF SE

0.7 x 0.7 0 1.425 0.727 0.114
0.9 x0.9 0 1.417 0.723 0.114
1.8x1.8 0 1.383 0.722 0.115
22x22 0 1.366 0.719 0.115
2.7 x27 0 1.354 0.720 0.115
3.1 x 3.1 0 1.362 0.746 0.119
3.6 x 3.6 0 1.328 0.723 0.119
45x%x 45 0 1.311 0.729 0.120
10 x 10 0 1.210 0.839 0.127
0.7 x 0.7 0.35 1.421 0.727 0.116
0.9 x0.9 0.45 1.418 0.728 0.115
1.8x1.8 0.9 1.363 0.723 0.116
22x22 1.1 1.319 0.726 0.117
2.7 x27 1.35 1.333 0.727 0.116
3.1 x 3.1 1.55 1.321 0.726 0.117
3.6 x 3.6 1.8 1.309 0.726 0.116
45x%x 45 2.25 1.280 0.721 0.117
10 x 10 5.0 1.132 0.723 0.119
0.7 x 0.7 1.35 0.642 0.975 0.159
0.9x 09 1.45 0.645 0.995 0.158
1.8x1.8 1.9 0.497 0.925 0.151
22x22 21 0.503 0.910 0.149
2.7 x27 2.35 0.439 0.977 0.158
3.1 x 3.1 2.55 0.433 0.966 0.151
3.6 x 3.6 2.8 0.490 0.933 0.150
45x45 3.25 0.687 0.919 0.142
10 x 10 6.0 0.961 0.798 0.130
0.7 x 0.7 2.35 0.589 0.973 0.152
09 x0.9 2.45 0.540 1.013 0.157
1.8x1.8 2.9 0.422 0.978 0.156
22x22 3.1 0.406 0.997 0.156
2.7 x27 3.35 0.365 1.036 0.159
3.1 x 3.1 3.55 0.357 0.939 0.155
3.6 x 3.6 3.8 0.339 1.080 0.160
45x45 4.25 0.317 1111 0.184
10 x 10 7.0 0.473 1.001 0.157

The bold indicates the end of each distance from the edge of the fields.

the presence of the 511 keV photon energy peak corresponding to
positron annihilation, independent of the water depth. As can be
seen, the relative contribution of low photon energies below
100 keV increases as the water depth increases and, for a given
water depth, augments with the OAD. Such behavior, which is
observed for all the FSs studied, is due to the amount of Compton
photons scattered as the water volume becomes larger.

Using all photon spectra, the mean energies were calculated as
a function of the FS and OADs. These data are displayed in
Figure 3 and Tables 2-5. Figure 3 shows the mean photon
energy as a function of the FS for four water depths and OADs. As
seen, within the radiation field, the mean photon energy decreases
as the FS increases, while outside the field edge, an inverse
behavior is observed where the mean photon energy decreases,
reaches a minimum, and then increases with the FS. Also shown
in Figure 3 are data reported in the literature [21] for the 6 MV
Varian iX linac at 10 cm water depth in the central axis of the
field, and a notable difference is observed.

Energy spectra outside radiotherapy fields

Electron Fluence Spectra
Using all the electron spectra, the mean energies for the TEF and

SE were calculated as a function of the FS and OADs. These data
are presented in Figures 4 and 5 and Tables 2-5.

It can be seen in Figure 4 that, similar to the photons, the average
electron energy for the TEF in the central axis and the edge of the
fields decreases as the FS increases, but outside the field, it has
different behavior depending on the depth. Also note in Tables 2
and 3 that at 0.15 and 1.35 cm water depths, the mean energies of
the electrons are greater than those of the photons independent of
the field size. Figure 6 shows the mean energy for photons and
electrons as a function of OAD for the 0.7 x 0.7 cm” field where the
mean energy for electrons outside the field edge close to the surface
and at 1.35 cm water depth are greater than those of the photons. To
understand the origin of these electrons, the electron spectra
produced by the phase space, a 6 MV X-ray point source
(without the head of the linac), and a *°Co gamma beam for
several field sizes and depths in liquid water were investigated.

TABLE 3 | Mean photon and electron (TEF and SE) energy at water depth =
1.85 cm. The uncertainties are 0.1-0.7% (coverage factor, k = 1) [27].

Field size Off-axis distance (cm) Average energy (MeV)
(em x cm) Photons Electrons
TEF SE

0.7 x 0.7 0 1.447 0.930 0.160
0.9x0.9 0 1.433 0.928 0.161
1.8x1.8 0 1.378 0.910 0.160
22x22 0 1.354 0.908 0.160
2.7 x27 0 1.332 0.902 0.160
3.1 x 3.1 0 1.332 0.905 0.161
3.6 x 3.6 0 1.294 0.898 0.159
45 x 4.5 0 1.269 0.900 0.164
10 x 10 0 1.133 0.894 0.153
0.7 x 0.7 0.35 1.436 0.926 0.159
0.9x0.9 0.45 1.426 0.924 0.159
1.8x1.8 0.9 1.347 0.906 0.159
22x22 1.1 1.296 0.898 0.159
2.7 x27 1.35 1.312 0.902 0.158
3.1 x 3.1 1.55 1.296 0.900 0.158
3.6 x 3.6 1.8 1.283 0.898 0.157
45x 4.5 2.25 1.251 0.888 0.156
10 x 10 5.0 1.086 0.865 0.155
0.7 x 0.7 1.35 0.550 0.775 0.149
09 x 0.9 1.45 0.553 0.717 0.139
1.8x1.8 1.9 0.441 0.688 0.137
22x%x22 2.1 0.455 0.713 0.141
2.7 x2.7 2.35 0.399 0.671 0.135
3.1 x 3.1 2.55 0.404 0.682 0.141
3.6 x 3.6 2.8 0.465 0.726 0.143
45 x 4.5 3.25 0.642 0.781 0.147
10 x 10 6.0 0.896 0.841 0.152
0.7 x 0.7 2.35 0.469 0.882 0.155
09 x 0.9 2.45 0.451 0.874 0.157
1.8x1.8 2.9 0.372 0.710 0.141
22x22 3.1 0.357 0.686 0.138
2.7 x2.7 3.35 0.327 0.674 0.135
3.1 x 3.1 3.55 0.318 0.648 0.140
3.6 x 3.6 3.8 0.306 0.644 0.136
45 x 4.5 4.25 0.294 0.622 0.144
10 x 10 7.0 0.460 0.745 0.140

The bold indicates the end of each distance from the edge of the fields.

Frontiers in Physics | www.frontiersin.org

September 2021 | Volume 9 | Article 656922


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Xicohténcatl-Hernandez et al.

TABLE 4 | Mean photon and electron (TEF and SE) energy at water depth =
9.85 cm. The uncertainties are 0.1-0.7% (coverage factor, k = 1) [27].

Field size Off-axis distance (cm) Average energy (MeV)
(em x cm) Photons Electrons
TEF SE

0.7 x 0.7 0 1.691 1.009 0.168
0.9 x0.9 0 1.674 0.999 0.170
1.8x1.8 0 1.582 0.970 0.166
22x22 0 1.549 0.964 0.167
2.7 x27 0 1.498 0.954 0.167
3.1 x 3.1 0 1.476 0.959 0.169
3.6 x 3.6 0 1.424 0.940 0.164
45x%x 45 0 1.361 0.935 0177
10 x 10 0 1.049 0.890 0.155
0.7 x 0.7 0.35 1.675 1.000 0.170
0.9 x0.9 0.45 1.660 0.997 0.169
1.8x1.8 0.9 1.543 0.966 0.167
22x22 1.1 1.496 0.957 0.166
2.7 x27 1.35 1.484 0.956 0.165
3.1 x 3.1 1.55 1.456 0.950 0.166
3.6 x 3.6 1.8 1.425 0.946 0.165
45x45 2.25 1.363 0.937 0.163
10 x 10 5.0 1.103 0.901 0.160
0.7 x 0.7 1.35 0.760 0.730 0.140
0.9x 09 1.45 0.754 0.692 0.133
1.8x1.8 1.9 0.643 0.672 0.131
22x22 21 0.685 0.710 0.138
2.7 x27 2.35 0.617 0.678 0.132
3.1 x 3.1 2.55 0.674 0.710 0.138
3.6 x 3.6 2.8 0.767 0.750 0.142
45x45 3.25 0.866 0.803 0.143
10 x 10 6.0 0.923 0.862 0.157
0.7 x 0.7 2.35 0.589 0.644 0.129
09 x0.9 2.45 0.562 0.617 0.126
1.8x1.8 2.9 0.506 0.552 0.114
22x22 3.1 0.489 0.539 0.113
2.7 x27 3.35 0.458 0.508 0.109
3.1 x 3.1 3.55 0.452 0.505 0.112
3.6 x 3.6 3.8 0.436 0.490 0.105
45x45 4.25 0.416 0.498 0.109
10 x 10 7.0 0.634 0.770 0.141

The bold indicates the end of each distance from the edge of the fields.

Figure 7 presents the results for the 4.5 x 4.5 cm” field. As
observed, in the central axis, the contribution of high-energy
electrons is similar between the phase space and the 6 MV X-ray
point source. However, outside the field edge and at 0.15 and
1.35cm water depth, this contribution is larger for the phase
space. Table 6 displays the average energy for each beam.

As shown in Table 6, the average energies of the electron
spectra outside the fields for the phase space are up to 3 times
larger than the photon energy depending on the distance from the
field edge, which decreases with increasing water depth.
Nonetheless, for the 6 MV X-ray point source and the *“°Co
gamma beam, the average energies of the electron spectra
outside the fields are always smaller than those of the photons
independent of the field size, as expected considering the energy
conservation. These results suggest that the high-energy electrons
are generated from the head of the linac and did not contribute to
X-ray production. Concerning the SE spectra data shown in
Figure 5, in the central axis of the beam, the average energy

Energy spectra outside radiotherapy fields

electron varies slightly with FS, depth, and OAD. However,
outside the field edge, this variation is more important.

DISCUSSION

Photon Fluence Spectra

Figure 3 and Tables 2-5 reveal that at 9.85 and 19.85 cm water
depths, the mean photon energy (MPE) in the central axis and the
edge of the fields varies with the FS from 1.691 to 1.965 MeV at 0.7 x
0.7 cm® down to 1.049 and 1.113 MeV at the 10 x 10cm?® field
(variation ~61 and 76%). However, at 0.15 cm close to the phantom
surface and 1.35cm close to dp.,, MPE diverges from 1425 to
1.447 MeV at 0.7 x 0.7 cm® down to 1.210 and 1.133 MeV at the
10 x 10 cm? field (differences of ~18-27%). Note that in the central
axis and the edge of small field sizes, MPEs at 0.15 and 1.35 cm water
depths are very similar (variations of 0.2-3.3%), whereas in the 10 x
10 cm” field, the differences are ~4.2-6.4%. The similarity between the
photon spectra at these depths can be explained by the fact that there

TABLE 5 | Mean photon and electron (TEF and SE) energy at water depth =
19.85 cm. The uncertainties are 0.1-0.7% (coverage factor, k = 1) [27].

Field size Off-axis distance (cm) Average energy (MeV)
(em x cm) Photons Electrons
TEF SE

0.7 x 0.7 0 1.965 1.091 0177
0.9 x0.9 0 1.954 1.073 0.181
1.8 x 1.8 0 1.834 1.041 0.176
22x22 0 1.796 1.033 0.174
2.7 x27 0 1.723 1.020 0.171
3.1 x 3.1 0 1.691 1.020 0.178
3.6 x 3.6 0 1.629 1.008 0.172
45 x 4.5 0 1.544 1.002 0.181
10 x 10 0 1.113 0.943 0.161
0.7 x 0.7 0.35 1.953 1.083 0.178
0.9 x 0.9 0.45 1.933 1.075 0.178
1.8x1.8 0.9 1.802 1.040 0.176
22x%x22 1.1 1.762 1.033 0.175
2.7 x2.7 1.35 1.721 1.027 0.175
3.1 x 3.1 1.55 1.684 1.020 0.176
3.6 x 3.6 1.8 1.641 1.016 0.174
45 x 4.5 2.25 1.565 1.001 0.170
10 x 10 5.0 1.174 0.949 0.165
0.7 x 0.7 1.35 0.961 0.807 0.147
0.9 x 0.9 1.45 0.909 0.773 0.144
1.8x1.8 1.9 0.858 0.780 0.147
22x22 2.1 0.965 0.835 0.153
2.7 x2.7 2.35 0.943 0.830 0.151
3.1 x 3.1 2.55 1.036 0.861 0.156
3.6 x 3.6 2.8 1.117 0.891 0.159
45 x 4.5 3.25 1.172 0.919 0.160
10 x 10 6.0 1.123 0.941 0.164
0.7 x 0.7 2.35 0.722 0.730 0.139
09 x0.9 2.45 0.703 0.711 0.136
1.8x1.8 2.9 0.633 0.654 0.127
22x%x22 3.1 0.613 0.645 0.127
2.7 x27 3.35 0.585 0.626 0.124
3.1 x 3.1 3.55 0.575 0.621 0.122
3.6 x 3.6 3.8 0.565 0.610 0.122
45 x 4.5 4.25 0.536 0.617 0.128
10 x 10 7.0 0.835 0.864 0.156

The bold indicates the end of each distance from the edge of the fields.
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FIGURE 5 | Mean electron energy for the SE fluence as a function of square FS for four water depths and several OADs.

exists not yet charged particle equilibrium (CPE) in the vertical
direction of the beams. Also observe that, in contrast to the small
fields where MPE in the beam central axis rises as the depth increases,
in the 10 x 10 cm? field, MPE diminishes with the water depth. This
could possibly be associated with the relative contribution of low-
energy photons scattered that contribute to the spectra at a given

depth. That is, as the depth is larger, the divergence of the 10 x 10 cm®
field becomes more important and, consequently, there is more water
volume where the primary beam can interact to produce a large
number of Compton photons, which, in turn, causes softness of the
photon-energy spectrum. Such a result suggests that the contribution
of photons scattered within the water phantom at this depth is
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FIGURE 6 | Mean energy as a function of OADs for the 0.7 x 0.7 cm?
field at four water depths.

superior to that from the phantom surface. Also note that inside the
field, the MPE decreases with the FS, while outside the field edge,
different behavior is observed. That is, inside the field, there is more
contribution of scattered photons to the energy spectrum as the FS
increases and, consequently, the MPE decreases. However, outside the
field edge, the MPE decreases, reaches a local minimum, and thereafter
grows as the FS increases. This can be explained as a consequence of
the rapid decrease in the low-energy photon fluence with the distance
from its origin, i.e., as the field size increases, low-energy photons that
originated at a certain distance far away cannot be reached and,
therefore, the MPE increases.

Energy spectra outside radiotherapy fields

Regarding the data published in the literature [20, 21] where the
IAEA phase-space database was used [18], Figure 3 shows that
MPEs are systematically greater than ours with differences of
14-24%, being larger for the 10 x 10 cm® field size. This notable
difference can be associated with several circumstances: firstly, the
700 and 10 keV transport parameters for the global ECUT and
PCUT used in Ref. [22] versus 1 keV for both global energy cut-offs
used in this work. As mentioned above, the X-ray spectrum
obtained in Ref. [22] is expected to be harder than ours since it
disregards the contribution of low photon energies. Secondly, the
differences in the drawing parameters used and the initial electron
beam that impinges the target considered in each study.

Electron Fluence Spectra

The results for the electron spectra show only one maximum
peak (see Figure 7) independent of the depth and OADs,
which highlights the electrons generated through the
Compton interaction. For the TEF in the central axis of the
fields, the peak appears at around 110 keV, whereas for those
outside the field edge, it shows up at energies of 30-50 keV.
This is due to the increase in the scattering radiation outside
the field boundaries. Such a result is particularly important due
to the relatively high LET of these electrons, which might have
a late effect on the healthy tissue surrounding the tumor
volume even though the dose delivered is considered to be
small. Besides, we have observed that for a given FS, the TEF
outside the field edge increases as the water depth increases.
Note that the TEF also diminishes with the FS. For instance, in
the central axis of the beams, the difference in the TEF between
4.5 and 0.7 cm fields is roughly 21% at 1.35 cm depth, while at
9.85 cm, this difference is about 30%. In contrast to TEF, the
SE shows a continuous slowing down as the electron energy

Central axis
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4 6 MV X-ray phse space

60
Co gamma
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FIGURE 7 | Comparison of the electron fluence normalized to the absorbed dose within the voxel obtained for the phase space, a6 MV X-ray point source, and the
8°Co gamma as a function of energy of the electrons generated for the 4.5 x 4.5 cm? field at three OADs and water depths.
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TABLE 6 | Mean photon and electron (TEF) energy at several water depths and
OADs for the 6 MV X-ray phase space, 6 MV X-ray point source, and ®°Co
gamma beam: EP is the average photon energy, while Ee corresponds to the
electrons.

Depth = 0.15 cm

Source Linac phase 6 MV X-ray %9Co gamma
space beam

Off-axis distance EP Ee EP Ee EP Ee

(cm) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)

0 1.311 0.729 1.740 0.806 0.947 0.417

3.25 0.687 0.919 0.216 0.128 0.194 0.067

4.25 0.317 1.111 0.206 0.079 0.186 0.065

Depth = 1.35 cm

Source Linac phase 6 MV X-ray %9Co gamma
space beam

off-axis distance EP Ee EP Ee EP Ee

(cm) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)

0 1.269 0.900 1.795 0.959 0.957 0.421

3.25 0.642 0.781 0.268 0.400 0.235 0.120

4.25 0.294 0.622 0.226 0.108 0.202 0.090

Depth = 9.85 cm

Source Linac phase 6 MV X-ray %9Co gamma
space beam

off-axis distance EP Ee EP Ee EP Ee

(cm) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)

0 1.361 0.935 1.779 0.986 0.988 0.441

3.25 0.866 0.803 0.595 0.570 0.433 0.288

4.25 0.416 0.498 0.474 0.430 0.367 0.258

increases, providing no information of the interaction process. This
means that secondary electrons do not have a memory of their origin
as observed previously [23, 24]. This might explain the reason for
which they are almost similar in quantity and quality independent of
the field size as observed for the mean energy displayed in Figure 5. It
is also observed that the SE fluence decreases as the OAD augments
and increases with water depth. For example, an increase of up to 35%
is observed at 9.85 cm depth relative to 0.15 cm close to the phantom
surface. Contrary to the photon spectra, the mean energy of the TEF
spectra in the central axis of the field varies slightly by about 13% with
the FS. As displayed in Figure 4, the mean energy of the electron
spectra outside the field edge presents a minimum and a maximum
dependent on the FS and water depth. For the SE spectra, the mean
energy in the central axis at 9.85 cm depth varies by ~8% as the FS
increases, whereas outside the field edge, the mean energy of the SE
spectra displays the same feature as the TEF.

Concerning the data shown in Figure 6 and Tables 2 and 3, note
that at 1 and 2 cm outside the field edge, the mean electron energies
are greater than those for photons, sometimes up to 3 times larger. It
is worth mentioning that such comportment has been observed in a
previous study [16], but no comments had been made. Nonetheless
in this work, such behavior has been investigated by comparing the
results using the phase space with those for a 6 MV X-ray point
source and ®*Co gamma. As shown in Figure 7, in the central axis
and independent of the depth, the energy endpoint of the electron
spectra is similar for both the phase-space and the 6 MV X-ray point
source, whereas outside the field edge and close to the phantom

Energy spectra outside radiotherapy fields

surface and at 1.35 cm depth, a remarkable contribution of the high-
energy electrons can be observed for the phase space data, which is
not present for the 6 MV X-ray point source. This suggests possible
contamination where primary electrons are leaked from the head of
the linac without impinging the target and reach the water phantom.
Thus, from a standpoint of radiation protection, these electrons
should be considered in order to protect the patient’s skin during
radiotherapy treatment with linear accelerators.

CONCLUSIONS

We have investigated the photon and electron spectra outside a broad
range of small radiotherapy field sizes produced by a 6 MV X-ray
Varian iX linac. We observed a large number of low-energy electrons
with energies between 1 and 10keV at 2 cm outside the field-edge
compared to the central axis. Note that these electrons have a relatively
high LET that can affect any healthy organ surrounding the tumor
volume during radiotherapy treatment. Thus, the result of this work
should help to better evaluate the possible late effect of secondary
radiation. Furthermore, the presence of high-energy electrons outside
the field edge close to the phantom surface and d,, has been
observed, suggesting contamination due to a leakage from the head
of the linac where these electrons travel without interacting with the
target. So, from a standpoint of radiological protection, one can argue
that during radiotherapy treatment, precautions should be taken to
prevent any damage to the patient’s skin.
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