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HIGHLIGHTS

e The energy distribution and mean energy of the beams depend on spatial positions.

e The electron behavior is depth-dependent beyond the field edge.

e The Linear Energy Transfer electrons should be taken into account, as they affect healthy tissues around the tumor.

e Varian Clinac ix™ tends to produce lower energy electrons than Elekta Precise

T™ and Varian TrueBeam

™

ABSTRACT

During external beam radiation therapy, patients are exposed to secondary radiation
sources, contributing to out-of-field doses with potential long-term adverse effects.
Understanding photon and electron energy spectra is essential to evaluate the secondary
effects of modern radiotherapy. This study aimed to evaluate the photon and electron
fluence spectra and mean energy beyond the field edge as well as in-field regions for
several small radiotherapy fields. The study used International Atomic Energy Agency
(TAEA) phase-space files for the 6 MV photon beams produced by three commonly
used linear accelerators to generate small and standard fields. The mean photon and
electron energies were calculated at multiple depths and off-axis distances for the three
linear accelerators and a predefined 6 MV spectrum. The study found that the photon
fluence spectra strongly depend on spatial positions and vary significantly as a function
of depth, off-axis distance, field size, and linac model. Furthermore, the behavior of
electrons is depth-dependent beyond the field edge, where the mean electron energy near
the surface is greater than in-field regions, especially in small fields, leading to surface
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1 Introduction

Recent technological advancements have significantly im-
proved the efficacy of radiation therapy in cancer treat-
ment, leading to prolonged patient survival (Kry et al.,
2017; Harrison, 2013; Sanchez-Nieto et al., 2020; How-
ell et al., 2006; Newhauser and Durante, 2011). How-
ever, during external beam radiotherapy, regardless of
the target volume, patients are inevitably subjected to
doses outside of the primary field due to secondary radia-
tion sources, including treatment head leakage, collimator
scattering, and patient scattering (Kry et al., 2006, 2017;
Huang et al., 2013; Kase et al., 1983). Intensity-modulated
radiation therapy (IMRT) exacerbates this issue by in-
creasing out-of-field doses compared to conventional ther-
apy as a result of a higher number of monitor units (MUs)
and longer beam-on-time (Kry et al., 2005, 2006; Jang
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et al., 2007; Konefat et al., 2010). This is a significant
drawback, as these out-of-field doses can manifest late
secondary cancers and cardiac toxicity even at relatively
small doses (Kry et al., 2017; Huang et al., 2013; Skrobala
et al., 2017). Diallo et al. (Diallo et al., 2009) discovered
that the majority of second cancers emerge in the margin
of the irradiated target or the beam bordering region. Fur-
thermore, healthy tissues near a tumor may be affected dif-
ferently by radiation depending on low-energy radiations
(electrons and photons) commonly present outside of the
field edge (Xicohténcatl-Herndndez et al., 2021). Thus,
despite improved conformality, the problem of doses to
normal tissues outside the treated volume has yet to be
mitigated. To determine the risks of secondary cancers
due to out-of-field doses, it is important to first under-
stand the characteristics of the peripheral low-absorbed
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doses received by healthy organs surrounding the tumor
(Skrobala et al., 2017; D’agostino et al., 2013).

Today, the methods employed in determining the ra-
diation dose from external beam radiotherapy include
measurements, treatment planning systems (TPSs), and
Monte Carlo simulations (Newhauser et al., 2016). Treat-
ment planning systems, however, failed to accurately com-
pute doses beyond a few centimeters outside the treat-
ment field (Sanchez-Nieto et al., 2020; Huang et al., 2013;
Jang et al., 2008; Howell et al., 2010; Wang and Ding,
2014; Kruszyna et al., 2017). Conversely, measurements
pose challenges as the radiation energy spectrum, dose
rate, and overall dose distribution characteristics differ
considerably outside the treatment field and require spe-
cial consideration (Kry et al., 2017). The dosimeters
commonly used in clinics to assess absorbed doses are
energy-dependent, causing a significant challenge for accu-
rate measurements (Xicohténcatl-Hernandez et al., 2021).
Since these dosimeters are calibrated within the beam
central axis, they can provide misleading dose measure-
ments outside the field due to their energy dependency
(Kry et al., 2017; Skrobala et al., 2017; Xicohténcatl-
Hernandez et al., 2021; Edwards and Mountford, 2004;
Bordy et al., 2013; Scarboro et al., 2011). Therefore, to
calibrate dosimeters properly, a necessary step before mea-
suring out-of-field doses is to determine the type of photon
energy spectrum in the out-of-field region. Thus, there is a
need for an improved method to determine the out-of-field
spectrum from radiotherapy treatments. One prospective
approach is the Monte Carlo method, which is known as a
gold standard for radiation transport calculations (Chetty
et al., 2007; Kry et al., 2006; Reynaert et al., 2005; Mes-
bahi et al., 2005).

It is important to have precise knowledge of beam char-
acteristics, such as the mean photon and electron energy
in small radiotherapy fields. This knowledge would allow
for a better assessment of the biological effects on healthy
organs and the development of appropriate correction fac-
tors for energy-dependent dosimeters.

Numerous studies have documented photon and elec-
tron energy spectra for various field sizes (Kry et al., 2006;
Jang et al., 2007; Skrobala et al., 2017; Edwards and
Mountford, 2004; Scarboro et al., 2011). Edwards and
Mountford (Edwards and Mountford, 2004) studied the
photon energy spectrum near a phantom surface outside
the field edge and the corresponding spectrum on the cen-
tral axis. They evaluated the potential impact of spectral
differences on photon dosimetry by considering the sen-
sitivity of two energy-dependent dosimeters outside the
field edge in relation to the beam central axis. Scarboro
et al. (Scarboro et al., 2011) evaluated the variability
in the energy spectrum of a 6 MV photon beam for sev-
eral field sizes of 5, 10, and 20 cm? at different depths
and distances from the central axis. Their findings re-
vealed an over-response of up to 12% outside the field edge
compared to the central axis, with significant implications
for the TLD energy-dependent dosimeter. Skrobala et al.
(Skrobala et al., 2017) evaluated the photon mean energy
for several depths and off-axis distances for a 10 cm? field
size. The findings revealed a notable decrease in mean
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energies beyond the 6 MV photon beam at all depths.
Jang et al. (Jang et al., 2007) found significant varia-
tions in photon and electron energy spectra in 3DCRT
and IMRT photon fields, affecting the response of dosime-
ters. The study demonstrated over 30% over-response in
radiographic films and less than 10% in TLDs, particularly
in small field sizes and IMRT.

Concerning small field sizes, to the best of our knowl-
edge, just a few studies have evaluated electron and pho-
ton energy spectra in water both inside and outside of the
radiation field (Xicohténcatl-Hernandez et al., 2021). This
is a highly complex undertaking because the energy spec-
trum outside the field edge changes as a function of depth,
distance away from the beam central axis, and field size
(Kry et al., 2017; Jang et al., 2007; H. Liu and Verhaegen,
2002). To overcome this challenge, most researchers have
used Monte Carlo methods (Kry et al., 2006; Skrobala
et al., 2017; Scarboro et al., 2011; Edwards and Mountford,
2004). These methods have already demonstrated effec-
tiveness and accuracy in simulating in-field doses, making
them valuable for calculating out-of-field doses.

We undertook the current study to investigate the vari-
ability in the energy spectrum and mean energy of several
6 MV medical linear accelerators of Varian TrueBeam™,
Varian Clinac ix™, Elekta Precise and Mohan spectrum
as a function of field size and measurement location for
small radiotherapy fields. This study aims to understand
the secondary effects of modern radiotherapy treatments
and determine the impact of spectral variations on energy-
dependent dosimeters.

2 Materials and Methods

The study utilized TAEA phase space files of Varian
TrueBeam™ and Varian Clinac ix™ linear accelerators
(Varian Oncology Systems, Palo Alto, CA), as well as the
Elekta Precise linear accelerator operating in a 6 MV pho-
ton beam. These files were modeled using the BEAM-
nrc Monte Carlo code (Kawrakow and Rogers, 2016).
Researchers previously validated each linear accelerator
model. The Varian TrueBeam phase space file was pro-
duced by Constantin et al. (Constantin et al., 2010)
and the Varian Clinac ix file was validated by Hedin et
al. (Hedin et al., 2010). The Elekta Precise model was
validated by Tonkopi et al. (Tonkopi et al., 2005) and
McEwen et al. (McEwen et al., 2008). The IAEA phase
space files generated from the machine head were then
used as inputs for a component module to simulate pho-
ton and electron spectra of a 6 MV photon beam for sev-
eral field sizes (www-nds.iaea.org). Additionally, a6 MV
pre-defined spectrum by Mohan et al. (Mohan et al., 1985)
was also added for comparison with the other three linacs.

The aim of this study is to calculate photon and elec-
tron fluences at points within the field, outside the field
and at the edge of the radiation field sizes. The calcula-
tions were carried out for circular field sizes of 0.75 cm, 1.0
cm, 2 cm, 2.5 cm, 3 cm, 3.5 cm, 4 cm, and 5 cm, as well as
for the reference field size of 10 cm. For each field size, pho-
ton energy spectra were calculated at several water depths
(i.e., 0.125, 1.5, 5, and 10 cm) and off-axis distances using
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Figure 1: The geometry simulated for the Varian TrueBeam™ Elekta Precise, and Varian Clinac IX linac. for the pre-defined
used.

6 MV spectrum, the section simulated in FLURZnrc was only

the FLURZnrc module of the EGSnrc code.

The water depths in this study include the Dmax (1.5
cm for a 6 MV photon beam), as well as 5 and 10 cm
depths, which are commonly used as reference depths in
dosimetry calculations. Furthermore, the photon and elec-
tron fluence spectra were scored within cylindrical voxels
of 0.5 cm height and variable radius of 0.15 cm for 0.75
cm field size to 0.5 cm for larger ones. The simulation was
conducted on a large water phantom of 50 x 50 x 50 cm? at
100 cm source to surface distance (SSD), with photon and
electron flux voxels added throughout the water phantom,
including several in-field and out-of-field positions.

In all simulations, a logarithmic energy binning struc-
ture from 10 keV to 6 MeV was employed, and the electron
cut-off (ECUT) and photon cut-off (PCUT) energies were
defined at 0.521 MeV and 0.01 MeV, respectively. The rel-
ative error values for the photon fluence spectrum, where
the relative frequency is more than 5% of the maximum
frequency value, are approximately 1%. In comparison,
the relative error for the electron spectrum is less than 2%.
The geometry of Varian TrueBeam™ | Elekta Precise™,
and Varian Clinac ix™ linac as well as the pre-defined 6
MYV Mohan spectrum, which are simulated by FLURZnrc
code, have been presented in Fig. 1.

It should be noted that while the BEAMnrc code al-
lows the simulation of square fields using the secondary
collimators, the FLURZnrc module of the EGSnrc Monte
Carlo code only allows cylindrical geometries to be con-
verted into equivalent circular fields. Thus, to calculate
the fluences, the square fields were converted into equiva-
lent circular field sizes according to the following equation
(Boles, 1972; Xicohténcatl-Herndndez et al., 2021):

L =d(0.891 + 0.00046 d) (1)
where L is the length of the equivalent square field size,
and d is the diameter of the circular field size. The equiva-
lent square field sizes for square fields with side lengths of
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0.7, 0.9, 1.8, 2.2, 2.7, 3.1, 3.6, 4.5, and 9.0 cm correspond
to circular fields with diameters of 0.75, 1.0, 2.0, 2.5, 3.0,
3.5, 4.0, 5.0, and 10.0 cm, respectively.

We decided to use conical collimators to create circular
fields instead of square fields. This choice was influenced
by the fact that the FLURZnrc code, which calculates par-
ticle fluence, operates in cylindrical coordinates and de-
fines output voxels in cylindrical coordinates as well. By
using circular fields, we maintain symmetry and simplic-
ity in our calculations, allowing us to focus on studying
changes in the photon and electron fluence spectrum at
different off-axis distances and depths for a given field. If
we were to use square fields, the complexities of the shape
would unnecessarily complicate our analysis. Moreover,
using square fields would expose some parts of the vox-
els to the corners of the field, which is not ideal for our
research.

3 Results

3.1 Photon Fluence Spectra

Using Monte Carlo simulation, we calculated variations in
the photon energy spectra of a 6 MV photon beam as a re-
sult of different treatment parameters, including field size
and measurement location. Figure 2 presents the energy
photon fluence normalized to the total fluence of the cor-
responding voxel for a 5 cm circular field size. The number
of histories in our MC simulations is around 10° and sub-
sequently the statistical uncertainties related to the flux
are on the order of <1%.

The results show that changes in depth caused a more
pronounced difference in the photon spectra than the dis-
tance away from the central axis for out-of-field regions,
as beyond Dmax (i.e. the depth at which the dose reaches
its maximum value. For a 6 MV photon beam, Dmax is
approximately 1.5 cm), the photon spectra were weighted
towards low-energy photons (photon energies below 100
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Figure 2: Normalized photon fluence as a function of photon energy at several depth and four off-axis distances for a 5 cm
circular field size. a) central of axis, b) field edge, c) 1 cm from the field edge, d) 2 cm from the field edge.

keV). The reason behind this behavior is attributed to
the increased number of Compton scattering as the water
volume becomes larger. As seen in Fig. 2, for a given field
size, as the distance away from the central axis increased,
the photon energy spectra became softer.

As a result, the photon spectra were shifted signifi-
cantly towards lower energy components at deeper depths,
at farther distances from the field edge, and in larger fields
due to the presence of scattered photons in water. To
elaborate, the energy of the photon with its maximum
frequency decreases from about 230 keV at the surface to
about 60 to 90 keV at greater depths. Beyond the field
boundaries, for example, 2 cm from the edge, the photon
spectra reach a maximum frequency at a photon energy
of about 160 keV at the surface. However, this energy re-
lated to the maximum frequency decreases to about 60-80
keV at depths of 1.5 cm, 5 cm, and 10 cm.

A further feature of the photon spectra (Fig. 2) is the
narrow peak at 0.511 MeV due to positron annihilation,
which occurred predominately in the high-energy atomic
number components, independent of the water depth. Us-
ing all photon spectra, the photon mean energy was calcu-
lated for several field sizes, off-axis distances, and depths.
These data are displayed in Figs. 3 and 4. Figure 3
presents the mean photon energy as a function of depth
at the beam central axis and field edge for different field
sizes (i.e., 0.75, 1, 2, 4, 5, and 10 cm). As seen in Fig. 3,
the photon mean energy at different water depths varies
with the field size and changes rapidly, starting at a depth
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of approximately 4 cm, especially in small field sizes.

Figure 4 presents the photon mean energy as a function
of off-axis distances for circular field sizes of 0.75, 2, 5, and
10 cm and several depths. The photon mean energy de-
creases as the field size increases within the radiation field,
and it is due to more contribution of scattered photons at
larger field sizes.

3.2  Electron Fluence Spectra

The study provides normalized electron fluence spectra
at three depths (0.125 cm, 1.5 c¢cm, and 10 c¢m) in both
the central and out-of-field regions (Fig. 5). Four dif-
ferent models, including three linac models and a pre-
defined spectrum, were used in the calculations. In the
central region, there is no change in the electron fluence
as the depth increases. Additionally, there is good agree-
ment among the different linac models studied. In the
regions +1 cm and +2 cm from the field edge, a similar
spectrum is observed at a depth of 10 cm. However, the
maximum electron flux compared to the beam center de-
creases from about 230 keV to about 60 keV. Outside of
the field, there are more high-energy electrons near the
surface. When comparing the different linear accelera-
tor models, Elekta and TrueBeam are quite similar, while
Clinac ix tends to produce lower energy electrons. Con-
sidering that the Mohan spectrum produces a completely
different electron spectrum in this region, it also suggests
that the pre-defined spectrum may not be reliable in this
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Figure 3: Mean photon energy as a function of depth for several square field sizes at a) central of axis, b) field edge.
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several depths.

specific region.

Using all electron spectra, the mean electron energy
has been calculated for several field sizes, off-axis distances
and depths. These data are displayed in Figs. 6 and 7.
Figure 6 presents the mean electron energy as a function
of distance away from the field edge for two circular field
sizes: a small field of 0.75 cm and a larger 10 cm field size.
The data clearly indicates variation in the mean electron
energy as a function of depth, field size and off-axis dis-
tance.

Figure 7 presents the mean electron energy as a func-
tion of depth at several field sizes for beam centeral axis

25

T
2 0 2 4 6 8 10 12 14 16 18
Off-axis distance (cm)

for field sizes of a) 0.75 cm, b) 2 cm, ¢) 5 cm and d) 10 cm and

and field edges. As seen in this figure, the mean electron
energy at shallow depths are similar in all field sizes (0.75
MeV), but for a given field size at deeper depth, the mean
electron energy increased. Also as shown in Fig. 7, as the
field size increased, the mean electron energy decreased.

4 Discussion

4.1

Figure 3 indicates that the photon mean energy in the
beam central axis and the field edge at different water

Mean Photon Energy
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Figure 5: Normalized electron fluence as a function of photon energy at several depth and four off-axis distances for a 5 cm
circular field size. a) central of axis, b) field edge, c) 1 cm from the field edge, d) 2 cm from the field edge.

depths varies with the field size. The photon mean en-
ergy along both the beam central axis and the field edge
decreased with the field size as scattered low-energy pho-
tons became more dominant in larger fields. In contrast
to the small fields where the photon mean energy in the
beam central axis rises as the depth increases, in the 10
cm field size, the photon mean energy decreases with the
water depth. That is, deeper depths lead to a larger vol-
ume of water where the primary beam interacts to pro-
duce more Compton photons, resulting in a softer photon-
energy spectrum.

Also, in the beam central axis and edge of the fields,
the photon mean energy close to the water surface is about
1.4 MeV for a 10 cm field size and 1.6 MeV to 1.7 MeV
in smaller field sizes of 0.75, 1, 2, 4, and 5 cm. Note that
in the beam central axis of small field sizes, the photon
mean energy at shallow depths, i.e., 0.125 and 0.5 cm, are
similar, whereas, in the 10 cm field size, the differences
are more considerable. The similarity of the photon spec-
tra at shallow depths could be due to the lack of charged
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particle equilibrium (CPE) in the vertical direction of the
beam. However, a similar trend is observed on the edge
of the fields in different field sizes.

The current findings suggest that the photons scat-
tered within the water phantom at a given depth hold
greater importance than those originating from the phan-
tom’s surface. These findings demonstrate a correlation
between the mean photon energy and the field size, which
can be useful in the development of radiation therapy plan-
ning techniques.

Figure 4 indicates that the photon mean energy is
depth-dependent within the radiation field, where at shal-
low depth (i.e., 0.125 cm), the photon mean energy at all
field sizes is around 1.5 MeV. However, at deeper depth
(i.e., 20 cm), the photon mean energy decreases as the
field size increases, where the mean photon energy varies
from 1.91 MeV in 0.75 cm field size to 1.36 MeV in 10
cm field size, and it is due to more contribution of scat-
tered photons. In the edge of the fields, the same trend is
observed where the photon mean energy varies from 1.73
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MeV at 0.75 cm field size to 1.43 MeV at 10 cm field size
in 0.125 cm water depth, and from 2.13 MeV at 0.75 cm
field size to 1.42 MeV at 10 cm field size in 20 cm wa-
ter depth. However, an inverse trend is observed outside
the field edge, where the photon mean energy decreases
as we move away from the field edge, reaches a minimum,
and then increases as the off-axis increases. As seen in
Fig. 4, the photon mean energy at 1 cm to 2 cm from the
field edge was considerably less than in-field regions, but
it increased as the distance from the field edge increased
beyond 2 cm. The greater distance from the field edge
allow more X-rays to undergo multiple scattering and ab-
sorption.

For out-of-field regions, for the 0.75 cm field size, at
a depth of 1.5 cm and 15 cm off-axis, the photon mean
energy was 1.16 MeV vs. 0.97 MeV at 5.5 cm off-axis.
This trend is less pronounced in larger fields (5 cm and
10 cm); as for the 5 cm field size, at a depth of 1.5 cm
and 15 cm off-axis, the mean energy level was 0.35 MeV
vs. 0.30 MeV at 5.5 cm off-axis. Notably, for larger field
sizes (i.e., 5 cm and 10 cm), the out-of-field photon mean

energy decreases roughly exponentially with distance from
the field edge.

Monte Carlo simulations showed that while the photon
mean energy at dmax for a 6 MV beam is around 1.5 MV,

27

the mean energy outside the treatment field is much lower,
typically between 0.2 and 0.6 MeV; this confirms previous
findings (Kry et al., 2017; Scarboro et al., 2011). Skrobala
et al. (Skrobala et al., 2017) studies show that the mean
energy outside of the beam decreases rapidly from 0 to
10 cm beyond the field edge at all measured depth levels.
However, at distances of 15 cm and greater from the field
edge, the energy levels stay within a relatively close range
(0.2 to 0.25, depending on depth) and may even increase
slightly.

4.2

Considering that electrons with low energy around 10 keV
exhibit a relatively high linear energy transfer (LET),
which may lead to late effects of secondary radiation on
nearby healthy organs following radiotherapy treatment
of a tumor, this energy range is particularly important.
Therefore, it is necessary to compare different simulated
models within this energy range. Figure 5 illustrates
that the Clinac ix generates approximately 20% more low-
energy electrons at the phantom’s surface compared to the
other two linacs under investigation, necessitating special
attention.

Figure 6 indicates that for a given field size (i.e. 0.75
cm or 10 c¢m), the mean electron energy increases with

Mean Electron Energy
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depth inside the field, while similar to photons, the mean
electron energy decreases with increasing field size in the
beam central axis and the edge of the fields.However, out-
side of the field edge, the behavior of electrons is depth-
dependent. The mean electron energy beyond the field
edge displays a different pattern with a minimum and a
maximum value, depending on the field size and the water
depth. This is due to the increase in the scattering radi-
ation outside the field boundaries. Ultimately, at larger
off-axis distances, it seems that the mean electron energy
reaches a constant value, i.e., at about 10 cm from the
central axis, the mean electron energy was nearly constant
for a 0.75 cm field size. Xicohtncatl-Hernndez et al. (Xi-
cohténcatl-Herndndez et al., 2021) found that there is a
significant difference in the total electron fluence between
the 4.5 and 0.7 cm? field sizes at depths of 1.35 cm and
9.85 cm in the central axis, with a difference of approxi-
mately 21% and 30%, respectively. Concerning the data
shown in Fig. 6, at 1 and 2 cm beyond the field edge, the
mean electron energies are higher than those for photons.
This could possibly be attributed to the primary electrons
leaking from the linac head, causing contamination. This
result is of prominent importance due to the relatively high
LET of these electrons, which may have a significant im-
pact on the healthy tissue surrounding the tumor volume
despite the delivered dose being considered small. This is
why it is crucial to consider these electrons from a radi-
ation protection standpoint to protect the patient’s skin
during radiotherapy treatment using linear accelerators.

For energy-dependent dosimeters, it is generally as-
sumed that the energy spectrum is constant inside the field
and is unperturbed by field size, depth, and off-axis dis-
tances. Although, the dosimeter response was not signifi-
cantly affected by the spectral variations (<1% effect) for
most in-field measurements. However, a correction factor
is generally necessary for out-of-field measurement points
where the spectrum is much softer. If these variations do
not count, it introduces errors in clinical dose measure-
ment (Scarboro et al., 2011).

5 Conclusions

We examined the changes in the energy and distribution of
photons and electrons for three commonly used linear ac-
celerators and a standard 6 MV spectrum. This was done
for small and standard radiation therapy fields outside of
the main treatment area. Our research revealed that the
energy distribution and mean energy of the beams are in-
fluenced by their spatial position and vary significantly
based on depth, off-axis distance, field size, and the spe-
cific linear accelerator model. We also observed that the
average photon energy decreases noticeably outside the 6
MYV photon beam at all depths. Additionally, we found
that the behavior of electrons is depth-dependent beyond
the field edge, with higher average electron energy near the
surface compared to the in-field regions, particularly for
small fields. These high Linear Energy Transfer (LET)
electrons should be taken into account, as they impact
healthy tissues around the tumor and result in increased
surface radiation dose.
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