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Abstract

In this report the characteristics of the electron applicator system for an Elekta SLi Plus linear
accelerator have been studied. The investigation will serve as a basis for a new applicator
design that will give less radiation leakage. The present applicator system does not fully
comply with the recommendations of the International Electrotechnical Commission (IEC)
Standards recording radiation leakage. By a careful study of the different dose contribution
components it was found that a simple modification of the applicator geometry could decrease
the leakage dose to within the IEC recommendations. In purpose to limit the work, only the
case of a 10x10 cm? applicator and a nominal energy of 20 MeV was fully investigated. The
10x10 cm? applicator is very common for patient treatments, and it is well known that the
highest energy (20 MeV) gives the highest leakage dose. The Monte Carlo code BEAMnrc
(2002 version) has been used to study the applicator system. Monte Carlo calculated dose
distributions were found to be in good agreement with measurements verifying that the Monte
Carlo method can be used for optimization of the applicator design. By using the LATCH
feature of the Monte Carlo code, a history can be tracked. In that way, contribution from
different system components of the total energy fluence or the total absorbed dose profile
could be determined. It was found that most of the dose outside the applicator is deposited by
particles that have interacted in the applicator itself. Furthermore, in this area the dose
contribution from photons is almost equal to the contribution from electrons. It can also be
concluded that it is the third level of the applicator that gives the highest bremsstrahlung
contribution. A small modification has been done on the 10x10 cm? applicator to reduce the
radiation leakage. The modification includes a change of the order of the Pb-layer and the Al-
layer in the third scarper level of the applicator. An evaluation according to the IEC protocol
shows that the modified applicator reduces the maximum absorbed dose outside the applicator
edge from about 5% to 2% relative to the maximum dose at the central axis. Also the average
absorbed dose was reduced from about 1.8% to 0.6%, which is below the IEC recommended
value of 1.3%.
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1. Introduction

Linear accelerators are used to provide beams of electrons as well as photons. Conventionally
electron beams are used to treat superficial seated tumors, while photon beams are used to
treat deep seated tumors. In electron-beam mode, a well defined electron beam passing
through the thin window of the accelerator vacuum system is transported through a scattering
foil system in order to broaden the beam. Electrons undergo significant scattering in the air
between the scattering foils and the patient. It is therefore necessary to collimate the beam
with an applicator attached to the accelerator treatment head. (See Figure 1).
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Figure 1. Absorbed dose profiles with and without an electron applicator for an Elekta SLi Plus machine. The
applicator size is 10x10 cm? and the nominal energy is 20 MeV. The measurements were performed with a diode
detector at 1 cm depth in a water phantom. SSD= 100 cm.

Nowadays most accelerators are equipped with a dual scattering-foil system and the electron
applicator is mainly used to limit the field size. Older machines that were used in the mid
80:ies only used a single foil to scatter the beam. In that time the purpose of the electron
applicator was not only to limit the field size but also to provide a good flatness of the dose
profile. This was achieved by using applicators with covered walls, often made of steel, which
increased the scatter contribution near the field edges.

The aim of the design of an applicator for high energy electron beams for radiotherapy is to
obtain uniform beams with well defined energies. The amount of scattered electrons should be
as low as possible. In that way the depth dose curve will have a high dose gradient and the
therapeutic depth will be larger. The applicator should also shape the beam according to the
tumor size and protect surrounding healthy tissues. When the beam leaves the treatment head
it is broad and nearly parallel and contains only a small amount of low energy electrons. The
necessary collimation of the beam will, however, decrease its quality. When an applicator is
attached to the treatment head, we get more material in the radiation field and this results in
increased scattering contribution (increased number of scattered electrons and increased
bremsstrahlung production).



An important issue, which the manufactures are concerned about, is the radiation leakage
outside the applicator. The present applicator system for Elekta accelerators do not fully
conform to the International Electrotechnical Commission Standards (IEC 1998) regards
leakage.

One objective for a re-design of the applicator system would be to decrease the leakage but
maintain or even improve characteristics such as flatness, uniformity, penumbra width and
therapeutic depth for the electron beam.

Some earlier studies have been made on leakage from electron applicators on medical
accelerators (Pennington et al 1988, Keys and Purdy 1984). They evaluated applicator
systems that were used in the mid 80:ies. These two investigations were based on measuring
the leakage and scatter radiation around the applicator. They found that the leakage radiation,
relative to the central axis dose was 7% in the patient plane (i.e., the surface perpendicular to
the collimator rotation axis at the isocenter of the accelerator, SSD= 100 cm) and up to 39% at
the applicator body surface(the side of each applicator). To reduce the magnitude of the
radiation leakage they reduced the photon collimator setting or added lead at selected
locations on the applicator surface.

There are also some investigations based on Monte Carlo simulations (Kassaee et al 1994,
Ebert and Hoban 1995, Northey and Zavgorodni 2002). The Monte Carlo method is a
powerful tool to investigate different electron applicator systems and for optimization of new
applicators. Monte Carlo simulation of radiation transport is considered to be the most
accurate methods of radiation therapy dose calculations. Kassaee et al (1994) investigated the
influence of cone design on the electron beam characteristics on clinical accelerators.
Measurements were compared with calculated 3-D dose distributions obtained from Monte
Carlo-derived energy deposition kernels. They showed that beam-defining cones can be
fabricated to eliminate low-energy scattered electrons from the cone housing.

Ebert and Hoban (1995) made a model for electron-beam applicator scatter. The model
involved sampling established kernels of scatter from edge elements of appropriate materials,
which were obtained through Monte Carlo simulations. The result of the model was a phase
space (position, direction, energy, charge, weighting) of applicator scattered particles. The
phase space can further be incorporated into Monte Carlo simulations. The results gave
information on the angular and spatial variation characteristics of this beam component.
Northey and Zavgorodni (2002) optimized the design of an electron applicator. They reported
on a cylindrical steel-walled electron applicator for a Siemens KD2 Mevatron accelerator
producing circular fields with 2-8 cm diameter. The seven and the eight centimeter diameter
cones did not fully comply with to the IEC Standard. The maximum dose inside the field
relative to the depth-dose maximum on the central axis exceeded 126% while IEC
recommends 109%. They made a plastic insert along the internal wall of the applicator with
optimized dimensions. It improved the “maximum ratio of absorbed dose” from 126% before
modification to 108% with the plastic insert.

In this paper we have used Monte Carlo simulations to evaluate the current electron applicator
system on an Elekta SLi plus accelerator. Measured dose distributions were compared with
calculations to verify the Monte Carlo code. The origin of different dose components to the
total dose have been analyzed. Finally a small modification on the electron applicator is
proposed which will reduce the radiation leakage.



2. Methods and Materials

2.1. The accelerator and the electron applicator

The Elekta SLi Plus accelerator can deliver therapeutic electron as well as photon beams. The
accelerator is equipped with a dual scattering foil system for nine electron energies (4, 6, 8,
10, 12, 15, 18, 20 and 22 MeV). The accelerator is equipped with a multi-leaf collimator and
an achromatic bending magnet system. The magnet is an asymmetric 112.5° three sector
uniform pole gap “slalom” magnet. This system would not sharply define the energy of the
initial electron beam, hence we approximate it with a Gaussian distribution in the forthcoming
simulations. The initial energy spectrum is symmetric and its full width at half maximum
FWHM is less than approximately 10% of the energy (Deasy 1996, Kok 1999). The electron
applicator which was used in the optimizations has a field size of 10x10 cm? at SSD= 95 cm.
A schematic figure of the electron applicator is shown in Fig. 2.
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Figure 2. Schematic figure of the applicator. The material of each scraper layer is indicated as well as the
LATCH numbers used in the Monte Carlo simulations.

This applicator is constructed of four scrapers. The first scraper consists of aluminum, the
second of aluminum and lead, the third of lead and aluminum and the last of aluminum and
lead. We know from measurements that the radiation leakage is worst for the smallest
applicator (6x6 cm?) and the highest energy. However, such a small applicator is rarely used
in common clinical practice. Furthermore, the nominal energy 22 MeV is not always available
due to magnetron problems. We have therefore chosen to consider the 10x10 cm? applicator
and 20 MeV as a “worst case” configuration and this will be the focus for our investigation.



2.2. A general description of the Monte Carlo method

The Monte Carlo method is very useful for radiotherapy applications. Energy spectrum,
energy fluence and dose distribution can be calculated by simulating a large number of
interaction sequences. For instance, backscatter from high-density material (bone) or scatter
perturbations by air cavities can be handle by Monte Carlo more accurately than any other
dose calculation model (Ma and Jiang 1999). Detailed information about the beams incident
on the patient surface is needed for Monte Carlo simulations. This information on a clinical
beam is very difficult (if not impossible) to measure. A practical way to obtain this
information is to simulate a treatment head with Monte Carlo technique. Such a simulation
increase our understanding of clinical beam characteristics, and has the potential of improving
the accelerator design.

The work on Monte Carlo simulations can be divided in two groups of categories. The first
group includes simulations that were performed more than about twenty years ago with
limited computer power. The structure of the medical accelerators were simplified to one or
two components which were considered to have most dosimetric significance. Monte Carlo
simulations were performed with an acceptable accuracy and within a reasonable timeframe
(Berger and Seltzer 1978, Borell-Carbonell et al 1980, Rogers and Bilajew 1986). The second
category includes the simulation of a fairly complete accelerator head (Udale 1988, Udale-
Smith 1990, 1992, Kassaee et al 1994). Since the OMEGA BEAM system was developed,
this category has been greatly enhanced, and the modelling of medical accelerators has
become easier and more systematic. It is a difficult task to do a complete Monte Carlo
simulation of a medical accelerator. It needs a large number of physical data like component
dimensions and materials specified with a high accuracy. An accurate and efficient model
needs to be performed via a large amount of careful coding of the individual accelerator
components. The results of the simulations are very sensitive to the details of the model.

The OMEGA (Ottawa Madison Electron Gamma Algorithm) project was a cooperation
between the National Research Council of Canada and the University of Wisconsin (Rogers et
al 1990, Mackie et al 1990, 1994). Their goal with this project was to develop a 3D electron
beam treatment planning system using Monte Carlo simulations for calculation of the dose
distribution in a patient. This project was the development of the BEAM and the DOSXYZ
code system (Rogers et al 1995, Ma and Rogers 1995, Ma et al 1995). BEAM and DOSXYZ
are based on the PRESTA extension of the EGS4 Monte Carlo system (Nelson et al 1985,
Bielajew and Rogers 1987, Rogers and Bielajew 1990, Bielajew et al 1994). There are many
useful and important new features in the BEAM code (Rogers et al 1995). This includes the
use of component modules, scoring particle phase space information, tracking each particle
history, applying various variance reduction techniques, setting up a file/structure for parallel
processing and development of a user-friendly interface. Each component module in the
BEAM code acts like a “brick”, so a model of an accelerator head can readily be built. One
can put a series of components together according to the technical drawing and this also
allows users without much knowledge in programming. The recording of the complete phase-
space information of each individual particle crossing the scoring planes is an important
element of BEAM. This information includes the energy, position, charge, direction and a
history tag for each particle. The phase-space data could be recorded at the back plane, at
right angels to the beam axis, of any specified component module in the accelerator. A phase-
space data file could be created at each plane and an arbitrary number of scoring planes can be
used.

The history tag variable LATCH is a very important parameter in the phase-space data file,
which was a feature of EGS4 (Nelson et al 1985). With LATCH it is possible to keep track of



each particle history and used in the analysis of the relative dose distributions from various
accelerator components. LATCH is a very useful tool for studying the origin of particles.

2.3. Specific Monte Carlo calculations performed in this study

The code which was used to model the electron beams was the 2002 version of the BEAMnrc
package which originally is based on the EGS4 Monte Carlo system for radiation transport.
The accelerator treatment head and the electron applicator for the Elekta SLi Plus were
modeled from a series of component modules. The 10x10 cm? open standard applicator has a
field size of 10.5x10.5 cm? at SSD 100 cm. The Gaussian energy distribution of the initial
electron beams used in the simulations have previously been tuned for the nominal electron
energies 6, 12 and 20 MeV (Bjork et al 2002). These Monte Carlo calculations were
performed without attaching any applicator to the treatment head to get minimal influence
from various beam scattering devices.

In all simulations the energy cut-offs for particle transport were set to E¢yt = Pcyt = 0.521 MeV
(kinetic energy plus rest mass) and AE = AP = 0.010 MeV. E, defines the global cutoff
energy for electron transport in MeV. E defaults to AE(medium) (the lowest electron energy
for the data in the pegs4 data). Pc,: defines the global cutoff energy for photon transport in
MeV. It is the photon equivalent of Ecy. Py defaults to AP(medium) (the lowest photon
energy for which there is data in the pegs4 file). The exact values do not take much more
time. A value of 0.01 MeV should generally be used.

In the primary collimator and in the x-ray diaphragms E,; was set to 0.700 MeV to speed up
the calculations and this change will not effect the results. PRESTA was used in all cases.

2.3.1. Energy fluence sampling for electrons and photons.

For the investigation of the phase spaces we used the computer code BEAMDP (Ma and
Rogers 1998). We have chosen to study the energy fluences for both electrons and photons to
get an indication of the forthcoming investigation of the absorbed dose distributions. It must
be noted that the energy fluence is not directly proportional to the absorbed dose. For photons
the energy fluence should be multiplied with the mass energy absorption coefficient for water.
For electrons the particle fluence should be multiplied with the mass collision stopping power
for water. Both the mass energy absorption coefficient and the stopping power depends on the
energy of the particles which may change over the radiation field. The mean photon energy
was found to be nearly constant and therefore the photon energy fluence could be considered
directly proportional to the absorbed dose. The mean electron energy was found to vary a lot
over the radiation field and the particle fluence could therefore not represent the absorbed
dose. It was, however, found that the energy fluence distribution of the electrons was very
similar in shape to an expected absorbed dose distribution. Therefore, the energy fluence
distribution was investigated for both electrons and photons.

The energy fluence versus off-axis position in the crossplane (x) direction was studied. This
fluence profile was sampled over a rectangular field with rectangular bins. A small
investigation was done to determine a proper width of the bins which gives good statistics
without changing the results.



In BEAMDP we used LATCH to get information about the particles histories and to analyze
the relative dose contributions from various accelerator components.

The energy fluence was divided into one electron part (") and one photon part (ph). Each of
these was studied separately. The total energy fluence was divided into two components; one
contribution from the treatment head and one from the electron applicator:

l//Tot = l//Head + y/AppI.

The contribution from the applicator was further split into the different scraper levels:

Vool = Waaan T Waaz T¥Waaon + Wias
where the numbers indicate the LATCH bit in each scraper (see Fig. 2).

2.3.2. Investigation of dose distributions.

The Monte Carlo code DOSXYZnrc was used to calculate dose profiles and relative depth
dose curves. Only profiles in the x-direction were studied.

The total water phantom size was (xxyxz)= (25x25x14) cm®. For the profile study the voxels
size were (0.4x5x0.4) cm®, and centered at 1 cm and 5.8 cm depth. For depth dose study the
voxels were (1x1x0.2) cm®.

The number of histories was chosen to ensure statistical uncertainty better than 1%.

For the profiles the relative dose contributions to the total dose were investigated according
to:

D; = De, + Dph
DTot = DHead + DAppI.
=D _+D

Appl. Appl.e Appl, ph

D osie = Daaso + Dsazp + Diagas



2.3.3. Modification of the standard 10x10 cm? applicator.

A simple modification of the 10x10 cm? applicator was performed, which includes a changing
in the order of the aluminum and the lead in the third scraper. The dimension of each layer
was kept, only the order was changed. The energy fluences and the dose profiles were
investigated for this new design in the same manner as previously described. These results
were compared to the results obtained from the standard applicator.

We want to reduce the leakage from the applicator and this modification would hopefully
decrease the radiation leakage. We put the low-Z material, aluminum on the top to reduce the
electron energy then they penetrate the high-Z material, lead. Most of the energy will then be
absorbed in the lead layer.

10



2.4. Measurements and the International Electrotechnical Commission (IEC)
Standards.

The IEC Standards (1998) provides guidelines on acceptable dose levels in the patient plane
outside the radiation field. Electron beam applicators and other parts of the radiation head
should have a limited scattered radiation outside the electron radiation field. Scanning
measurements (only crossline) were preformed in a large water phantom at 1 cm depth with a
diode detector (RFA-300 from Scanditronix). According to the IEC, measurements shall be
performed for a inline, crossline and also two profiles over the field diagonal. The IEC report
shows the following values for the maximum and the average dose in this setup:

1. The absorbed dose as a percentage of the maximum absorbed dose on the reference
axis shall not exceed a maximum of 10% in the area between 7.5 cm and 25 cm from
the reference axis (for a 10x10 cm? applicator). The area is defined between a line 2
cm outside the periphery of the geometrical radiation field and the boundary of M,
there M is the projection of the primary collimator on the isocenter plane.

2. The average absorbed dose due to leakage radiation in the area between a line 4 cm
outside the periphery of the geometrical radiation field and the boundary of M, shall
not exceed the limits of allowable leakage radiation which is 1.3% for an electron
energy of 20 MeV.

Field edge

Figure 3. llustration of the areas. The maximum value of the absorbed dose shall be measured in the area
defined as a line (red line) 2 cm outside the periphery of the geometrical radiation field and 25 cm from the
reference axis (black circle= M). The average absorbed dose shall be measured in the area between a line (yellow
line) 4 cm outside the periphery of the geometrical field and 25 cm from the reference axis (black circle= M)
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3. Results
3.1. Energy fluence investigation for the standard applicator.

A bin size of Ax=0.5 cm and Ay=5 cm was chosen. The fluence profile was taken from x= -
15 cm to x= 15 cm. The energy fluence results for 20 MeV are shown in Figures 4 and 5
(electrons) and in Figures 6 and 7 (photons). All profiles are normalized to the value at the
central axis for the total electron/photon energy fluence. The profiles have been
parameterised in Table 1-4. In Appendix 1 the corresponding figures for 12 MeV and 6 MeV
are shown.

120
L. 20

=—c¢lectrons, Tot
i:m:..—-ﬂ.r'q' ==glectrons, Head
electrons, Appl
8
o 0.80 ~
=
>
>
< 0.60 -
5 : ﬁ
(&)
=
3 0.40 -
[J)
14
0.20
I : = 0-00— ! L-w‘f‘
-20 -15 -10 -5 0 5 10 15 20

Off-axis position

Figure 4. The total energy fluence is divided into two components; one contribution from the
treatment head and one from the electron applicator. v/, . = Wyead e + ¥ appi e -

Table 1. Energy fluence values at distances 0, 6.5 and 10 cm from the reference axis
according to Figure 4.

Distance from ref.axis Total Head Appl.
0 1.0 0.967 0.033

6.5 0.018 0.005 0.013

10 0.0095 0.0001 0.0094
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Figure 5. The contribution from the applicator divided into the different scraper levels;

Voappte = Vaaan T Waasw T ¥Waaom T ¥ia-

Table 2. Energy fluence values at a distance 0, 6.5 and 10 cm from the reference axis
according to Figure 5.

Distance from Appl. 4a,4b 3a,3b 2a,2b la
ref.axis
0 0.330 0.00263 0.00394 0.00110 0.00001
6.5 0.0131 0.00154 0.00085 0.00018 0.00004
10 0.0094 0.00078 0.00095 0.00066 0.00001
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Figure 6. The total energy fluence for photons is divided into two components; one contribution from the
treatment head and one from the electron applicator. ¥ o o = ¥ieaq. ph + ¥ appl, ph

Table 3. Energy fluence values at a distance 0, 6.5 and 10 cm from the reference axis Figure

6.
Distance from ref.axis Total Head Appl.
0 1 0.815 0.186
6.5 0.421 0.161 0.260
10 0.154 0.014 0.144
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Table 4. Energy fluence values at a distance 0, 6.5 and 10 cm from the reference axis
according to Figure 7.

Distance from Appl. 4a,4b 3a,3b 2a,2b la
ref.axis

0 0.186 0.124 0.06 0.015 -

6.5 0.260 0.140 0.118 0.011 -

10 0.154 0.038 0.112 0.0104 -
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Relative absorbed dose

3.2. Dose profile investigation for the standard applicator.

Figure 8 shows the total dose profile, which are divided into one electron and one photon part.
Figure 9 shows the total dose profile divided into head contribution and applicator
contribution. Close-ups of figure 8 and 9 are shown in Appendix 2. There are tables to each
diagram that include the important figures from the diagrams (see Table 5 and 6). The
normalization has been done to the reference axis for the total dose.
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Figure 8. The total dose distribution is divided into two components, one electron part and one photon part.
Dot =D, + Dy, . Close up in the left corner.

Table 5. Average values of the energy fluence from distance 0, 6.5 and 10 cm from reference
axis according to Figure 8.

Distance from ref.axis Total electrons photons
0 1.0 0.963 0.037

6.5 0.0465 0.0274 0.0191

10 0.026 0.0169 0.0091
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Figure 9. The dose distribution is divided into two components; one contribution from the treatment head and

one from the electron applicator. Dy,

= DHead + D

Appl.

Table 6. Average values of the energy fluence from distance 0, 6.5 and 10 cm from reference

axis according to Figure 9.

Distance from ref.axis total Head Appl
0 1.0 0.934 0.066
6.5 0.0465 0.0098 0.0367
10 0.026 0.00014 0.0258

The applicator contribution has further been investigated and this is shown in Figure 10 and
Figure 11. In Figure 10 we split up the applicator contribution into one electron and one
photon part and in Figure 11 it is the electron contribution from the applicator that is divided
into electrons from LATH bit 4a,4b, LATCH bit 3a,3b and LATCH bit 1a,2a,2b. The profiles
are parameterized in Table 7 and 8.
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Figure 10. The contribution from the applicator divided into one electron part and one photon
part; D, , =D +D
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Table 7. Energy fluence values at a distance 0, 6.5 and 10 cm from the reference axis
according to Figure 10.

Distance from ref.axis Appl Appl.e Appl,ph
0 0.0658 0.0532 0.0126

6.5 0.0367 0.0233 0.0134

10 0.0258 0.0167 0.0091
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Figure 11. The contribution from the applicator divided into the different scraper levels;

DAppI,e = D4a,4b + DSa,3b + Dla,2a,2b'

Table 8. Energy fluence values at a distance 0, 6.5 and 10 cm from the reference axis
according to Figure 11.

Distance from Appl,e 4a,4b 3a,3b la-2b
ref.axis
0 0.0532 0.0252 0.0172 0.0108
6.5 0.0233 0.0123 0.00587 0.00514
10 0.0167 0.00505 0.00718 0.00447
3.3. Energy fluences for the modified applicator compared to the standard
applicator.

Figure 12 shows a comparison between the electron energy fluence from the standard
applicator and the modified applicator for the third scraper. In Appendix 3 the other figures in
this study are shown.
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Figure 12. The electron energy fluence from the third scraper for both the standard applicator and the modified
applicator.
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Figure 13. Comparison between the energy fluence for photons from scraper two for standard and modified
applicator, electron energy 20 MeV.
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3.4. Dose profiles for the modified applicator compared to the standard
applicator.

The Monte Carlo calculated dose profiles are compared to measurements at depth 1 cm and
depth 5.8 cm (R90, 90% of the dose maximum). The results are shown in Figures 14-18.

The measured depth dose curve is compared with the two Monte Carlo simulations (standard

and modified applicator) in Figure 18.
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Figure 14. Comparison between Monte Carlo calculated dose profiles for the standard applicator and
measurements with the standard applicator at depth 1 cm (close up in the left corner).
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Figure 15. Comparison between Monte Carlo Calculated dose profiles for standard applicator and modified

applicator at depth 1 cm (close up in the left corner).
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Figure 16. Comparison between Monte Carlo calculated dose profiles for the standard applicator and
measurements with the standard applicator at depth 5.8 cm (equal to the Rgo-depht 90% of dose maximum).
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Figure 17. Comparison between Monte Carlo calculated dose profiles for the standard applicator and the
modified applicator at depth 5.8 cm (equal to the Rgo-depht, 90% of dose maximum). Close up in the left corner.
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3.5. Comparison with measurements and the International Electrotechnical

Commission (IEC) Standards.

The absorbed dose as a percentage of the maximum dose on the reference axis has been
calculated and the results are shown in Table 9. Table 9 also shows the result of average
absorbed dose (radiation leakage).

Table 9. Comparison with measurements and the International Electrotechnical Commission

(IEC) Standards.

LIMITS (IEC) Measurement MC simulation | MC simulation

(Standard appl.) | (Modified appl.)
Maximum dose 10% 4.32% 4.15%+0.14 2.12%+0.07
Average dose 1.3% 1.32% 1.13%:+0.04 0.61%=0.02
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4. Discussion and conclusions

We have chosen to study the 10x10 cm? applicator and the highest energy (20 MeV) because
that configuration gives the highest leakage dose and it is common in patient treatments.

The Monte Carlo techniques is a very useful tool to investigate applicator characteristics.
With the history tag variable LATCH it is possible to keep track of each particle history.
LATCH makes it possible to analyze the relative dose distributions from various accelerator
components.

The energy fluence investigation for electrons are shown in Figure 4 and 5 (20 MeV) and in
Appendix 1 (6 and 12 MeV). A comparison between Figure 5 and Figure A1-4 shows that at
the central axis the relative contribution of electrons generated in the applicator is greater for
6 MeV. It can also be seen that the “horns” are more clear for 20 MeV. This is a result of a
lower mass scattering power for higher energies, which makes the applicator scattered
electrons more forward directed.

The energy fluence investigation for photons are shown in Figure 6, Figure A1-5 and Figure
Al-7 for 20,12 and 6 MeV respectively. The diagrams clearly show that the bremsstrahlung is
more forward directed for higher energies, which corresponds to the fundamental interactions
facts. This show that the Monte Carlo code manage bremsstrahlung production like we
expect.

In Figure 8 (close up in Figure A2-1) the dose distributions from electrons and photons are
shown. It was found that outside the applicator most of the dose comes from particles that
have interacted in the applicator itself. Furthermore, in this area the dose contribution from
photons almost equals the contribution from electrons.

If we study the applicator contributions for electrons in Figurell, we see that at 10 cm outside
the central axis most leakage is coming from the third scraper. It can also be concluded that it
is the third scraper that gives the highest bremsstrahlung contribution. This implies that a
reduced radiation leakage could be obtained if the aluminum and lead layer changed order in
the third scraper. Repeated investigations after such a modification shows that the leakage is
in fact reduced (see Appendix 3).

The comparison between the standard applicator, the modified applicator and measurement of
the standard applicator at 1 cm depth, show that our Monte Carlo model on the accelerator is
not perfect. The disagreement between measurement and simulations is about 2% within the
radiation field. The Monte Carlo simulations have a statistic uncertainty below 0.5% (1 S.D)
inside the field. At 1 cm depth we get a higher absorbed dose with our Monte Carlo
simulation but 5.8 cm depth it seems to be almost the same as the measurement. The deviation
on 1 cm depth depends mostly of the model of the accelerator head is not quite correct.
Probably it is the secondary foil that is not correct modeled. This effect decreases with
increased water depth. The less homogenous field may also depend on the beam first hit a low
Z material in the third scraper and this conduct in more scattered electron into the field.
Outside the field there is good agreement between measurement and simulations for the
standard applicator.

The modified applicator has less radiation leakage but the profile is not so flat as the one from
the standard applicator. In Figure 18 the simulation of the standard applicator is compared
with measurement at 5.8 cm depth and it show good agreement. The modified applicator is
also compared to the standard applicator at 5.8 cm depth (Figurel8 and Figure A4-3). Also at
this depth it is clearly shown that the modified applicator is has a lower dose outside the
radiation field. The “horn” that are shown in Figure 18 for the modified applicator can be
electrons scattered into the field from the aluminum. The electrons may have enough energy
to reach down to 5.8 cm, there we have 90% of the dose maximum.
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A conclusion is that the leakage dose decreases because less bremsstrahlung and less low
energetic electrons.

According to the IEC the maximum dose outside the applicator should not exceed 10%. This
is no problem for neither the standard applicator nor the modified applicator, which have
maximum values of 4.8% and 2.1%, respectively.

According to IEC the average dose outside the periphery of the geometrical radiation field
and the boundary of M, shall not exceed the limits of allowable leakage radiation which is
1.3% for an electron energy of 20 MeV. (M is the projection of the primary collimator on the
isocenter plane). The standard applicator has a value of 1.8% which is slightly too high. The
modified applicator reduced this value to only 0.6%.

A future study will include further modification of the electron applicator so that the dose
profile will remain flat and have low radiation leakage.
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Appendix 1. Energy fluence investigation for electrons.
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Figure Al-1. Electron energy 12 MeV. The total energy fluence for electrons is divided into two components,
one contribution from the treatment head and one from the electron applicator. Wy . = Weaq e + W agpire -
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Figure A1-2. Electron energy 12 MeV. The contribution from the applicator divided into the different scraper
levels; W aooie = Viaan T Waasn T Woaon T Via-
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Figure Al-4. Electron energy 6 MeV. The contribution from the applicator divided into the different scraper
levels; W aooie = Viaan T Waazp T Woaow T Via-
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Figure A1-5. Electron energy 12 MeV. The total energy fluence for photons is divided into two
components, one contribution from the treatment head and one from the electron applicator
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Figure A1-6. Electron energy 12 MeV. The contribution from the applicator divided into the different scraper
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Figure A1-7. Electron energy 6 MeV. The total energy fluence for photons is divided into two
components, one contribution from the treatment head and one from the electron applicator
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Appendix 2. Dose profiles by using DOSXYZ.
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Figure A2-1. Close up on Figure 8. The total dose distribution is divided into two components, one electron part
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Appendix 3. Energy fluences for the modified applicator
compared to the standard applicator.
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Figure A3-1. Comparison between the total energy fluence for electrons from the standard applicator and
modified applicator, energy 20 MeV.
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Figure A3-2. Comparison between the total energy fluence for electrons from scraper four for standard and
modified applicator, energy 20 MeV.
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Figure A3-3. Comparison between the total energy fluence for electrons from scraper two for standard and
modified applicator, energy 20 MeV.
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Appendix 4.
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Figure A4-1. Close up on Figure 14. Comparison between Monte Carlo calculated dose profiles for the standard
applicator and measurements with the standard applicator at depth 1 cm. Electron energy 20 MeV.
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Figure A4-2. Close up on Figure 15. Comparison between Monte Carlo Calculated dose profiles for standard
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Figure A4-3. Close up on Figure 17. Comparison between Monte Carlo calculated dose profiles for the standard
applicator and the modified applicator at depth 5.8 cm (equal to the Rgo-depht, 90% of dose maximum). Electron
energy 20 MeV.
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6. Summary in Swedish

Linjaracceleratorer anvands for att producera foton- och elektronstralning vid
stralbehandling. Elektronstralning framférallt till att behandla ytligt liggande tumdérer,
medan fotonstralning anvands for behandling av mer djup liggande lesioner.
Eftersom elektroner vaxelverkar och sprids markant i luften mellan
behandlingshuvudet och patienten, ar det nodvandigt att kollimera elektronstralen
med hjalp av en applikator som man faster pa stralhuvudet. Det nuvarande
applikatorsystemet for Elektas linjaracceleratorer uppfyller inte de internationella
rekommendationerna (IEC 1998) for stralningslackage utanfor applikatorn.
Tillsammans med Elekta arbetar Radiofysik vid Universitetsjukhuset i Lund med att
forbattra designen péa applikatorn for att minska stralningslackaget, med bibehallen
god stralfaltskarakteristik inne i behandlingsfaltet.

For att understka det befintliga applikatorsystemet och utvardera en modifierad
variant av applikatorn har vi anvant oss av Monte Carlo-berdkningar. En Elekta SLi
Plus linjaraccelerator och dess tillhérande applikatorsystem har modellerats i Monte
Carlo-koden BEAMnrc. Stralfaltskarakteristiken hos applikatorsystemet undersoktes
och mojliga vagar till en forbattrad konstruktion faststélldes.

Vi valde att undersdka karakteristiken hos applikatorn
med storleken 10x10 cm? och for energin 20 MeV,
eftersom denna kombination ger ett tamligen hogt
stralningslackage och &r vanlig vid patientbehandlingar.
Applikatorn ar uppbyggd av fyra olika "scrapers”
(nivaer), se bilden till h6ger. Forsta nivan bestar av
aluminium (narmast stralhuvudet), andra nivan av
aluminium och bly, tredje nivan av bly och aluminium
och den sista nivan bestar av aluminium och bly.

| Monte Carlo koden som anvands ar det mojligt att spara partiklarnas historia, dvs
man kan fa information om var varje partikel har vaxelverkat. Med hjalp av denna
information kan den relativa dosférdelningen fran olika acceleratorkomponenter
beraknas.

Vi kunde med hjalp av detta verifiera att stralningslackaget kom ifran applikatorn och
inte frAn andra delar av acceleratorn. Det visade sig ocksa att det var den tredje
nivan i applikatorn som bidrog mest till lackagestralningen.

For att minska stralningslackaget andrade vi plats pa bly och aluminium i den tredje
nivan i applikatorn. Denna enkla modifieringen av applikatorn resulterade i ett
minskat stralningslackage som uppfyller IEC rekommendationerna. Framtida studier
kommer att omfatta fortsatt modifiering av elektronapplikatorn i syfte att ytterligare
forbattra karakteristiken inne i stralfaltet med bibehallet Iagt stralningslackage.
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