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Introduction

The goal of this project is directed at developing a new breast cancer radiation therapy technique
using helical electrons generated via axial magnetic field. The specific aims of this study are (1)
to develop tools for realizing helical electron beam deliveries, (2) to develop dose modeling
methods for helical electron beams, and (3) to carry out verifications and measurements for
characterizing helical electron beams. Our end point is to test the technical feasibilities of
generating helical electrons and its applications for breast cancer treatments. We made two
breakthroughs in this period: (1) we successfully generated and characterized the helical
electrons (2) we developed and measured a new breast tumor bed irradiation technique using the
helical electron beam.

Body of Report
Our major findings are described as follows:
Task 1. Develop beam delivery tools for HEART

We first carried out Monte Carlo calculations for the methods of generating helical electron
beams. The purpose of the study is to seek methods of producing the helical electron beams and
to validate the dosimetric properties of magnetically modulate electrons. The details of the study
are given in the attached reprint article [Earl and Ma, 2001]. Our study found significant skin
sparing effects and enhanced depth dose curves when using axial in-air magnetic collimations.
One result is illustrated in the following Figure:
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Based on the results of our theoretical calculations, we constructed a prototype axial
magnetic collimator using Nd-Fe compound. The choice of permanent magnets is to eliminate
bulky cooling and power supply assemblies associated with the superconducting and
electromagnetic magnets. This enables the magnetic collimated directly attached to the end of
standard electron cone and facilitate both fixed and rotational beam deliveries. The schematics
of the deliveries are shown in Figure 2
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Shown in this figure are the beam transport and the
delivery setup of a magnetic collimator. The electrons
produced from the virtual source first pass through the
primary jaws and then the tertiary electron cone. The
axial magnetic field below the electron cone bends the
electrons to follow a partial helical path. The net effect
is reduced beam divergence thus the outward scattering
effects. Based on our calculations, the magnetic field
strength for 6 MeV electrons is approximately 0.5 T.

Task 2. Develop and implement optimized beam delivery methods for HEART

Following the theoretical calculations, we completed the design and commissioning of a
prototype magnetic collimator. We further developed an extended pencil dose model for
calculating the dose deposition of the magnetically collimated electron beams. The details of the
model formalism and studies are given the attached reprint article [Phaisangittisakul, D’Souza
and Ma, 2004]. As illustration, a simulated case is shown in the following Figure.
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In this simulated case, several fixed enfaced helical electron beams are used to irradiate a
superficial target volume while sparing the underlying normal tissue. Another important
application of the helical electron beams is to irradiate the breast tumor bed using rotational arc
beams. The results of the model calculated arc-beam delivery are shown in the following figure.



® | In this case, a single magnetically collimated
electron arc beam (-40° to 40°) irradiates a flat
phantom from posterior to anterior direction.
One feature for such delivery is that significant
skin-sparing effects are observed. To verify
these results, we performed phantom
measurements of the helical electron beams.
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Task 3. Develop dose verification tools for HEART

We commissioned a cylindrical chest phantom made from tissue-equivalent materials. The
phantom was used in the measurements of both fixed and rotational helical electron arc beam
deliveries. The details of the study are given in the attached reprint article [Ma, 2004]. The
comparison results of dose profile measurements and the depth dose curves of 9 MeV electrons
with and without magnetic field collimation are illustrated in the following figure.
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From the results of the measurements, we found that magnetically collimated electrons possess
significantly higher dose deposition (>100%) than the conventional electrons. In contrast, the
entrance dose for the magnetically collimated electron is on average 15% lower than that of the
conventional electron beam.



Key Research Accomplishments

e We successfully generated magnetically collimated helical electron beams

e We developed a dose model for optimizing and calculating dose distributions of helical
electron beams

e We characterized the dosimetric properties of fixed and rotational helical electron beams
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Summary



The BC99087 project “Helical Electron Beam Avoidance Radiation Therapy for Breast Cancer
Treatments” completed all the goals of the proposal. The key accomplishment is that we
validated our hypothesis that magnetically modulated electron beams are beneficial in reducing
excessive scatter and lower normal tissue dose for breast cancer radiation therapy. The results
our studies allow us to pursue future studies in translating helical electrons into clinical practices.
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Appendices

The following three articles are attached:

1. L. Ma, “Dosimetric properties of magnetically collimated electron beam for radiation
therapy”, Med. Phys. 31(11), 2973-2977, 2004.

2. N. Phaisangittisakul, W. D’Souza, and L. Ma, “Magnetic collimation and metal foil

filtration for electron range and fluence modulation”, Med. Phys. 31(1)17-23, 2004.

3.M. Earl, and L. Ma, “Characterization of helical electron beams for radiotherapy: a Monte
Carlo study” Med. Phys. 28 (2001) No. 6, 1276.
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APPENDIX 1

Dosimetric properties of magnetically collimated electron beams
for radiation therapy

Lijun Ma®
Department of Radiation Oncology, University of Maryland School of Medicine, Baltimore,
Maryland 21201

(Received 12 December 2003; revised 18 August 2004; accepted for publication 31 August 2004)

A method of generating magnetically collimated electron beams is developed and the dosimetric
properties of magnetically collimated electrons are investigated. An in-air magnetic collimator
device was designed and constructed for the study. The magnetic collimator was placed above the
exit port of a 14X 14 cm? electron cone. Axial magnetic field of approximately 0.6 Tesla is gener-
ated inside the collimator via an array of permanent magnets. Fixed and rotational magnetically
collimated electron beams were delivered and measured in phantoms. We found that magnetically
collimated electron beams significantly lower the surface dose as compared with conventional
electron beams. A magnetically collimated arc beam further reduces the surface dose to less than
20% of the maximum dose inside the target. The dose per monitor unit at d,,,, for the magnetically
collimated electron beams was significantly (~40%) higher than that of the conventional electron
beams. The use of magnetic collimation may lead to improved delivery techniques for breast and

head and neck cancer treatments. © 2004 American Association of Physicists in Medicine.

[DOI: 10.1118/1.1809780]

I. INTRODUCTION

Electrons are commonly used in radiation therapy for treat-
ing various cancers.'™ The excessive scattering of the exist-
ing cone-beam electrons often causes unwanted dose to the
normal tissue contributing to the treatment-related toxicities
such as telangiectasia, mucositis, and tissue fibrosis, etc.
Early studies have indicated the benefits of using magnetic
field to improve the dosimetric characteristics of the electron
beams.*'®

In our previous studies, theoretical calculations of in-air
magnetic collimation have shown significant reduction in the
entrance dose of the electron beam and reduction in the
depth dependence of the beam penumbra.4’5 However, the
question remains how to realize the magnetic field distribu-
tion for in-air magnetic collimation and how realistic deliv-
ery settings affect dosimetric properties of magnetically col-
limated electrons. In this study, we designed and constructed
an in-air magnetic collimator and carried out beam-on mea-
surements of magnetically collimated electron beams to
study these questions.

The design of the magnetic collimator was based on the
results derived from our previous studies.*” The concept of
using magnetic field dated back to 1950’s by Bostick. The
original idea was to apply a magnetic field inside the patient
or the scattering medium to influence the scattered electrons
inside the medium. Because the electrons can be constrained
to a local area by a strong magnetic field, significant changes
in the depth dose curve can be observed as the electrons
gradually slow down. For example, a transverse magnetic
field can be applied to the near end of the electron travel
range to allow more energy deposited locally to generate an
enhanced depth dose peak.l2 However, the difficulty of such
in-medium application approach is that strong magnetic

1 Med. Phys. 31 (11), November 2004
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fields such as 10 T are needed as well as a large volume of
the interaction or treatment area needs to be covered by the
magnetic field.

In order to reduce excessive electron scattering, we ap-
plied an axial magnetic field in-air rather than in-media. The
idea is to steer the electrons into a partial helical path before
entering the downstream medium. This in effect compensates
the divergence of the outward electron scattering inside the
downstream medium. As a result, the magnetic field strength
is significantly reduced by about an order of magnitude. In
addition, the volume that needs to be covered by the mag-
netic field is also smaller when the field is applied in-air at a
closer distance to the source than applied to the medium.

In this study, we constructed a magnetic collimator with
approximately 0.6 T of axial magnetic field along its central
axis. Beam-on measurements were carried out for 6-15 MeV
electron beams. The goal of the study is to investigate the
technical feasibility of in-air magnetic collimation and study
the dosimetric properties of in-air magnetically collimated
electron beams. We carried out the measurements of both
fixed beam and arc beam deliveries with magnetically colli-
mated electron beams. The dosimetric properties of magneti-
cally collimated electron beams are also compared with
those of conventional electron beams.

Il. MATERIALS AND METHODS

The schematic of the experimental setup for the magneti-
cally collimated electron delivery is given in Fig. 1. For our
measurements, the magnetic collimator is placed near the
end of the electron cone with an air gap of 5 cm from the
isocenter. The setup of the magnetic collimator within the
electron cone is shown in Fig. 2. The magnetic collimator is
constructed from sintered Neodymium Iron Boron perma-
nent magnets. The selection of permanent magnets instead of
electromagnets and superconducting solenoids was for the

© 2004 1
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FiG. 1. The schematic of the beam delivery setup for the magnetically col-
limated electron beam.
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FiG. 2. Picture of an electron magnetic cone mounted on the electron cut-out
attached to the electron cone of the Elekta SL20 lincar accelerator: (a)
Shows the set-up location of the magnetic collimator; (b) details the mag-
netic collimator and the custom made electron cut-out for mounting the
magnetic collimator.
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FiG. 3. The magnetic field distribution inside the magnetic collimator: (a) Is
the cross sectional field distribution and (b) is the axial field distribution.
The markers indicate measurement point and the solid line is the fitted
curve.

ease of handling and no air-water cooling requirements for
the permanent magnets. An aluminum/delrin shell was made
to house the magnets to prevent charge buildup and reduce
electron-induced changes inside the Neodymium compound.
The magnetic collimator weighs approximately 3 kg. It has
2.6 cm inner diameter, 12.0 cm outer diameter, and a height
of 8.0 cm. The magnetic collimator is attached to the 14
X 14 cm? electron cone with a locking plate near the exit
port of the cone. The central axis of the magnetic collimator
coincides with the electron cone. The magnetic collimator
can be detached and mounted to the end of the electron cone
without affecting the alignment and the positioning of the
cone.

The magnetic field distribution inside and surround the
magnetic collimator was measured using a pin-point Hall
probe (Alpha Laboratory, Salt Lake City, UT). Axial and the
transverse magnetic field distributions inside the collimator
were measured by aligning the magnetic collimator with a
bench ruler. The magnetic field distributions are shown in
Fig. 3. The solid line for the transverse field profile of Fig.
3(a) was obtained using finite element analysis (Dexter Mag-
netics, Fremont, CA); the solid curve of Fig. 3(b) was inter-
polated based on the measurement data. Along the central
axis, the maximum axial magnetic field was measured 0.6 T
inside the collimator. The field strength increases from the



PROOF COPY 023411MPH
< 1
" 3

Lijun Ma: Magnetically collimated electron beam

TaBLE 1. Summary of the surface dose and the relative beam output of magnetically collimated electrons in
comparison with standard (std) electron beams.

Output at
Surface dose relative diax Practical range Mean range
to dose at d,, (cCy/MU) R, (cm) Rsy (em)
Energy
(MeV) Magnetic Std Magnetic Sid Magnetic Std Magnetic Sud
6 0.67 0.90 2.49 1.00 34 3.4 23 2.5
9 0.80 0.91 1.83 1.00 43 42 2.6 2.7
12 0.79 0.92 1.46 1.00 5.6 5.6 33 35
15 0.81 0.92 1.21 1.00 7.3 7.3 42 4.3

center towards the inner wall of the collimator. The strength
of the peripheral maximum field is approximately 15%
higher than that on the central axis.

We measured the percentage depth dose and the dose pro-
files of 6, 9, 12, and 15 MeV electrons beams through the
magnetic collimator. The measurements were performed us-
ing radiographic films pressed between flat solid water
blocks. In order to compare the dose profiles with those of
conventional electron beams, we constructed a nonmagne-
tized metal collimator of the same geometry as that of the
magnetic collimator. After each film exposure using the mag-
netically collimated electron beam, we swapped the mag-
netic collimator and the nonmagnetic collimator. The couch
was then laterally shifted by approximately 5 cm and another
area of the film was exposed to conventional electron beams.
A 5 c¢m air gap was maintained between the end of electron
cone and the phantom surface. Room lasers and optic dis-
tance readings were used to verify the position of the phan-
tom and the alignment of the film between the two measure-
ments. The two exposures were carried out with the same
setups and the monitor units ranging from 70 to 100 MU.

When measuring the dose profiles of rotational arc-beam
deliveries, we placed a radiographic film (EDR-2, Eastman
Kodak, Rochester, NY) inside a cylindrical solid water phan-
tom (Computerized Imaging Reference Systems, Norfolk,
VA). The isocenter of the arc beam was placed at the d,,,
inside the solid water phantom. The cylindrical phantom has
five metal fiducial markers that provided stereotactic regis-
tration of the isocenter positions and film alignment for the
measurements. The electron arc beam was delivered from
—40 degrees 1o +40 degrees. All exposed films were scanned
using a 16-bit VidarPro film scanner with 0.08 mm resolution
and analyzed with software (Radiological Imaging Technol-
ogy, Colorado Springs, CO).

. RESULTS

The depth dose characteristics of magnetically collimated
electron beams as compared with conventional electron
beams are summarized in Table I. A typical dose profile and
the central axis depth dose curve for 9 MeV magnetically
collimated electron beam are given in Fig. 4. In Fig. 4, the
central axis depth dose curves are renormalized to its depth
of the maximum dose for both magnetically collimated elec-
tron beam and conventional electron beam. The results of
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Table I and Fig. 4 show that the surface dose is approxi-
mately 15% smaller for the magnetically electron beams
compared with the conventional electron beams of 6-15
MeV. However, the output for the magnetically collimated
electron beams at d,,, is on average 40% higher than that of
conventional electron beams. This is illustrated in Fig. 4: The
surface dose of 9 MeV magnetically collimated electron
beam is 12% lower but the dose at d,,,, is 83% higher than
the conventional electron beam. The mean range (Rsy) and
the practical range (R,) of magnetically collimated electron
beams agree within 2 mm of those of conventional electron
beams. However, Ry, of the magnetic collimated electron
beams is on average smaller as compared with the conven-
tional beam for all beam energies. This indicates that the

With B Without 8
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FiG. 4. Results of (a) two-dimensional dose distributions and (b) central axis
depth dose curves of 9 MeV electrons with and without magnetic collima-
tion. The magnetically collimated electron beam has higher dose per MU at
d.«- The depth dose curve is renormalized to the d,,,, for both beams for
comparison purposes.
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TaBLE 1. Comparisons of the penumbra width of magnetically collimated electron beam with those of standard

(std) electron beam.

Penumbra width Penumbra width
(20%-—-80%) at Ry, (20%-80%) at Ry,

Penumbra width Penumbra width
(40%-60%) at Ry (40%—-60%) at Ry

Energy Magnetic Std Magnetic Std

Magnetic Sud Magnetic Std

(MeV) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
6 15.5 15.8 15.4 16.3 4.7 49 4.7 5.1
9 15.9 17.4 17.7 19.4 49 53 54 . 6.1
12 16.4 18.9 17.3 20.0 4.7 53 47 6.3
15 17.4 18.0 18.7 19.5 52 5.5 5.5 59

energy spectrum of magnetic collimated electron beams tend
to shift towards the low energy side without affecting the
maximum energy of the beam.

The depth dependence of the beam penumbra, i.e., 20%—
80% width and 40%—60% width, for the increasing depths of
Ryy to Rsqy is summarized in Table II. The results of the 9
MeV magnetically collimated electrons are illustrated in Fig.
5. When analyzing the film, vertical profiles were extracted
instead of the transverse profiles in order to minimize the
background interferences between the two exposures. The
measurements were repeated three to five times over a period

(@)
100 feoessinn
N . . s
e, - e Magnetically Collimated Electrons
\\ ——e—  Conventi e .
~ sonventional Electrons
80 .
g2 eof
o
=]
X
40
A
20 F
e SN
0 L e s \ L N
0.0 0.5 1.0 LS 2.0 2.5 3.0
x (cm)
(b)

FiG. 5. Results of the two-dimensional dose profiles and penumbra fall-off
. at the depth of R, for 9 MeV finite electron cone beam with and without
magnetic collimation.
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of several months. The average values of measurements were
shown in Table II. The 1o deviations for the data are within
0.4 mm. From the results of Table II, the overall trend of the
penumbra fall-offs for the magnetically collimated electron
beams are faster than those of the conventional electron
beams for all beam energies. The effects vary from 0.1 to 2.7
for different beam energies. The changes in the penumbra
width from the depth Rg to Rsy are also smaller for the
magnetically collimated electron beams as compared with
conventional electron beams. For example, the width of
40%-60% penumbra for the 12 MeV magnetically colli-

®

Z (cm)

(b

X (cm)

FiG. 6. The dose profile of magnetically collimated electron arc beam (9
MeV) measured inside a cylindrical water phantom. (a) Is the gray-scale
film image, and (b) is the isodose distribution.
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mated electron beam is the unchanged (4.7 mm) from Ry to
Rso. However, it increases by 1.0 mm (from 5.3 to 6.3 mm)
for the conventional electron beam.

Figure 6 shows the dose profile measured for the single
arc delivery using a magnetically collimated electron beam.
The electron arc beam was delivered with continuous dose
rate during the gantry rotation. From the results of Fig. 6, the
isodose surfaces particularly the high isodose surfaces such
as 90% form concentric surfaces in the shape of ovoids. Fig-
ure 6 also shows significant skin-sparing effect, i.e., the sur-
face dose was reduced to less than 20% of the maximum
dose for the delivery.

IV. CONCLUSIONS

Magnetically collimated electron beams exhibit better
skin-sparing effects over conventional electron beams. This
result supports theoretical calculations of the previous stud-
ies. The dose per monitor units at the d,,,, was measured to
be significantly higher for the magnetically collimated elec-
tron beams over the conventional electron beams. The pen-
umbra fall-off was on average narrower for the magnetically
collimated electron beams than for the conventional electron
beams.

In general, the observed effects in the study are less pro-
nounced in the measurements as compared with the theoret-
" ical calculations. Many factors may have contributed to these
results: Suboptimal magnetic field distributions, dispersive
beam energy spectra, limited field strength and restricted col-
limation sizes, etc. Our on-going studies include improving
the technical aspects of the devices and perform detailed
dose modeling of measurement data. Our future goal is to
implement magnetically collimated electron beams for site-
specific clinical studies.
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APPENDIX 2

Magnetic collimation and metal foil filtering for electrdn range

and fluence modulation
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We investigated the use of magnetically collimated electron beams together with metal filters for
electron fluence and range modulation. A longitudinal magnetic field collimation method was de-
veloped to reduce skin dose and to improve the electron beam penumbra. Thin metal foils were
used to adjust the energies of magnetically collimated electrons. The effects for different types of
foils such as Al, Be, Cu, Pb, and Ti were studied using Monte Carlo calculations. An empirical
pencil beam dose calculation model was developed to calculate electron dose distributions under
magnetic collimation and foil modulation. An optimization method was developed to produce
conformal dose distributions for simulated targets such as a horseshoe-shaped target. Our results
show that it is possible to produce an electron depth dose enhancement peak using similar tech-
niques of producing a spread-out Bragg peak. In conclusion, our study demonstrates new aspects of
using magnetic collimation and foil filtration for producing fluence and range modulated electron

dose distributions. © 2004 American Association of Physicists in Medicine.

[DOLI: 10.1118/1.1630491]

1. INTRODUCTION

Excessive scattering is a significant problem for conventional
electron beams. Due to scattering, the penumbra of an elec-
tron beam broadens as the depth increases. Therefore, over-
lapping or abutting electron fields are rarely used due to high
dose inhomogeneity in the junction areas. As a result, a
single-field setup is the standard technique for most electron
beam applications in radiation therapy. In a previous study,
we reported using enface longitudinal magnetic fields to re-
duce electron beam broadening effects and improve electron
depth dose characteristics.' The key finding of our study was
that the magnetic field could be applied in-air that is external
to a scattering medium to produce skin sparing or depth dose
enhancement effects. Since the in-air magnetic field bends
the peripheral electrons toward the central beam axis via a
partial helical path, only the trajectories of the primary elec-
trons are modified without affecting the scattering condition
of the secondary electrons. This approach is different from
the early studies where the magnetic fields are used to im-
prove the scattering condition of the secondary electrons.

In this study, we investigated the use of magnetically col-
limated electrons in conjunction with filtering foils to pro-
duce range and fluence modulated electron dose distribu-
tions. In this method, we combine multiple electron pencil
beams collimated via magnetic field and simultaneously vary
the attenuating foils to produce conformal dose distributions.
The use of multiple layers of metal foils for range modula-
tion is analogous to range modulation techniques in proton
therapy.”'® We developed a pencil beam dose model for
computing and optimizing the electron dose distributions.
The method was implemented for simplified cases with
simulated target shapes. We also investigated the capability
of generating a spread-out depth dose enhancement peak
with magnetically collimated electrons.
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This article is organized as follows: Sec. II describes
methods of using filtered foils with magnetically collimated
electrons. The formalisms are given for the pencil dose
model and related dose optimization schemes. Section 111
shows the results of depth dose curves, isodose distributions,
and dose volume histograms for treatment cases with simu-
lated target shapes. The interpretation of the results is in-
cluded. Section I'V concludes our study.

iI. MATERIALS AND METHODS

Electron beams were collimated using a magnetic colli-
mator producing uniform longitudinal field. The effects of
magnetic field collimation on the electrons was simulated
using EGS4 Monte Carlo program with DOSXYZ that included
tracking algorithms for electrons under electromagnetic
fields.! The collimator is 12 cm in length with the smallest
field opening being 3X3 cm? and the largest field opening
being 10X10 cm? The maximum magnetic field strength is
2.0 T based on the geometry of a magnet collimator made
from magnetized neodymium compound. We select the per-
manent neodymium magnet for its compact size and no re-
quirements of air and watering cooling. Additionally, the cost
of the permanent magnet is low compared with electromag-
netic coils and superconducting systems. For our calculation,
an electron virtual source was used. The source is set at 80
cm from the top surface of the magnetic collimator. The
magnetic collimator is placed immediately at the end of the
standard electron cone. A flat-surface water-equivalent phan-
tom was placed below the magnetic collimator with an air
gap of 10 cm to score the electron dose deposition. Metal
foils of selected thickness were placed on the top surface of
the magnetic collimator. The energy cut-off for electrons and
photons in the Monte Carlo calculations was set to be 560
and 10 keV, respectively.

© 2004 Am. Assoc. Phys. Med. 17



;18 Phaisangittisakul, D’Souza, and Ma: Magnetic collimation and foil modulation of electron beams 18

TABLE 1. Typical field strength of an external magnetic collimator (12 cm
long) for electron beams of a linear accelerator.

T (MeV) B(T)
6 0.6
9 0.9
12 1.1
15 1.4
18 1.7
20 1.8

We investigated the effects of different metal foil filters
for fluence and range modulation in conjunction with the
magnetic collimation. The metal foils included aluminum
(Al), beryllium (Be), copper (Cu), lead (Pb), and titanium
(Ti). The foil ranged from 0.01 to 0.2 cm in thickness. The
nominal energies for electron beams included 9, 12, 15, and
18 MeV, which falls within the range of 4-20 MeV of stan-
dard linear accelerators. Since the entrance electron beam
energy determines the maximum depth of beam penetration,
the metal foils are capable of adjusting the beam range from
zero to the maximum depth.

Theoretically, an electron traveling through a magnetic
field inside the collimator follows a helical path. The rela-
tionship between the kinetic energy”(T), the number of heli-
cal rotations (N,,,), field strength (|B|), and field’s length (d)
is given as

|Bld

Nr0,~0.93><'1+—2,i;, (D
where the field strength |B| is in tesla, the collimator length
d is in centimeters, and the electron energy T is in MeV. If
we set N,,,=0.5 for proper dose enhancement,' we can de-
rive the relationship between the corresponding magnetic
field strengths for commonly available electron beam ener-
gies. This is given in Table 1. From the results of Table I, the
magnetic field strength for in-air application is practically
reachable using permanent neodymium magnets.

In order to optimize the modulated dose distributions, we
developed an analytical pencil beam dose model that calcu-

lates the dose distributions of the electrons under the influ-
ence of magnetic collimator and metal foil filters. The for-
malism of this model is as follows:

D(x,y,Z)=J’ ff(x—X’,y—y’,Z)Xk(x’,y’,Z)p(Z)

2

SSD+d .«
—| g dy’, 2)

SSD+z

where D(x,y,z) is the dose profile at depth z, /' is the open
beam fluence distribution, & is the kernel function, p(z) is
the central axis depth dose distribution, SSD is the source to
skin distance, and d,,,, is the reference depth taken to be the
depth of maximum dose for conventional electron beams.
Equation (2) follows the similar formula of the electron pen-
cil beam dose model except the effects of magnetic field are
included in the kernel function £ and depth dose function
p(2).

Since the magnetic collimator is symmetric in the x and y
dimensions, we further reduced Eq. (2) into a two-
dimensional form. We also expanded the kernel function into
a linear combination of Gaussian functions. We neglected the
beam transmission outside the opening of the magnetic col-
limator, the transmission function through the collimator was
specified as a step function that assumes a value of one for
the opening area and zero otherwise. This function is speci-
fied at the end of the magnetic collimator where z=0. There-
fore, Eq. (2) is reduced to

1 w(z)—x w(z)+x
D(x,z)=5[erf( o2 )+erl( o2 )

(SSD+ dmx)z

p(z)

SSD+z 3)
where erf is the error function, and w is half the field width
as measured from the central axis to the 50% isodose line.
Note that both w(z) and o(z) are z-dependent functions
where o(z) accounts for the effects of magnetic collimation,
beam divergence, and angular scattering. Both o (z) and
w(z) are monotonically increasing functions.

b. 18 MeV

T H

FiG. 1. Depth dose curves for 9 and 18
MeV electron beams with and without
magnetic collimation. The effects of
metal foils of different types are given.
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In this study, we empirically determined o(z) and w(z)
along the z direction by fitting the pencil beam dose profiles
(with a resolution of 0.3 cm) calculated using the Monte
Carlo methods. These parameters were determined up to the
depth where the central-axis percent depth dose reaches the
bremsstrahlung tail of the depth dose curve (<3%). The pa-
rameters at other depths were interpotated using the cubic
spline method.

The advantage of this dose model is that the cumulative
dose function is in analytical form, which allowed us to di-
rectly compute the dose gradient. This facilitates the incor-
poration of dose optimization parameters such as the relative

Medical Physics, Vol. 31, No. 1, January 2004
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beam weights, position of the beam, and foil thickness for
iterative calculations.

The objective function O for the optimization is given as
follows:

2
0= 2 EA: Wi XDr(x;—x;,2;) — Dy

1
+ a; WeXDy(x;—x4,2,), @)

where Dy is the prescription dose value, D is the dose to the
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a. nofoiland B=0T
Y :

b. no foilandB=16T

FiG. 3. Dose profiles for the 15 MeV electron beams:

(a) without magnetic field collimation and foil attenua-
tion, (b) with magnetic field collimation (1.6 T) and no
foil attenuation, (c) with magnetic field collimation (1.6
T) and thin foil (0.1 mm Al) attenuation, and (d) with

magnetic field collimation (1.6 T) and thick foil (2 mm
Al) attenuation.
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target, Dy is the dose to the sparing structure if specified,
(x;,z;) is the grid point on the target boundary, w; is the
beam weighting factor, and « is a penalty parameter ranging
from 0 to 1. The grid size for the calculation was set to 0.2
cm. The incident beam energy and the foil size were selected
automatically based on the central axis depth profiles for
every iterative location of the pencil beam. In Eq. (4), Dy
and Dy depend on the beam energy and the foil thickness.
The optimization parameters include beam energies, foil
thickness, beam weights, and locations of the beams. Be-
cause the gradient can be computed analytically from Eq.
(4), we adopted the multidimensional conjugate gradient op-
timization method. The optimization was performed in the
MATLAB programming language.

a. 12-MeV RMEB with 1mm Al

Using Egs. (3) and (4), we performed dose optimization
for the simulated cases. In each calculation, multiple mag-
netically collimated pencil beams are placed across the treat-
ment field. The incident beam energies vary from three to six
values (6—18 MeV) depending on the maximum depth of the
target. The simulated targets included a rectangle and a
horseshoe shape. We fixed the reference depth for each mag-
netically collimated pencil beam. This allowed us to present
the combined dose in arbitrary units and normalized to the
same depth on the central beam axis. For each beam’s en-
ergy, we selected Al foils of thickness 0—-0.2 cm with a reso-
lution of 0.05 cm. The goal was to allow 80% isodose line
cover the whole target volume.

Next, we investigated the feasibility of generating an en-

b. 18-MeV RMEB with 1mm Al

Fi1G. 4. Comparison of extended pencil beam dose
model calculations {dashed lines) and Monte Carlo cal-
culations (solid lines) of the 12 and 18 MeV magneti-
cally collimated electrons with 0.1 cm Al foil attenua-
tion.
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FiG. 5. Dose distributions for a rectangular target: (a) the optimized dose
distribution where the 80% isodose line covers the target area, (b) the dose
distribution using conventional 15 MeV electron beam and 1.4 cm bolus on
the surface, and (c) the optimized dose distribution with RMEBs for the
same target of (b).
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TABLE 1I. The optimized beam parameters for the cases of simulated targets.

Energy
Target (MeV) Foil (cm) Weight Position
Rectangle 15 0.1 0.958 =312
15 0.1 0.963 0
15 0.2 0.958 3.12
Horseshoe 18 0.2 0.980 —-3.90
9 0.2 0.483 -2.01
9 0.2 0.310 -0.70
9 0.2 0.310 0.70
9 0.2 0.483 2.01
18 0.2 0.980 3.90

hanced electron depth dose distribution by mixing magneti-
cally collimated electron beams through metal foil modula-
tion. This technique is analogous to the technique of
producing spread-out Bragg peak in proton therapy. The
maximum electron energy of 30 MeV was selected for an’
adequate range of travel. Based on Eq. (1), the magnetic field
strength was increased to 2.8 T for 30 MeV electron beam.
This magnetic field strength may require a large-size magnet
to produce. In addition, we used the collimation field size of
10X 10 ecm? to accommodate lateral scatter of 30 MeV elec-
trons. For the purpose of the study, we selected three electron
energies of 10, 15, and 30 MeV to produce the spread-out
depth dose enhancement peak. The beam weights were opti-
mized to produce a uniform spread-out peak.

Ill. RESULTS

Figures 1(a) and 1(b) show the depth doses for the 9 and
18 MeV range-modulated electron beams, respectively, with
and without magnetic field collimation. Since longitudinal
magnetic fields do not affect the maximum energy of the
electron beam, we used the metal foils to adjust its range of
travel. We studied the attenuating foils of the following ma-
terials: Al, Be, Cu, Pb, and Ti. The depth dose curves of Fig.
1 were normalized to the dose at the surface. The effect of
the depth dose enhancement was not satisfactory in the case
of the Pb due to large attenuation and photon contamination.
The depth doses for Al, Be, and Ti were similar in shape. The
ranges of the electron beams were found to be in the follow-
ing descending order: Be, Al, Ti, Cu, and Pb. The brems-
strahlung contribution was in reverse order with the Pb re-
sulting in the largest contribution and Be resulting in the
smallest contribution. Because of the bio-toxic nature of the
Be foils, we choose Al foils for electron range modulation.
The aluminum foils are inexpensive and readily available in
uniform thickness.

The central-axis depth doses of the 9 and 18 MeV range
and range modulated electron beam (RMEB) via Al foils of
different thickness are shown in Fig. 2. The results for the
central-axis depth dose without the application of the mag-
netic field and the attenuating foils are also provided for
comparison. From the results of Fig. 2, the skin-sparing ef-
fect at first decreases with the increasing foil thickness and
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FiG. 6. Optimized dose distribution and DVH for the
horseshoe-shaped target.

then increases again as the foils of more thickness are added.
This is because the magnetic field is able to bend the elec-
trons more to allow N, equal to multiples of 0.5 as the beam
energy decreases with the increasing foil thickness. Overall,
the D, relative to the skin dose is 15%—40% higher for the
RMEBs as compared with the conventional electron beams.
This indicates that the selection of foil thickness and mag-
netic field strength will affect the depth-dose enhancement
effect. From Fig. 2, the difference between the Rsy values of
a 0.01 and 0.2 cm Al foil is approximately 0.5 cm. This
approximates the stopping power of electron in Al. From the
results of Figs. 1 and 2, the shift in depth dose curve is
typically more consistent with the changes in the foil thick-
ness versus the atomic numbers.

The two-dimensional dose distribution of RMEBs as
compared with the conventional electron beams is given in
Fig. 3. Identical setup geometry was used for a conventional
electron beam (15 MeV) and a RMEB. In Fig. 3, we com-
pared the isodose distributions for the magnetically colli-
mated electron beams with and without foils. It was found
that the skin dose sparing is similar for both cases. The width
of the penumbra at the surface increases for the beam with
the foils. Since the magnetic field gyrates the peripheral elec-
trons more toward the central axis, it reduces the beam di-
vergence. This causes the beam penumbra to be less depen-
dent on the depth of penetration as shown in Fig. 3. The
metal foils further attenuate the peripheral electrons more
than the central electrons because the peripheral transverse
more thickness of foil due to divergence. As a result, the
insertion of metal foils removes the ““horns” of high isodose
lines at the shallow depth as in Fig. 3. The extra scattering of
the foils also slightly degraded the skin sparing (Fig. 1).

The results of the pencil-beam dose calculations are given
in Fig. 4. The Monte Carlo calculations are also included.
Overall, the two calculations agree within 0.2 cm. The main
discrepancies occur in the low (<15%) and the high (>95%)
isodose lines where the agreements are within 0.3 cm in-
stead. This is mainly caused by the fluctuations in the trans-
verse profiles at these depths when extracting the empirical
parameters of the model.

The results of dose optimization for simple target geom-
etries are shown in Fig. 5. In Fig. 5(a), a flat target of 8 cm
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long and 4 cm deep was outlined. The nominal beam energy
and foil thickness were 15 MeV and 0.1 cm, respectively.
The optimized parameters are listed in Table II. We com-
pared the dose distributions of the same target using a single
electron beam without magnetic collimation. To achieve
similar depth penetration, we used a bolus of 1.4 cm for the
conventional case, where the 80% isodose line along the cen-
tral axis reaches the deepest extension of the target. The re-
sults are given in Fig. 5(b). The dose homogeneity is signifi-
cantly worse for the single electron beam case particularly
around the sharp corners of the target extension. We also
adjusted the beam optimization parameters to allow the 90%
isodose to cover a target situated below the surface. This is
shown in Fig. 5(c). The resulting dose in the target is excep-
tionally uniform with less than 2% variations.

In Fig. 6, we show the optimization results for a
horseshoe-shaped target. The circular region immediately be-
low the arc region is treated as a critical structure. The dose
distribution was optimized by combining six pencil beams of
9 and 18 MeV RMEBs. The DVHs for the target and the
critical regions are plotted. The average dose for the target is

et
o
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FIG. 7. A spread-out depth dose enhancement peak generated via magneti-
cally collimated electron beams of 10, 15, and 30 MeV. Their relative con-
tributions are plotted in the dashed lines.
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94%17% of the maximum dose. The resulting optimization
parameters for the cases are given in Table II. The computa-
tional time is about 10 min on a Pentium IV 600 MHz per-
sonal computer for this case.

In Fig. 7, the results of a spread-out electron depth dose
peak are presented. The beam weights for producing this
uniform spread-out peak are 0.095 for 10 MeV, 0.074 for 15
MeV, and 1.000 for 30 MeV RMEB. The resulting dose is
uniform across the spread-over peak with an average 99.3%
of the maximum dose and a deviation of less than 1%. The
skin dose for the spread-out peak is approximately 80% of
the maximum dose. Despite improvement over the conven-
tional electron beam of 30 MeV, the range straggling effect is
significantly larger for the spread-out peak of the RMEBs as
compared with a 5 cm SOBP produced from the proton
beams.

IV. SUMMARY

We developed a method of using magnetic collimation
together with metal foil modulation for producing range-
modulated electron dose distributions. We investigated and
demonstrated potential benefits of this approach, which in-
clude conformal electron dose distributions and enhanced
spread-out depth dose peaks. Our study indicates that it is
possible to use an external axial magnetic collimator in con-
junction with metal foils to modulate electron beam dose
distributions. Our ongoing work includes commissioning a
magnetic collimator and an Al foils for beam-on measure-
ments.
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APPENDIX 3

Depth dose enhancement of electron beams subject to external uniform
longitudinal magnetic fields: A Monte Carlo study

M. A. Earl®) and L. Ma
University of Maryland School of Medicine, Baltimore, Maryland 21201

(Received 25 September 2001; accepted for publication 7 January 2002; published 12 March 2002)

We studied the dose distributions from electron beams subjected to a longitudinal magnetic field
applied to them before they reach the phantom. We found that specific combinations of the length
and intensity of the magnetic field produced enhancement of the peaks of the central-axis depth-
dose distributions. The EGS4 Monte Carlo system was used in this study. In the simulations, a
uniform axial magnetic field parallel to the electron beam direction was applied to the air gap
between the collimation and the phantom. We extensively studied the simplified case of an 18 MeV
electron beam point source. Dose deposition was calculated for various magnetic field strengths,
distances through which the magnetic field was applied, collimation sizes, and source to collimation
distances. The magnetic field strengths varied from 0 to 3 T, the source-to-collimation distances
studied were 50 and 95 cm, the collimation sizes studied were 10X10 and 2020 cm?, and the
distance through which the field was applied ranged from 10 to 20 cm. Specific combinations of
these variables resulted in as much as a 70% enhancement of the peak dose relative to the surface
dose. Finally, to determine how the geometry of a real accelerator affects the resulting dose distri-
bution, we performed a full simulation of an Elekta SL20 linear accelerator and compared the

results with the ideal case. © 2002 American Association of Physicists in Medicine.

[DOL: 10.1118/1.1461374]

1. INTRODUCTION

Electron beam radiotherapy is generally used to treat shallow
lesions. For example, in the treatment of breast cancer, elec-
trons are sometimes used as a boost treatment after surgery
to eradicate any remaining microscopic disease. In spite of
the benefits, electron beams often produce an undesirably
high skin dose. In addition, the broadening of the penumbra
with increasing depth can cause unwanted dose to critical
structures and normal tissue around the lesion. In this work,
we explore the possibility of applying magnetic fields to
electron beams in order to alleviate these unwanted side-
effects of electron therapy.

The use of longitudinal magnetic fields to alter the dose
deposition characteristics of radiation beams used in cancer
management has previously been investigated by several au-
thors. Bostick first proposed the application of a magnetic
field to an electron beam in order to enhance the dose depo-
sition at increased depths and to reduce the penumbra broad-
ening with depth.! Weinhous e al. performed a Monte Carlo
study of the application of a longitudinal magnetic field to
electron beams.? The purpose of this study was to test the
feasibility of the magnet design and to determine the effects
on the dose distribution from the magnetic field application.
Bielajew later showed that application of strong longitudinal
magnetic fields confines the dose deposition of both electron
and photon beams.? For electrons, the field forces the elec-
trons to spiral around the field lines, confining the dose depo-
sition. For photons, the field limits the lateral spread of sec-
ondary electrons, effectively reducing the penumbra of the
beam. Although the effect was clear, large magnet strengths
of up to 20 T were required. Recently, Naqvi ef al. proposed
the application of magnetic fields with strengths on the order
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of 0.5 T on air cavities in order to control the loss of elec-
tronic equilibrium at the interface between high and low den-
sity media.*

Despite the numerous studies of the use of magnetic fields
in radiotherapy, there has been little work on the possibility
of application of the field in a region external to the phan-
tom. With the exception of Sempert in 1960, most authors
investigated the application of the field directly to the phan-
tom. It is this gap in the literature that has motivated this
work. We report the results from a Monte Carlo study that
investigated the effects of applying a magnetic field to an
electron beam in the region immediately above the phantom
surface.

We performed EGS4 Monte Carlo studies of electron
beams subjected to a uniform longitudinal magnetic field ap-
plied to the air gap between the collimation and the surface
of the phantom. Dependence on various parameters such as
source-to-collimator distance, collimation size, length of the
magnetic field, and magnetic field strengths were studied.

As charged particles traverse a magnetic field, they expe-
rience the Lorentz force gv X B, where g is the charge of the
particle, v is the velocity of the particle, and B is the mag-
netic field. The resulting trajectory is a helix about an axis
parallel to the magnetic field whose gyration radius is given

by

PL

V=", 1
¢ 3.0/8| M

where p, is the component of momentum perpendicular to
the magnetic field lines in MeV/c (c is the speed of light in

© 2002 Am. Assoc. Phys. Med. 484
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p des
vacuum), and |B| is the magnetic field strength in tesla (T).

The frequency with which electrons orbit in a magnetic field

v

f
A o
/ 2 is given by

a Lo |B|
w,="—w .

\ g Y cycl
where y=1+ T/(mc?) is the Lorentz relativistic boost factor
(T and m are the kinetic energy and rest mass of the particle,

¢ is the electron cyclotron frequency
e

cycl

SCD
respectively), and w(y,

}
\
| which is a constant of nature and is approximately

~1,75882x 10" rads™ ' T7".

Il. MATERIALS AND METHODS
s Collimation .
We used the EGS4 Monte Carlo system” in this study. Dose
deposition was calculated for electron beams subjected to

uniform magnetic fields applied in a region external to the
phantom. In particular, we used a version of the DOSXYZ user
code’ modified by Ma to include the magnetic field module
developed by Bielajew.® The tracking algorithm of electrons
in electromagnetic fields is outlined in Ref. 8.
The default PRESTA algorithm® was used for electron
transport in the simulation from which the values for ESTEPE

|
|
it
- e were determined. The cutoff energy for electrons (ECUT) was
set to 600 keV and that for photons (PCUT) was set to 10 keV
FiG. 1. Schematic of simple setup for Monte Carlo simulation. in all simulations.
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FiG. 2. Depth dose profiles for the simulation geometry depicted in Fig. 1. An 18 MeV electron point source with 50 cm SCD subject to magnetic ficld
strengths of 0, 1, 2, and 3 T. The source was not monoenergetic, but derived from a spectrum calculated using the EGS4 BEAM user code. (a)—(c) The result of
10X 10 em? collimation. (d)—(f) The result of 20X 20 cm? collimation. (a)/(d) =10 cm, (b)/(e) d=15 cm, (c)/(f) =20 cm. All profiles were normalized to
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the dose near the surface (depth of 0.25 cm).
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F1G. 3. The same as Fig. 2 except SCD=95 cm.

A simplified geometry was used to study the dependence
of the depth dose distribution on several parameters: colli-
mation size, the source-to-collimation distance (SCD), the
distance d through which the field was applied, and the mag-
netic field strengths |B|. The setup geometry and these pa-
rameters are illustrated in Fig. 1. The collimation was infini-
tesimally thin and had zero transmission. We studied
collimation sizes of 10X 10 and 20X20 cm?, SCDs of 50 and
95 cm, d’s of 10, 15, and 20 ¢cm, and |B|’s of 0, 1, 2, and 3
T. A Monte Carlo calculation with an 18 MeV electron point
source was performed for each combination of these param-
eters. The 18 MeV electron beam was not monoenergetic but
sampled from a spectral distribution of an 18 MeV electron
beam calculated using the BEAM user code.!®!

Since the magnetic field module is part of the DOSXYZ
user code, the magnetic fields must be confined to the geom-
etry specified in the DOSXYZ input file. Immediately below
the collimation is the DOSXYZ phantom consisting of an air
gap to which B is applied, followed by a water region in
which dose is scored. The voxel size was set to 0.125 cm in
the high-gradient penumbra region, and to 0.5 cm in the flat
part of the field. The voxel size in the z direction was set to
be 0.2 cm.

Finally, to investigate the effects of real accelerator head
geometry, we performed a study using phase space files gen-
erated with the BEAM user code from NRCC.!™!! The phase
space files that we created contain the positions and mo-
menta of the electrons and photons from electron beams gen-
erated by an Elekta SL20 linear accelerator. The files realis-
tically model the geometry of the accelerator head in order to
account for effects such as head scatter. We used the final
phase space files as input to the dose calculation for a se-
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lected number of cases. These results were then compared to
those from the point source calculation to determine the ef-
fects due to a real accelerator geometry. In addition, the
phase space files were used to calculate the energy spectrum
of an 18 MeV electron beam. It is this spectrum from which
we sampled in the point source calculations described
previously.

lll. RESULTS AND DISCUSSION
A. ldealized geometry

In this section, we describe the results of the simulations
which used the geometry depicted in Fig. 1. A variety of
central-axis depth dose distributions are shown in Figs. 2 and
3 for SCDs of 50 and 95 cm, respectively. Each individual
figure shows all magnetic field strengths for a specific con-
figuration of SCD, d, and field size. The most significant
result is the enhancement in peak dose relative to the surface
dose.

There is little variation with field size, as seen from the
10X 10 and 20X20 cm? cases. However, there is a significant

TABLE 1. A summary of the number of rotations N, an electron undergoes
while subjected to a uniform magnetic field of strength B and distance that
it traversed the field 4.

B field
(T) d=10 cm d=15 cm d=20 cm
1 0.265 0.397 0.530
2 0.530 0.794 1.060
3 0.794 1.191 1.628
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FiG. 4. Dose enhancement variable R 44 as a function of Ny, for (a) SCD=50 cm and (b) SCD=95 cm.

dependence on d. For instance, in Figs. 2(a) and 2(c) (the
case of d=10 cm) the enhancement is maximized when B
=2.0 T. However, in Figs. 2(c) and 2(f) (the case of d=20
cm), the enhancement is maximized when B=1.0 T. In fact,
for this case the enhancement effectively disappears for B
=20T.

To quantify the dose enhancement, we define a ratio R4,

D(x:xrcf)
D(x=2xgy7) ’

Rpga= 3)
where D(x) is dose along the central axis at a depth x, x ¢ is
a reference depth, and xg,¢ is a depth near the surface. For
the our study, we took xy,¢ to be 0.25 cm. For most of the
distributions the maximum was close to 4.5 cm, so we set x ¢
to this value.

In order to better understand the effect, we studied R 4q as
a function of N,y , where N, is the number of rotations the
electron undergoes while in the magnetic field and is given
by

w,!
o= )
where w, is given in Eq. (2) and ¢ is the amount of time the

electron spends in the field. This can be written as

i )
1=—,
B

where B is the electron’s component of velocity parallel to
the beam axis relative to its absolute velocity and v is the
absolute velocity of the electron. Since the electrons are
highly relativistic, v can be taken to be the speed of light in
a vacuum c. The relativistic expression 8=p/E can then be
used to write B as

mf%§, Q)

where p) is the electron’s component of momentum parallel
to the beam axis. This can be written as

py=1plcos 6, (M
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where @ is the angle the momentum vector makes with the
central axis. Combining Egs. (2), (4)-(6), and (7) we arrive
at an expression for N,

1 |B|d(T+mc?)

= . (8)
27 ylplctcosg

rot

By making the fbllowing approximations:
T+mc?~|plc, 9
cos ~1, (10)
the expression for N, is reduced to

1 |Bld |
w (11)

rot 2 ye cycel -

No rotations
------ 1/2 rotation

............ 1 rotation

-

Phantom surface

13
!(Central axis)

FiG. 5. Illustration of focusing effect. With no magnetic field application,
electrons are always directed away from the central axis (solid line). With
magnetic field applied so that electrons undergo 1/2 a rotation, electrons are
always directed toward the central axis (dashed line). With magnetic field
applied so that electrons undergo a full rotation, electrons are directed away
from the central axis, but are spatially closer to the central axis (dash-dot
line).
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N, is linearly proportional to the | B|d product and inversely
proportional to y. Table I summarizes the number of rota-
tions for all configurations. The values in Table 1 were cal-
culated by setting y=(18 MeV)/(0.511 MeV)~35.

Figures 4(a) and 4(b) show R 44 versus N, for 50 and 95
cm SCD, respectively. The dependence of R 44 0n Ny is not
linear but is periodic. The maximum enhancement occurs
when the electrons undergo 1/2 of a rotation while the en-
hancement is minimized when they undergo a full rotation.
This is most likely due to a focusing effect. For no magnetic
field, the component of momentum perpendicular to the cen-
tral axis of the beam is always directed away from the central
axis. However, if a magnetic field is applied in such a way
that the electrons undergo » + £ of a revolution (where 7 is an
integer =0,1,2,...), the perpendicular component is directed
into the central axis. Therefore, electrons striking the surface
of the phantom away from the center of the field contribute
more to dose along the central axis at larger depths. This
focusing effect is illustrated in Fig. 5. We should also note
that the decrease in Rpgq for 95 cm SCD relative to 50 cm
SCD is due to a smaller perpendicular component of momen-
tum for an equivalent geometrical position in the field. In
other words, for 95 cm SCD, the electrons are directed in-
ward at a smaller angle relative to the central axis.

To verify the focusing effect, we studied a 10X10 cm?
field at 50 cm SCD in detail. The field was divided into 100
equi-area rectangular “annuli’” emanating from the center of

488

the field. The dose was scored for each “annulus” to deter-
mine the contribution to dose at the central axis from each.
In theory, cases of n+ + revolution will have annuli further
away from the center of the field contributing more to
central-axis dose than the case in which |B|=0.

In order to quantify this, we define a new ratio R qip 85

_ Di(xzxrcf)

contrib ™ D
k¢

R e ——
ot(x =xrcf)

(12)
where D;(x) is the central-axis dose at depth x from the ith
annulus. Once again the value of x s was taken to be 4.5 cm.
In Fig. 6, we show R . as a function of the distance »
from the central axis for |B|=0, 1, 2, and 3 T. For cases
where the electrons undergo 7+ 5 of a rotation, annuli further
away from the center of the field have a higher value of
R ontriv than the case of no magnetic field application. This
evidence supports the focusing hypothesis.

Figure 6 shows a steady decrease of R, for all cases,
although for |B|=2.0 T, it decreases more slowly than the
others. Despite this, there is an end point of approximately
r=>5 cm where there is negligible contribution to the central-
axis depth dose peak. This is the reason why increasing the
field size to 20X20 cm? does not result in a higher vatue for
ded .

Although nearly ideal, the simulations described previ-
ously were not exactly ideal due to the spectral source and
the air-filled interface region between the collimation and the
water phantom. In order to study these effects, we performed
three additional simulations for a case of 10X10 cm? field
size, SCD=50 c¢m, and d= 10 cm. The truly ideal case used
an 18 MeV monoenergetic point source and had vacuum in
the interface region. The other two cases were (a) 18 MeV
monoenergetic with air in the interface region and (b) 18
MeV spectrum with vacuum in the interface region. For all
of these simulations, we chose |B|=1.88 T, the value that
gives approximately one half of a rotation. The results of the
simulations are shown in Figs. 7(a) and 7(b).

Figure 7(a) shows less than 2% degradation of the en-
hancement factor R 44 due to the inclusion of air in the in-
terface region. This slight degradation is because of the scat-
tering of some electrons toward the central axis. Such
electrons will then be directed away from the central axis
after traversing the magnetic field.

2 - a) Vacuum/Air comparison 2¢ p) /spectrum

elative Doge
- &

d

FiG. 7. Comparison of the (a) air effect

and (b) spectral effect to the truly ideal

case for 10X10 cm® field size,

SCD=50 c¢m, and d=10 cm. A mag-

B netic field strength of | B|=1.88 T was
"'-.. used to produce exactly 1/2 of a rota-
: tion.
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Figure 7(b) shows a minimal degradation of R4 due to
the energy spectrum. This can be attributed to the fact that
the spectrum has a narrow width of approximately 0.2 MeV.
By calculating the differential

1 SE|Bld |
2 E e Yo (13)

we get | 8N, ;| =0.006, or 2°. Despite the negligible degrada-
tion of R 44 there was a slight shift in the peak dose. This can
be attributed to the lower energy component of the energy
spectrum.

We also studied the energy dependence of the dose en-
hancement. Simulations using monoenergetic 25, 35, and 50
MeV electron beams with 10X 10 cm? field size, SCD=50
cm, d=20 cm, and |B| that produces roughly 1/2 a revolu-
tion (for each particular energy) were used as parameters in
this study. We used |B|=1.3, 1.8, and 2.6 T for 25, 35, and
50 MeV beams, respectively. In addition, we ran the same
simulations with no magnetic field applied. The results are
shown in Fig. 8. The dose enhancement ratios for the three
additional cases were 1.7, 1.8, and 1.8 as compared with a
maximum of 1.7 for the 18 MeV case. No conclusive state-
ment can therefore be made about the dependence of the
enhancement on energy.

|5Nrot| =

1.2
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~— BEAM simulation
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FiG. 9. Depth dose comparison of BEAM simulation and commissioning data
for a 15 MeV electron beam with a 10X 10 cm? applicator cone.
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B. Realistic geometry

The results shown in Sec. Il A are for an idealized case.
We have not included the effects caused by the complicated
geometry of the accelerator head.

In the previous results, we idealized the accelerator treat-
ment head as a point source with perfect collimation below
it. In order to study potential detrimental effects caused by a
real linac geometry, we used the BEAM user code'*'! to simu-
late the treatment head for an Elekta SL20 linear accelerator.

In the simulation of the treatment head, we included the
various components such as the primary scattering foil, pri-
mary collimator, secondary scattering foil, ion chamber, X
and Y diaphragms, and a 10X 10 cm? applicator cone. Most
of the specifications were provided by the vendor, but some
parameters had to be tuned so that the depth dose and profile
distributions from the simulation matched those from com-
missioning measurements. For instance, the incident electron
energy and the openings of the X and Y diaphragms needed
to be tuned. The accuracy did not need to be ideal, but had to
give us an idea of how scattered electrons and contaminant
photons affect the results. Figure 9 shows a comparison be-
tween the BEAM simulation and a commissioning measure-
ment percent depth dose curves.

To check how accelerator treatment head effects can af-
fect the results presented in Sec. IIl A, we ran a DOSXYZ
simulation using the phase space data obtained from the
BEAM simulation of an 18 MeV electron beam. Figure 10 is a
schematic of the setup used. The distance from the source to
the end of applicator cone was 95 ¢cm and the cone size was
10X 10 cm?®. We used d= 10 cm and | B|=2 T, a combination
that produces =~ 1/2 a rotation. A comparison of the depth
dose curves for the ideal case and the BEAM simulation is
shown in Fig. 11. The dose enhancement is degraded by
approximately 20% but does not disappear completely. This
can be explained by the fact that a large percentage of elec-
trons exiting the cone were unimpeded in the treatment head
and therefore had momenta directed away from the central-
axis when exiting the applicator cone.

IV. CONCLUSION

The application of a longitudinal magnetic field to a re-
gion external to the phantom enhances the dose at the peak
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FiG. 10. Schematic of setup for simulations taking into account rea! accel-
erator effects.

relative to the dose near the surface. The effect is caused by
the redirection of the momentum inward toward the beam
axis. By undergoing a rotation of odd multiples of 4, the
effect is maximized while even multiples of 7 minimize the
effect. The effect is therefore periodic. Because the peak is
enhanced, this has implications of skin sparing in the treat-
ment of shallow lesions.

In comparison with previous studies where the magnetic
field was applied to the phantom, this work demonstrates that
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FiG. 11. Depth dose comparison of the two simulations whose setups are
shown in Figs. 1 and 10.
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a more significant depth dose peak enhancement can be
achieved with a comparable magnetic field strength. For ex-
ample, Bielajew showed a 15% enhancement for a case of 20
MeV electrons with 50 cm SSD and application of a 3 T
magnetic field.> Our enhancement for 18 MeV and the appli-
cation of a 2 T magnetic field is approximately 60%—70%.
The effect of the magnetic field is more significant in low-
density media (air or vacuum) than high density media, like
water, because of the dominance of deflections caused by
multiple scattering in the latter case.

Since the dose enhancement effect is dependent on N, it
can be maximized by choosing appropriate values of d, | B,
and the electron energy. Appropriate values for these param-
eters should be chosen when designing an apparatus. Other
considerations should also be taken into account because of
the relatively large |B| field strengths. For instance, Litzen-
berg et al. found unexpected effects when using a magnet
with a large strength due to the fringing of the magnetic field
lines.'” The beam optics of linear accelerators can be signifi-
cantly altered. Therefore, appropriate shielding of the fringe
field must be studied. In addition, the fringe field will affect
the trajectories of the electrons. These effects must be taken
into account when designing a magnet and will be the sub-
ject of future work.
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