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It recently has been shown experimentally that the focusing provided by a longitudinal nonuniform
high magnetic field can significantly improve electron beam dose profiles. This could permit precise
targeting of tumors near critical areas and minimize the radiation dose to surrounding healthy
tissue. The experimental results together with Monte Carlo simulations suggest that the magnetic
confinement of electron radiotherapy beams may provide an alternative to proton or heavy ion
radiation therapy in some cases. In the present work, the external magnetic field capability of the
Monte Carlo code PENELOPE was utilized by providing a subroutine that modeled the actual field
produced by the solenoid magnet used in the experimental studies. The magnetic field in our
simulation covered the region from the vacuum exit window to the phantom including surrounding
air. In a longitudinal nonuniform magnetic field, it is observed that the electron dose can be focused
in both the transverse and longitudinal directions. The measured dose profiles of the electron beam
are generally reproduced in the Monte Carlo simulations to within a few percent in the region of
interest provided that the geometry and the energy of the incident electron beam are accurately
known. Comparisons for the photon beam dose profiles with and without the magnetic field are also
made. The experimental results are qualitatively reproduced in the simulation. Our simulation
shows that the excessive dose at the beam entrance is due to the magnetic field trapping and
focusing scattered secondary electrons that were produced in the air by the incident photon beam.
The simulations also show that the electron dose profile can be manipulated by the appropriate
control of the beam energy together with the strength and displacement of the longitudinal magnetic

field. © 2005 American Association of Physicists in Medicine. [DOI: 10.1118/1.2011091]
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I. INTRODUCTION

The effect of magnetic fields on dose deposition has been
studied for a long time. Bostick' proposed the use of longi-
tudinal magnetic field for the enhancement of electron beam
dose distributions. Shih’s® Monte Carlo simulation followed
by different experiments of Whitmire,** Nath,” and Paliwal
et al’® reported the effect of transverse magnetic field en-
hancing electron-dose profiles in homogeneous and inhomo-
geneous media. Weinhous et al.” studied the enhancement of
electron beam dose distributions by longitudinal magnetic
fields of a single-coil superconducting magnet with Monte
Carlo simulations. Bielajew8 pointed out the erroneous
Bragg peak effect for electron beams in uniform longitudinal
magnetic fields and proved that for broad parallel beams,
owing to lateral equilibrium, the central axis depth dose
curve is independent of the strength of the external uniform
longitudinal magnetic field. He demonstrated that a strong
longitudinal magnetic field can significantly reduce the lat-
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eral spread of scattered and secondary electrons and hence
the penumbra for electron and photon irradiations. In other
words, a uniform longitudinal magnetic field shows its dose-
enhancement effect only in places where the lateral charged
particle equilibrium cannot be achieved originally. Monte
Carlo simulations of Ramahi’ and Naqvi et al."” further in-
vestigate the possibility and effectiveness of a longitudinal
magnetic field to improve the photon dose profiles in regions
around tissue-air interface such as upper respiratory cavities.
Monte Carlo simulations for the application of a transverse
magnetic field to control photon dose profiles also have been
studied by Reiffel,"" Li,'* and David et al."* The experimen-
tal work by Litzenberg et al. 14 clearly demonstrated the ap-
plication of a high magnetic field, a longitudinal nonuniform
field in particular, can provide both transverse and longitudi-
nal confinement of high-energy electron radiation therapy
beams inside the phantom. This can then permit precise tar-
geting of tumors near critical areas, enhance the dose in the
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tumor region at greater depths, and the dose to surrounding
healthy tissue can be suppressed. Relative to the enhanced
dose at depths, the dose at the beam entrance region also can
be reduced. This results in an internally focused, confined
beam leading to a more localized, enhanced dose profile.
Although electron linacs are the primary accelerator used to
produce most clinical photon radiation therapy beams, the
primary electron beam is seldom used for treating internal
tumors. However, high-energy electron beams with a suit-
ably focused and confined dose profile could prove useful as
a cost-effective alternative to proton- and other ion-therapy
beams, or as an additional modality in electron and photon
radiation therapy. 1516

The main purpose of the present work was to accurately
simulate the results of the existing experiment14 and to un-
derstand the origin of a number of “anomalies” seen in the
dose profiles obtained in the experiment. In this study the
Monte Carlo code PENELOPE'"'® was utilized to realisti-
cally simulate the experiment. The realistic magnetic field
produced by the superconducting magnet was modeled in
our simulations. It covered the whole region along the beam
line from the vacuum exit window to the phantom including
the surrounding air.

Il. METHODS

The simulation algorithm of PENELOPE'"'® is based on
a scattering model that combines numerical databases with
analytical cross-section models for the different interaction
mechanisms and it is applicable to energies (kinetic energies
in the case of electrons and positrons) from a few hundred
eV to ~1 GeV. This code has been extensively tested with-
out magnetic fields."*?° The arbitrary external magnetic field
capability of PENELOPE was utilized by providing an effi-
cient subroutine that looks up and interpolates the field map
produced by a model of the nonuniform field of the solenoid
magnet used in the experimental studies. The accuracy of the
model will be described in Sec. II B.

A. Simulated setup

The high energy (G50) gantry of a two-gantry 50 MeV
racetrack microtron accelerator (MMS50 Scanditronix, Upp-
sala, Sweden) was used in the experiment.14 We simulated
the experiments for 20 MeV electron beams and 10 MV
photon beams. Due to the high energy loss and scattering of
electrons in materials, an accurate layout of all components
in the beam path is required to do accurate simulations for
electron beams. The gantry head was modeled with the fol-
lowing components: the beryllium vacuum exit window
(0.0463 g/cm?), the ion chamber made of gold and polya-
mide (0.0088 g/cm?), the tungsten scattering foil
(0.193 g/cm?), the mylar gantry exit window
(0.0024 g/cm?), and helium gas (0.0116 g/cm?).

The electron beam source before the vacuum exit window
was modeled with a monoenergetic pencil beam. In the ex-
periment, a helium bag was placed between the gantry and
the magnet to reduce beam scattering.14 An aluminum colli-
mator of 5.08 cm thickness and 5.00 cm aperture was placed
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FIG. 1. Detailed setup used in the simulation. A pencil electron beam starts
from the left vacuum exit window.

in the front side of the solenoid magnet bore. The phantom
was placed directly behind the aluminum collimator in the
solenoid magnet bore. The front surface of the phantom was
about 17.16 cm from the center of the solenoid magnet. The
experiment was designed so that the magnetic axis and the
electron beam axis were coincident. The peak value of the
magnetic field was 3.03 T at the center of the magnet.

The overall setup used in the simulation is shown in Fig.
1. Figure 2 shows the detailed setup near the phantom where,
again, accurate information is needed for simulations using
electron beams, especially when nonuniform magnetic fields
with strong gradients are present. The constituents of the
plastic phantom (density 0.984 g/cm?) are polyolefin (50%),
polyurethane (46%), inert pigment (2%), and molecular
sieves (2%).

The film used to obtain depth-dose measurements in the
experiment was Kodak XV Ready Pack. As shown in Fig. 2,
the phantom was a cylinder cut into two pieces along its axis
with the film placed in between. The film was horizontal and
the film plane was 0.5 cm lower than the magnet axis as the
diameter of the phantom was somewhat smaller than the di-
ameter of the magnet bore.

A superconducting solenoid magnet21 (Intermagnetics
General Corporation, Guilderland, NY) with 20-cm-diam
bore was used to produce a longitudinal field with a maxi-
mum strength of about 3.03 T. The center of the magnetic
field was approximately 249 cm away from the vacuum exit
window'* (Fig. 1).
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FiG. 2. The film is sandwiched horizontally between the two halves of the
phantom (dimensions in cm).
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FI1G. 3. The solenoid magnetic field along the central axis.

B. Magnetic field

The internal magnet configuration consists of solenoid
coils of known dimensions.”” The current density is approxi-
mated to be continuous in the finite cross-section area of the
coil regions, hence the field can be numerically calculated
with the Biot and Savart law. Since the magnet does not have
a steel yoke, there is no hysteresis present, and the magnetic
field scales directly in proportion to the current in the sole-
noid coil. The calibration curve is given in the manual of the
magnet. The magnetic field strength at the center of the mag-
net was 3.03 T in the experiment. The calculated values
along the axis are compared with the measured data in Fig. 3
and they agree to within 3% up to £1 m from the center of
the solenoid. Comparisons of off-axial longitudinal field
strength measurements and calculations at several different
axial positions were also made in Ref. 21. The calculated and
measured values agree to within 2% inside the cryostat ra-
dius and within 5% out of the cryostat radius. The magnetic
field strength and field lines are shown in Fig. 4. The calcu-
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FIG. 4. The magnetic field strength distribution (left) and field lines (right).
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FiG. 5. Two-dimensional plot of 21.6 MeV electron dose profiles for B
=0 T. Artifacts can be seen in the very low dose region (left). The 10%,
20%, 50%, 80%, and 100% isodose lines are shown. The dose is scaled to
100% at 3 cm on the central axis.

lated field profile is then stored in a look-up table. An inter-
face subroutine was then written to make these data acces-
sible to PENELOPE.

Different from the approximation used in this paper, the
coils were approximated with an infinitely thin cylindrical
current sheet to calculate the magnetic field in Ref. 14, which
lead to differences near the coil regions compared with Fig.
4. The bore of the magnet is 20 cm in diameter and aperture
of the collimator is 5 cm. Since the coils were blocked by the
collimator and the shell of the magnet, the electrons could
not reach this area. The closer to the axis, the smaller the
difference is between these two models. These two approxi-
mations gave almost identical results near the axis if properly
normalized. Dose calculations with the magnetic fields pro-
duced by these two approximations showed little difference.

Confinement using a longitudinal field is quite different
than that using a transverse magnetic field which also has
been suggested.z_623 While a transverse beam can provide
confinement, it also will deflect, rather than focus, the inci-
dent electron beam. In contrast, a longitudinal field generated
by a solenoid magnet on the beam axis acts as a simple
magnetic lens and provides both focusing (for the primary
electrons) and confinement (for the secondary electrons)
without deflecting the primary beam.
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(si i ) relative to
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FIG. 6. The difference between the simulation and the measurement (left)
together with the statistical uncertainty of the simulation for E=21.6 MeV
and B=0 T (right).
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FiG. 7. The relative error (i.e., difference between MC simulation and ex-
periment relative to the maximum dose) is tallied in the region where the
dose lies in between the lower threshold 10% and the upper threshold 100%
of the maximum dose. This histogram shows the fraction of the simulated
data points with a certain relative error for E=21.6 MeV and B=0 T.

C. Normalization of the simulations to the
measurements

The optical density of the film after irradiation was digi-
tized and calibrated such that the optical density of the film is
proportional to the dose.' Let f(r,z) be the measured dose
obtained from the film and d(r,z) the calculated value from
the Monte Carlo (MC) simulation. We expect

f(r,z) =kd(r,z), (1)

where k is a normalization constant. Assume Eq. (1) is valid
for any point of interest in the film.
Define the error as
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FiG. 8. The measured and simulated electron beam depth dose curves at
central axis, 0.5, 1.0, and 1.5 cm away from the central axis for E
=21.6 MeV and B=0 T.
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FI1G. 9. The measured and simulated electron radial dose profiles at depth 2,
4,5, and 6 cm for E=21.6 MeV and B=0 T.

Err= 2 [f(ri’zj) - kd(ri,Zj)]z- (2)
ij

In the above expressions, f(r;,z;) is the film data interpolated
at the same position as for d(r;,z;). Find k that minimizes
Err, ie., dErr/dk=0. The summation is done over all the
points that are within preset lower and upper limits. The
lower limit was set to be 10% of the maximum dose while
the upper limit was set to be 100% of the maximum dose.
The reason to choose these numbers as the cutoffs is as fol-
lows. The XV film does not respond linearly over the whole
range of interest, especially at high doses where it starts to
saturate. Light leakage may affect the measurement of the
very-low-dose region. Some artifacts can be seen in the dose
plot for the case without magnetic field, which occurs where
the dose is lower than that with the magnetic field. Since the
highest dose in the experiment was still less than the satura-
tion dose of the film, we set the upper limit to be 100%.
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FiG. 10. Two-dimensional plot of 21.6 MeV electron dose profiles for B
=3.03 T. The magnetic field is along z axis. The 10%, 20%, 50%, 80%, and
100% isodose lines are shown. The dose is scaled to 100% at 3 cm on the
central axis.
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FiG. 11. The difference between the simulation and the measurement (left)
and the statistical uncertainty of the simulation for E=21.6 MeV and B
=3.03T.

lll. RESULTS
A. Electron beams

1. Electron beam dose distribution when magnetic
field B=0 T

The stated energy of the electron beam could not exactly
be verified in the experiment and was only known to about
+10% from the accelerator settings. Thus in the MC simula-
tion, the first step was to determine the best-fit electron beam
energy. This was done using the data taken without a mag-
netic field i.e., B=0 T. The actual beam energy was deter-
mined to be 21.6 MeV. This energy differs from the nominal
energy 20 MeV used in the experiment as determined from
the accelerator setting but this also has been found by other
investigators.24 Similar problems also were found in other
medical accelerators.”> This energy then was also used for
the simulation when the magnetic field was applied.

The MC simulations are compared with measurements in
Fig. 5 and the differences are shown in Fig. 6. One hundred
million histories were simulated to make the statistical un-
certainty smaller than 3% of the maximum dose everywhere
(Fig. 6). We are primarily interested in the region where the
dose ranges from 10% to 100% of the maximum dose and
we can see from Fig. 7 that most of the simulation values
agree with the measurement within a few percent in that
region. The depth-dose curves at several radial positions are
displayed in Fig. 8. The simulation agrees with the measure-
ment reasonably well in the region 1 cm away from the
phantom surface. The radial dose profiles at different depths
are shown in Fig. 9. Without additional measurements of the
dose in the first 1 cm, it is difficult to know the cause of the
discrepancies between the model and the measurements in
this region. Alignment of the sealed ready-pack film in the
phantom is a potential source of error for the measurements.

2. Electron beam dose distribution when a
longitudinal magnetic field is applied

The strength of the magnetic field at the center of the
magnet was 3.03 T. Sixty million histories were simulated
resulting in the statistical uncertainties smaller than 1.5%
over the region of interest. The focusing effect in the dose
profile of the electron beam is satisfactorily reproduced in
the MC simulations (Figs. 10-14). As expected, in the lon-

Medical Physics, Vol. 32, No. 12, December 2005

Chen et al.: Monte Carlo simulation of magnetic confinement

3814

0.16 . : .

0.14¢ 1

0.121 — ]

fraction
o o
> o °
N 3] —
|

e
<
=

0.021 i

—(915 -0.1 -0.05 0 0.05 0.1

relative error

0.15

FI1G. 12. The relative error (i.e., difference between MC simulation and ex-
periment relative to the maximum dose) tallied in the region where the dose
lies in between the lower threshold 10% and the upper threshold 100% of
the maximum dose. This histogram shows the fraction of the simulated data
points with a certain relative error for E=21.6 MeV and B=3.03 T.

gitudinal nonuniform magnetic field, it is observed that the
electron dose can be focused in both the transverse and lon-
gitudinal directions. In addition, some electrons can be re-
flected backwards due to the “mirror” effect?® of the mag-
netic field, enhancing the local dose (Fig. 15). The net result
is that the high-dose region is now significantly confined in a
much smaller volume when a strong longitudinal magnetic
field is applied. The simulation agrees with the measurement
quite well 1 cm from the surface into the phantom. Magnetic
field data obtained with the thin sheet approximation were
also tried to calculate the dose profiles. Similar results were
obtained and the discrepancies in the region from the phan-
tom surface until 1 cm deep could not be attributed to the
small change of the magnetic field. Similar to the case with-
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FiG. 13. The measured and simulated electron depth dose curves along the
central axis, 0.5, 1.0, and 1.5 cm away from the central axis for E
=21.6 MeV and B=3.03 T.
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out the magnetic field, additional measurements of the sur-
face dose should be made in order to find the cause of the
discrepancies.

Different dose profiles can be formed if the axial position
of the phantom (or of course the patient) can be changed
while the beam energy and the strength of the magnetic field
are fixed. Our MC simulations show that the longitudinal
“squeezing” effect can be greater if the front surface of the
phantom is about 15 cm away from the field center (Fig. 16).
The enhanced dose peak becomes sharper at this position

10 MeV electron beam, B=3 T

10

ley 10 0

07/ $\c¢\\
FiG. 15. Three-dimensional plot of the electron tracks near and inside the
phantom without the aluminum collimator. The front surface of the phantom
is located at z=—17.16 cm. The magnetic field center is at the origin (B
=3 T). The electron beam (E=10 MeV) goes in the positive z direction.
Here we use 10 MeV instead of 20 MeV electrons to show the “mirror”
effect prominently.
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FiG. 16. This graph shows the depth dose profiles when the phantom was
placed at different longitudinal positions in the magnetic field, where elec-
tron energy is 20 MeV and B=3 T. A sharp peak in the dose profile can be
formed at the optimal position.

which implies that minimum spread-out of the dose can be
achieved with a good combination of beam energy, field
strength, and displacement of the phantom/patient (or the
field). Likewise, since the solenoid focusing the electron
beam acts as a simple lens, displacing the object (incident
beam) leads to a known displacement of the image (focused
beam). Thus the electron beam can be scanned in the trans-
verse plane as well as intensity modulated for radiation
therapy. All of these appear to be clinically viable options in
an actual treatment scenario.

B. Photon beams

In addition to the data for electron beam-dose profiles, the
experiment14 also obtained limited data on magnetic confine-
ment of the dose profile for photon beams. In this case the
secondary electrons produced by the photons are confined by
the magnetic field and hence so is the resulting dose. This
potentially could be useful in photon beam therapy as often
these secondary electrons can propagate through low-density
regions creating extraneous dose to healthy tissue.”'" How-
ever, the experimental setup was not optimized to demon-
strate the reduction of penumbra with magnetic con-
finement.'* First, the thickness of the aluminum collimator
was not enough to block the photon beam. Second, a large
amount of scattered electrons produced in the surrounding
air was trapped by the magnetic field and formed a high
surface dose. Therefore, our simulation here is used only to
reproduce and understand the experiment.

Since the exact geometry of the parts in the gantry head
that generates photons was not known, the simulation starts
from a photon source with a specific energy distribution,
which is not verified with experiments. Nonetheless, the
present MC simulations again appear to reproduce qualita-
tively the existing experimental data'* (Fig. 17). However, as
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FiG. 17. 10 MV photon beam dose distributions. (a) Comparison of the
experimental result (left) with the simulation (right) for B=0 T. The 50%,
60%, 70%, 80%, and 90% isodose lines are shown. The dose is scaled to
100% at 3 cm on the central axis. (b) Comparison of the experimental result
(left) with the simulation (right) for B=3.03 T. The 50%, 80%, and 100%
isodose lines are shown. The dose is scaled to 100% at 3 cm on the central
axis.

noted, the data were taken with the uniform-density phan-
tom. It thus does not clearly demonstrate that the longitudi-
nal magnetic field can enhance the dose in low-density re-
gions. Additional data using a nonuniform (e.g., a tissue-
lung) phantom are needed to provide a more stringent test of
the MC simulations.

It was noted that in the experiment the surface dose for
the photon beam was intensified when the magnetic field was
applied.14 The present calculations show that this was due to
the magnetic field trapping and focusing scattered secondary
electrons that were produced in the air by the incident photon
beam. Our simulation shows that the surface dose decreases
if the volume of surrounding air is reduced.

IV. DISCUSSION
A. Simulation of multibeam electron dose profiles

Since relatively compact electron accelerators, with en-
ergy of 20—100 MeV, together with large-bore, high-field
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FiG. 18. (a) upper left: dose profile for 10 MV photon beams. (b) Upper
right: dose profile for 35 MeV electron beam in 6 T solenoid magnetic field.
(c) Lower left: dose profile for 35 MeV electron beam in 9 T solenoid
magnetic field. (d) Lower right: dose profile for 35 MeV electron beam in
12 T solenoid magnetic field. We can see the effect of increasing the
strength of the magnetic field from (b) to (d). [(a)—(d) all have the same
aperture of the aluminum collimator.]

superconducting solenoid magnets are either commercially
available now or feasible in the near future,15 we have done
simulations in order to further demonstrate the possibilities
of magnetically confined electron-beam radiation therapy. As
an example, we have done a simple simulation of a multi-
beam stereotactic treatment dose profile with 35 MeV elec-
tron beams, which would be typical of a modest-size mi-
crotron adapted for clinical use. 20 MeV electron beams are
not energetic enough to treat a position as deep as 10 cm. A
skull plus tissue phantom was modeled as 0.6-cm-thick bone
followed by uniform tissue in a 20-cm-diam phantom set
edge-wise to a magnetically confined electron beam. Six
electron beams each with energy of 35 MeV were used with
a longitudinal solenoid magnetic field of 6 T. The latter was
suitably arranged together with aluminum collimator of 2 cm
aperture to provide optimal dose at the center of the skull-
tissue phantom (Fig. 18). As can be seen in the simulations,
it appears possible to provide a very high dose in a relatively
small volume while avoiding critical regions (Figs. 19 and
20). The dose peak was the superposition of the six indi-
vidual confined doses. Without the magnetic field, the dose
would spread out in the region. As seen from a comparison
between Figs. 18(a) and 18(b), the dose after the hot spot
was greatly reduced in the case of electron beams. Even
stronger fields lead to better dose confinement [Figs.
18(b)-18(d)]. As indicated by Fig. 16, the position of the
phantom in the magnetic field can significantly affect the
dose profile. The dose near the entrance in Fig. 18(d) was
increased due to the increase of the magnetic field strength.
The position of the phantom in the magnetic field could be
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FiG. 19. Two-dimensional dose plot of the multibeam 35 MeV electron dose
profile with a 6 T solenoid magnet.

tuned to reduce the dose near the entrance. All these factors
should be taken into consideration in a real treatment plan-
ning system.

Again, of course, experimental data would provide a more
stringent test of this but these simulations suggest that mag-
netically confined electron beams using high-field solenoids
effectively could be used in multibeam stereotactic treat-
ments. A common on-site electron accelerator facility could
be used to provide both magnetically confined photon and
electron beam radiation therapy treatment. The issue of pro-
viding a suitable magnetic-field configuration in a clinical
setting has previously been discussed." Very large bore,
high-field superconducting solenoids including split-coil
magnets are commercially available with some systems re-
quiring no cryogens (LN or LHe). The latter are particularly
well suited for mounting on a gantry suitable for stereotatic
treatment. The patient could be placed between the Helm-
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FiG. 20. The dose along a beam axis with electron energy of 35 MeV and
peak value of the solenoid magnetic field 6 T.

Medical Physics, Vol. 32, No. 12, December 2005

holtz coil pair during the treatment much like those in open
bore MRI scanners. Also, it recently has been shown that an
array of permanent magnets can be utilized to provide mag-
netic collimation for electrons.”’ As noted earlier, unlike a
transverse magnetic field, a longitudinal magnetic field does
not deflect the incident primary electron beam, hence the
magnet can be an integral part of the electron accelerator
gantry.

B. Possible dependence of relative biological
effectiveness on magnetic fields

As previously noted by others,*®* since the trajectories of
the low-energy secondary electrons primarily responsible for
radiation damage and hence the relative biological effective-
ness (RBE) are altered in the presence of high magnetic
fields, it is possible that RBE may depend on the magnetic
field. If this is the case, RBE as a function of the field
strength B would need to be determined and modeled for any
magnetically confined radiation therapy beam. While a few
measurements of this type have been done,”®* more com-
plete measurements are needed.

V. CONCLUSION

The experimental dose profiles are generally reproduced
in the simulation to within a few percent. By comparing the
simulations with the experiments, we demonstrate that the
nonuniform longitudinal magnetic field generated by a sole-
noid can provide both transverse and longitudinal confine-
ment of an electron beam dose profile. The three-
dimensional confinement results from focusing effect of the
magnetic lens, reduction of lateral scattering of the electrons,
and the mirror effect of the magnetic field. Our results show
that the MC code PENELOPE has the basic capability of
calculating the dose with realistic magnetic fields. However,
the primary electron beam energy and the beam-line geom-
etry need to be carefully verified and modeled in order to get
an accurate simulation.

From our simulations, we can see that electron dose pro-
files can be manipulated by the appropriate combination of
the beam energy, the strength of the magnetic field, and the
position of the target media in the magnetic field. Stereotac-
tic treatment appears possible using magnetically confined
electron beams. The physical collimation and the magnetic
confinement have to be suitably adjusted to optimize the
dose profile. Since intense primary electron beams are
readily available, a high dose rate can be obtained.
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