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ARTICLE INFO ABSTRACT

The aim of this study is to investigate the perturbation effect of parallel-plate ionization chambers on the buildup
dose measurement in transverse magnetic fields, using Monte Carlo (MC) simulation. The NACP-02 and ROOS
parallel-plate chambers and a PTW31010 cylindrical chamber were modeled for buildup dose measurement in
magnetic fields, using the EGSnrc/cavity code. The irradiation condition was set to a 10 X 10 cm? field in a
water phantom at a source-to-surface distance (SSD) of 100 cm, using 6-MV photon spectrum. Magnetic fields of
0 0.35, 1.0, 1.5, and 3.0 T were applied perpendicularly to the direction of the photon beam. The overall per-
turbation factor P 5 for the ionization chambers in the magnetic fields was also calculated. The dose to water
was enhanced with increasing the magnetic field strength at a depth of less than 1 cm. Over a depth of 1.5 cm,
there was no significant difference in the depth doses with and without magnetic field in water. The maximum
depth dose (%) for the NACP-02 and ROOS chambers at 1.5 T was higher up to 12% and 14% than the maximum
depth dose at 0 T, respectively. The depth dose curves of a PTW31010 chamber have a similar tendency to those
of water. The Pq  values for each chamber were the largest at the phantom surface. The transverse magnetic
field has a greater effect on the dose response of the NACP and ROOS chambers than that of the PTW31010
chamber in the buildup region.
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1. Introduction

Recently, magnetic resonance imaging guided radiation therapy
(MRgRT), integrated with magnetic resonance (MR) device and a linear
accelerator, has been developed in several countries [1,2]. This system
is capable of real-time target tracking and visualizing targets by MR
imaging (MRI) [3-5]. MRI is widely used as diagnostic imaging owing
to its excellent visualization of soft tissues. Therefore, MRgRT can
achieve spatially high dose conformity over the target while limiting
the dose to normal tissues. The main challenge in the practical clinical
application of MRgRT arises from secondary electrons, whose trajec-
tories are deflected by the Lorentz force. Thus, the dose distributions in
targets are disturbed by a magnetic field. The effect of the transverse
magnetic field arises especially at interfaces such as lung and soft tissue
or skin and air, which is known as the electron return effect (ERE)
[6-8].

Specifically, the transverse magnetic field has an effect on the re-
sponse of the ionization chamber [9-15]. The mean path length and the
number of electrons entering the chamber air cavity vary with the
Lorentz force. Therefore, the chamber response varies depending on the
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magnetic field strength, the magnetic field orientation with respect to
the air cavity axis, and the cavity size and shape. So far, several studies
have investigated the response of various detectors in transverse mag-
netic fields [13-17]. A significant change in the response has been
observed for ionization chambers, diamond detectors, and diode de-
tectors [14,16,17]. However, nearly all studies have been focused on
the detector response at a reference depth. In addition, the depth dose
in a buildup region is noticeably affected by the distortion of secondary
electrons by magnetic fields [6,18]. Therefore, it is also important to
investigate the detector response in the buildup region. There are only a
few studies available on the dose measurement in a buildup region
[16,19,20]. A higher magnetic field results in an increase in the dose in
the buildup region and consequently contributes to a higher skin dose.
Oborn et al. [21] have reported that 3.0 T transverse magnetic field
increased a 70-um skin dose by up to 31% for a 10 X 10 cm? field, using
a 6-MV photon beam.

The choice of the detector for the dose measurement in the buildup
region is rather important because of its high dose gradient and electron
disequilibrium [22,23]. Typically, parallel-plate ionization chambers
have been used for dose measurements without magnetic field.
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Table 1
Physical characteristics of the NACP-02 and ROOS parallel-plate chambers.
Chamber type Entrance window Body material Electrode Guard ring
NACP-02 0.17 mm mylar Polystyrene Diameter: 10 mm Width: 3.0 mm
0.157 cm® (1.38 g/cms) (1.06 g/cms) Separation: 2.0 mm
0.53 mm graphite
(1.85 g/cm?)
ROOS 0.02 mm graphite PMMA Diameter: 15.6 mm Width: 3.7 mm
0.382 cm® (1.85 g/cm3) (1.19 g/cms) Separation: 2.0 mm

1 mm PMMA
(1.19 g/em®)

However, it has not been thoroughly investigated if parallel-plate
chambers can be used for dose measurements in magnetic field. The
aim of this study is to investigate the possibility of using parallel-plate
chambers for dose measurements in the buildup region in transverse
magnetic field, using Monte Carlo (MC) simulation. The response of
parallel-plate chambers was compared with that of a cylindrical ioni-
zation chamber with different magnetic field strengths.

2. Materials and methods
2.1. Monte Carlo depth dose calculation in a buildup region

The cavity code [24] based on the EGSnrc system [25,26] was used
to model the ionization chambers. Three different chambers were used
in this study, that is, NACP-02 and ROOS parallel-plate chambers and a
PTW31010 cylindrical chamber. The physical characteristics of the two
parallel-plate chambers and the cylindrical chamber are presented in
Tables 1 and 2, respectively.

Fig. 1 illustrates the geometrical arrangement of the dose calcula-
tion in the buildup region in water. Fig. 1(a) shows the dose in a water
slab, D,, scored by a cylindrical volume of a radius of 10 mm and
thickness of 0.1 mm. Fig. 1(b) and (c) show doses scored in the sensitive
volume of the parallel-plate chamber and the cylindrical chamber,
Dihamber- The detailed geometries and material compositions of the
chambers presented in Tables 1 and 2 were modeled according to the
information provided by manufacturers or previous studies [27,28].
The effective points of measurement for the parallel-plate chambers and
cylindrical chamber were taken to be at front face of the chamber cavity
and at 0.6r (r is radius of the chamber cavity) upstream of the cavity
center, respectively.

The incident photon spectrum was obtained from a phase space file
of a model for a Varian 6-MV linear accelerator. The phase space file
was scored for a 10 x 10 cm? field at a water phantom surface at a
source to surface distance (SSD) of 100 cm. Since the electrons gener-
ated in the linac head or air column are removed by transverse mag-
netic fields, the photon spectrum was used in this study [20,21]. The
static transverse magnetic flux densities of 0, 0.35, 1.0, 1.5, and 3.0 T
were oriented perpendicularly to the incident photon beam. The mag-
netic field and long axis of the cylindrical chamber cavity were parallel
with each other. The relative depth dose, RDD (%), of the water slab
and relative depth response, RDR (%) of the ionization chambers in the
buildup region in the magnetic field, B, was adjusted to correspond to
the measured percentage depth dose, PDD (10, 10 X 10), at a depth of
10 cm for a 10 X 10 cm? field without magnetic field as follows:

Table 2
Physical characteristics of the PTW31010 (0.125 cm®) cylindrical chamber.

[Dy(d, 10 X 10)]5

RDD(d, 10X 10)s =
( = 15,10, 10 X 10)I5o0
x PDD(10, 10 X 10)_, @
RDR(d, 10 X 10)3 - [Dchamber(d, 10 X 10)]3
[Dchamber(lo’ 10 X 10)]B=0
X PDD(10, 10 X 10)g—o. 2

In the simulations, the photoelectron angular sampling, atomic re-
laxation, spin-effect, and electron impact ionization were included. The
XCOM database [29] from the National Institute of Standards Tech-
nology (NIST) was used for the photon cross section. The EXACT al-
gorithm and PRESTA-II algorithm were used for the boundary crossing
algorithm and electron-step algorithm, respectively. The emf macros,
developed for the EGS4 by Bielajew [30], was used to calculate the
electron transport in the presence of the magnetic field. Recently, the
new emf macros algorithm has been implemented to improve on the
previous EGS4 magnetic field macros package introduces a specialized
single scatter algorithm, and allows for proper boundary crossing [31].
The EGSnrc code is validated by a new Fano test that accommodates an
external magnetic field. In this study the new emf macros was used and
the value of EM ESTEPE was set to 0.02, which is the step size re-
strictions based on energy loss, change in the magnetic field strength
and direction. The value of EM ESTEPE has been validated by the Fano
cavity test in previous studies [13,18,31,32]. For the efficient calcula-
tion, the photon splitting and variance reduction techniques were used.
The photon and electron cutoff energies used in the simulation were
10keV and 521 keV, respectively. The statistical uncertainty of the
calculated dose in the chamber cavity was less than 0.2% in one stan-
dard deviation.

2.2. Perturbation correction factor for chambers in magnetic fields

The overall perturbation correction factor, Pq, for the parallel-plate
and cylindrical ionization chambers can be expressed according to the
Spencer—Attix cavity theory as

PQ = [(Dw/Dchamber)/(I:/P):avir B=0> (3)

where (L/p)y, is the average restricted water-to-air collision stopping
power ratio, which was calculated by the EGSnrc/SPRRZ code [33]. In
transverse magnetic fields, the secondary electrons are deflected in the
air cavity. The perturbation correction factor Pq 5 in applied magnetic
field, B, is given by

PQ,B = [(Dw/D_chamber)/(E/p)xr B- (4)

where, (L/p)¥; is calculated in the magnetic field.

Chamber type Wall of sensitive volume

Dimension of sensitive volume Central electrode

PTW31010
0.125 cm®

0.55 mm PMMA (1.19 g/cm?)
0.15mm graphite (0.82 g/cm?)

Aluminum
Diameter: 1.1 mm

Radius: 2.75 mm
Length: 6.5 mm
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Fig. 1. Simplified geometrical arrangement of dose
Dw Detmiloes Dchamber calculations in the buildup region for different de-
I E tectors: (a) water slab (b) NACP-02 and ROOS
Water slab chambers, and (¢) PTW31010 chamber. The effective
Parallel-plate chamber PTW31010 chamber points of measurement are taken to be at the front
face of the cavity for the parallel-plate chambers and
at 0.6r (r is radius of the chamber cavity) upstream of
the cavity center for the cylindrical chamber.
<+ B <+ B <+ B
(a) (b) ()
120 ——— 120 —— et Fig. 2. Comparison of relative depth doses (RDD)
F H and relative depth responses (RDR) in a buildup re-
110 r 110 | NACP-02 gion at a 10 x 10 cm? field in magnetic fields of 0,
100 i 100 [ 0.35, 1.0, 1.5, and 3.0 T: (a) water slab, (b) NACP-02,
L (c) ROOS, and (d) PTW31010 chambers. The dose in
= 9 r Q 90 different chambers is adjusted to correspond to the
S r < measured percentage depth dose at a depth of 10 cm
80 80
8 | % without magnetic field.
X 70 X 70
60 60
50 50
40 40
0
(2) (b)
120 ————T—T—T—T—T—T—T—T—T— 120 T ——r——r—T—
110 110 [ PTW31010 ]
100 100 L
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x 80 x 80 |
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40 L 40 I L T TR
0 0.5 1 1.5 0 05 1 15
(©) depth in water (cm) (d) depth in water (cm)
30T Air cavity toward the surface as the transverse magnetic field was increased. The
15T / trajectories of the secondary electrons are deflected by the Lorentz force
2mm § =T 0T <«—Guard ring and consequently, depending on the magnetic field strength, they result
| in a shorter longitudinal electron range and eventually resulting in a
shallower buildup range [12].
‘ As can be seen in Fig. 2(a), the dose to water enhanced with the
15.6 mm increase of the magnetic field strength at a depths less than 1cm.
Specifically, the maximum depth dose at 0.6 cm in 3.0 T was higher up
23 mm to 3% than that at 1.5 cm in 0 T and the depth dose at 0.1 cm was higher

Fig. 3. Electron trajectories in the air cavity of the ROOS chamber at a depth of
1.0cm with a mean radius of 0.34cm and 0.17 cm for transverse magnetic
fields of 1.5T and 3.0 T, respectively. The trajectories are indicated by dotted
lines.

3. Results and discussion
3.1. Depth dose in the buildup region
Fig. 2(a)-(d) show the calculated depth dose curves of the water

slab, NACP-02, ROOS, and PTW31010 chambers in the buildup region
in water, respectively. The depth of the dose maximum (d,.,) shifted
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up to 47% than that of 0 T. The difference in the depth dose with and
without the magnetic field was constant within 1% at a transient
electron equilibrium region over the depth of 1.5cm [13].

The response of a NACP-02 chamber, shown in Fig. 2(b), has a
slightly complicated dose buildup. The maximum depth dose at around
1cm in 1.5 T was higher up to 12% than that at 1.5 cm in 0 T, whereas
it decreased over the depth of around 0.7 cm at 3.0 T. A similar ten-
dency was observed for a ROOS chamber as well, as shown in Fig. 2(b).
The maximum depth dose in 1.5T was higher up to 14%. This is a
typical phenomenon for two parallel-plate chambers. The secondary
electrons in the chamber air cavity are deflected by the transverse
magnetic field. It is considered that the dose in the chamber cavity is
enhanced with the increase of the mean path electron length in the



T. Matsuoka, et al.

112 —mmm™@Mm——————————————

1.130

1.128

1.126

1.124

Stopping power ratio

1.122

1120 b
0.5 1

depth in water (cm)

Fig. 4. Comparisons of average restricted collision stopping power ratios of
water to air in transverse magnetic fields. The stopping power rations were
calculated by the EGSnrc/SPRRZnrc code.

cavity, which is associated with the gyro radius and range of secondary
electrons. The gyro radius r of secondary electrons can be expressed as

mov

r= s
eB

)
where m is the electron mass (kg), v is the electron velocity (m/s), e is
the elementary charge (C), and B is the magnetic flux density (T).

Fig. 3 shows the electron trajectories in the air cavity for the ROOS
chamber. The mean electron energy at a depth of 1.0 cm for a 6-MV

Physica Medica 59 (2019) 112-116

photon beam was 1.09 MeV, obtained from the electron fluence spec-
trum calculated by the EGSnrc/flurznre code [33]. Thus, according to
Eq. (5), the gyro radius was 0.51 cm for 1.0 T, 0.34cm for 1.5T and
0.17 cm for 3.0 T. The mean path length of the distorted secondary
electrons in the air cavity was longer in the transverse magnetic field of
1.0 and 1.5T than that in the air cavity without magnetic field. Con-
sequently, the dose in the air cavity rapidly increases at 1.0 and 1.5T.
In contrast, the dose in the air cavity in 3.0 T decreases at the region
beyond the transient electron equilibrium at a depth of approximately
0.5 cm. This is because the mean electron path length in the air cavity in
3.0T is shorter than that in 1.0 and 1.5 T. It should be noted that most
of the incoming secondary electrons enter the magnetic field in the air
cavity under an oblique angle of approximately 40° [34]. At a transient
electron equilibrium region, the difference in the depth dose with and
without the magnetic field increased by 9.0% for NACP-02 and 10.6%
for ROOS at 1.0 T and it was constant. The dose difference also corre-
sponds to reciprocal of the overall perturbation correction factor pre-
sented in Eq. (4).

The effect of the inflected secondary electrons on the dose varies
depending on the sensitive volume in the air cavity; for example, the
NACP-02 and ROOS chamber has a larger effect on the dose than that of
a PTW31010 chamber. The depth dose curves of a PTW31010 chamber,
shown in Fig. 2(d), have a similar tendency to those of water. This is
because the shape of the air cavity is cylindrical and the Lorentz force is
parallel with the short axis in the air cavity. There was no significant
difference more than 1.0% in the RDR (%) with and without the
magnetic field at a transient electron equilibrium region.

Fig. 4 presents the averaged restricted collision stopping power ra-
tios of water to air in transverse magnetic fields. The difference in the
stopping power ratios between O T and 3.0 T was less than 0.2%. The
values were used to determine the perturbation correction factor P in
Egs. (3) and (4).

11 ————T——T———7 1.1 ——— T
1.0 10 r
0.9 09
S S A
Q. Q
0.8 08 r
07 td NACP-02 15T 1 07 ROOS 15T 1
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(a) depth in water (cm) (b) depth in water (cm)
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Fig. 5. Comparison of perturbation correction factors Pg, 5 in a buildup region at a 10 x 10 cm? field in the magnetic fields of 0, 0.35, 1.0, 1.5, and 3.0 T: (a) NACP-

02, (b) ROOS, and (c¢) PTW31010 chambers.
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The perturbation correction factor Pg g for the NACP-02, ROOS, and
PTW31010 chambers in the transverse magnetic field are shown in
Fig. 5(a)-(c). The perturbation effect for each chamber was the largest
at the phantom surface, and the Py values for the NACP-02, ROOS,
and PTW31010 chambers were 0.674, 0.758, and 0.862 in a magnetic
field of 1.5 T, respectively. The P 5 values for the NACP-02 and ROOS
chambers strongly vary depending on the magnetic field strength. This
is because the electron trajectories inflected in the air cavity of the
parallel-plate chamber are significantly longer than those of the
PTW31010 chamber, as shown in Fig. 3. The Pq s values are also con-
stant when a transient electron equilibrium is achieved and correspond
to those at a reference depth of 10 cm. In addition, the P, 5 values for
the NACP-02, ROOS, and PTW31010 chambers at a reference depth of
10 cm were 0.920, 0.903, and 0.994 at a magnetic field of 1.5T, re-
spectively, and they were in a good agreement within 1% with those by
Malkov et al. [15]. The Pqp values for the PTW31010 chamber were
close to unity with a small variation depending on the magnetic field
strength. This is because the mean electron path length is nearly the
same with and without the magnetic field at the short axis due to the
rotational symmetry of the air cavity.

4. Conclusions

The transverse magnetic field has a greater effect on the dose
measurement response of NACP and ROOS parallel-plate chambers than
that of a PTW31010 cylindrical chamber in the buildup region. The
overall perturbation correction factor for parallel-plate ionization
chambers were significantly larger than that of the cylindrical chamber
in the magnetic field. Therefore, cylindrical chambers with small air
cavity may be suitable for buildup dose measurements in transverse
magnetic fields. In addition, the perturbation factors must be calculated
for each chamber in order to make the accurate dose measurements in
the buildup region.
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