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Abstract
The magnetic fields of lina
electrons in photon be
increased SSD of lina
rate. To accurately i es in entrance skin dose, the authors

odify the path of contaminant
t entrance skin dose. Also, the

head geomet I components is used in the BEAMnrc
simulations fo beam models and skin doses are calculated

decay rapidly and are small at the linac head. SSDs
i, result in skin-dose increases of between ~6%—19%

an additional ~2.6% (all percent increases in skin dose are
ative to Dyy,y). This study suggests that there is minimal increase in the
trance skin dose and minimal/no decrease in the dose rate of the Alberta
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longitudinal linac-MR system. The even lower skin dose increase at 10 MV
offers further advantages in future designs of linac-MR prototypes.

Keywords: Monte Carlo, skin dose, electron contamination
longitudinal linac-MR, 3D MRI field

(Some figures may appear in colour only in the online journal),

1. Introduction

Currently, there are two integrated linear accelerator/magnetic resonance imager
prototypes that allow real-time imaging during linac radiation (Fallone
et al 2009), with two more under construction (Keall er al 2014, Hg
tems aim to provide the accurate soft tissue contrast required for
leading to the potential reduction in treatment margins.

The linac-MR prototype in Raaymakers et al (2009) fic
Phillips (Best, The Netherlands) MRI integrated with an den) 8 MV
accelerator. In this configuration the MRI is a typical cylin

tor is mounted outside the cylinder and rotates around i i am is perpend-
icular to the main magnetic field direction.

Our research group’s system incorporates a rot
strengths, originally of 0.2 T (Fallone et al 2009) an
Santos et al 2012, Fallone 2014). This allows two confi
tion beam with respect to the magnetic field; penpe

) magnet with field
t. Aubin er al 2010a,

transverse case (Kirkby
gl for the longitudinal case (Kirkby
et al 2010, Fallone 2014).

The magnetic field of linac-MR system:s
effects have been explained and
005, 2008, Kirkby et al 2008,

2010). One of these effects is on patie i the focus of this work.
Skin dose has been shown to be antly altered by the presence of the MRI magnetic
field (Raaijmakers et al 2007, O, 9, 2010, 2012, 2014, Keyvanloo et al 2012,

Van Heijst et al 2013). T
which are the major contrib re is no increase in skin dose for trans-
verse systems at direct incidence as nt electrons are swept from the beam path

effect (ERE) (Raaijmakers et al 2007, Oborn et al
creased exit dose can manifest as a higher dose to
cast irradiation (Van Heijst er al 2013).

in a condition known a
2009, 2010 Keyvanlo

skin dose, up 00% Of dyax dose for a 20 x 20cm? field size and have suggested methods
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to mitigate this (Oborn et al 2014). The major reason for this extremely large difference in the
reported skin dose of these systems is the magnitude of the MRI fringe field components at
the linac head. The large fringe field of the magnet reported by Oborn et al (2014) is shown to
capture contaminant electrons and direct them towards the phantom surfa or the 160cm
source to axis distance (SAD) geometry they described, a fringe field of up to is seen at

for these systems is the reduction in dose rate at isocenter. The increased SAE
systems, from the standard 100cm to 126cm (Keyvanloo et al 2012),

tively, due to the inverse square effect. As a consequence, increase
would be required By operating without a ﬂattening filter the doser

of a longitudinal magnetic field. This suggests that a re
the best compromise between maximizing dose rate and ing incre in dose.
This work investigates important design considerations t to skrn dose and dose

(section 2.1). Skin dose of the v2 system will be quanti 6 MV accelera-
tor (St. Aubin et al 2010b), and for a novel short 10
(Baillie et al 2015). Skin dose and dose rate for bo
standard linac (where the magnetic field is absent)
original, redesigned, and removed. In this way, the sign
filter design are quantified.

pared to those on a
filter configurations:
energy and flattening

2. Materials and methods

2.1. V2 design advantages

A schematic of the v2 linac-MR is
system with an SAD of 130cm and
similar, the v2 design diff
the geometry of the linac
126 cm and used a modified c head, where the light mirror was removed and the
jaws moved closer to the target. As s , the magnet yoke structure in the v2 design

ina o isocenter as possible. This is achieved by
hollowing out the sectioft 6 e beneath the linac and making the edges of the yoke
structure thicker. Bot
geometric penumbra fi
multileaf collimators a i ollow space in the yoke structure of v2, thus moving
them furthe :

n in figur v2 design is a 0.5 T longitudinal
ard, unmodified Varian 600C linac head. Although
system (29 (Keyvanloo et al 2012) in both

magnet and*yoke design between the two prototypes will also change the
rienced by the linac head, potentially altering the skin dose. The increase

as shown in , this resulted in a significant increase in the skin dose. Thus, in order
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\

60 cm

ient opeping of 110cm in

e, we endeavoured to
the hole size (25cm)
g filter is wider and
e edges to match the
ing filter to be reduced
ickness of the new filter decreased
0 MV systems.

to maximize the achievable dose rate while minimi
reshape the flattening filter. In our v2 system, the fiel
in the magnet and yoke structure. This means that t
thicker than necessary. The flattening filter was reshape
maximum required field size. This allowed the thi

2.2. Magnetic field simulation

A magnet yoke was designed to acco . nar MRI magnet, with an intended
pole to pole separation of 60cm (: ). The yoke was designed with 1020 steel, with
the exception of the pole i signed with grain-oriented silicon steel. The
assumed B-H relationship

electrical steel). The magne ed with two 179 kA current loops having a
mean radius of 78.6cm, 1 displacement of +42.5cm from isocenter. This design
allows the linac radiati direction of the magnetic field. To this end, a 24 cm

diameter portal was in le plate to allow the radiation to pass unobstructed.
Above one of the mag ) steel pieces designed to reduce stray magnetic fields
at the site @ inac targ he accelerating waveguide. In this design, the top of

) was 70 cm from isocentre, allowing the linac target to be
om isocentre. In order to generate the resulting magnetic-field distribu-
) analysis of the yoke was conducted using Opera 3D com-
dlington, UK). An outer cubic boundary with a dimension of
Jc enough to contain the vast majority of magnetic field fluctuations was
ndary condition B -7 = 0 A symmetric model was then assumed in the z

direction to he number of mesh points by only considering the model in the z > 0
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(&)

Magnetic Shielding
Pieces for Linac
Portal

Top Surface

Current Loop
Pole Plate

(B)

Magnetic Flux Density [T]

Flgure 2. (A) magnet yoke, composed of 1020 stainless steel.
ere also included to attenuate the magnetic field in the linac
niedelled with grain-oriented Si Steel, are represented with
and size of the superconducting current loops are also
t of the magnetic field distribution within the MR unit,
T. All axis labels are in units of meters.

met our stoppmg criteria within 17 iterations and over a dura-
e resultmg magnetic vector field solution was regridded with 1 cm resolution
gular volume and exported for analysis. This volume spanned 130cm from

the target to e, and 60 cm in both lateral Cartesian dimensions. The 3D directionality
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Figure 3. B-H relationships for the two m
simulation.

is critical to

of the field was preserved throughout the analysis process as t
i ure 3).

ensuring accurate electron trajectories, particularly in th

2.3. 10 MV linac design

Our group previously designed a short klystron-power linac for use with our
linac-MR system (Baillie ef al 2015). Despite usi i elds than conventional
6 MV linacs of this size, our 10 MV linac is d g avoid electric breakdown within the

Using an energy of 10 MV could provide
seated tumours or for anatomy with large s
greater penetration. Tumour sites that

or treatment sites with deep
its decreased surface doses and
higher energy include prostate,

All Monte Carlo simulation
transport codes together wit ified version of emf_macros to account for

oying hundreds of processors, or using an in-house
the generation of the phase space files used in the
simulations included the linac head geometries, all
agnetic field. Inputs into the BEAMnrc transport code
were Six d1mens1ona1 (6D) electron phase space calculated at the target from

mudations (St. Aubin et al 2010b, Baillie e al 2015). In order
dose at both 6 MV and 10 MV, the 6D phase space from our
were used with our v2 linac-MR system with an SAD of 130cm, as well as
linac head models with a 100cm SAD. The electrons contamination paths
were track aved into an ‘egsgph’ file through the use of a parameter INATCH = 4 in
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the BEAMnrc simulations. The EGS_Windows package (Treurniet ef al 1999) was then used
to visualize the trajectories of these electrons both in the absence and the presence of the 3D
magnetic field of the v2 linac-MR system.

The first parameter investigated in the analysis was the air gap, whic defined as the

histories, resulting in statistical uncertainties of less than 1% for all voxels w
region and specifically less than 0.3% for the 70 pm voxels where skin_dose

110, 115 and 120cm. The central axis (CAX) percent depth dose (f
voxel size of 1 x 1cm? x 35 pm in the first layer from the surfacé

of 1 x 1ecm? x 70 pm to a depth of 2.8cm and then 1 x 1 x 0.1¢ s. The
skin dose values were extracted at a depth of 70 um encom-
passing depths between 35 pum and 105 pm), consistent

Publication 60 (ICRP 1991). Throughout this work the repo t increases in skin dose

are relative to Dyax.

To study the dependence of skin dose on field si
for sizes of 5 x 5, 15 x 15 and 20 x 20cm?2, again
sizes were also simulated for the standard linac at 7
field size was defined at the machine isocenter. The n
BEAM for the largest 20 x 20cm? field was 1.2 billio
yield a similar number of particles in the final phase

. In both systems the
istories simulated in
sizes were scaled to

Additional BEAM simulations were run ening filter, the reshaped ver-
sion, and without one using a 10 x 10c¢ )cm SSD. To verify that reshap-
ing of the flattening filters does not edbeam flatness, beam profiles were
simulated at an SSD of 110cm, a de 0 and 20 x 20cm? beams, for both

ey

aping the flattening filter because the Monte
filter is perfectly symmetric about the CAX.

e parameters of AP = PCUT = 0.01 MeV for pho-
tons and AE = ECUT=10.5 electrons were used. In all BEAMnrc simulations,
directional bremsstrah 3 sed with a splitting number of 1000. All the tech-
niques usg e horoughly benchmarked as discussed in Keyvanloo

The beam symmetry will
Carlo simulations assum

Pictu lectron contamination paths tracked by the BEAMnrc simulations are gener-
Windows visualization package and displayed in figure 5. In figure 5(a) a
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(A)

Target (1.3 m)

Magnetic Flux Density [G]
[
(4]

(B)

covers the ma v assembly. Axis labels are in units of meters.
(B) Vector map direction of the magnetic field vectors in the X-Z plane

schematic of our v2 lin g etiyhis displayed. Figures 5(b) and (c) show the electron
paths in the absence ( presence the MRI field, respectively. As is clear
from these figures the t of the MRI fringe field of our v2 system on the

i is due to the very rapid decay of the fringe magnetic
dropping to approximately 0.0025 T at the location of the
ent with the observation that the increase in the skin dose for a phantom
f agnet pole (SSD = 100 cm, air gap = 5cm) is very small

acrease in the surface dose. Any electron contamination generated in the

leading to
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x-ray field size of 20 x 20cm?. To generat
the target from the phase space source. (a)
paths in the absence of magnetic field (B

metry. (b) The electron
n paths in the presence
d, including the ones at

flattening filter are shown.

air gap is captured and focused onto the O Tincrease in the skin dose with
increased air gap.

Figure 6 shows the increase in ski i udg air gap in both the 6 and 10 MV
v2 models. The conventional 100cm r hown, because our previous work
shows an insignificant increase in t ce dose with increasing air gap in the absence of a
magnetic field (figure 8 inpKeyv. 12)). As the SSD is increased from 100cm to

120 cm, the skin dose app 5.9% to 29.6% for the 6 MV and from
11.2% to 19.6% for the 10 the skin dose lower at all SSDs for the
10 MV, it also changes less rapldly SSD: this highlights a potential advantage
of using 10 MV. Possible explana ced skin dose at 10 MV stem from the higher

energy electrons travel [ efore contributing less dose to shallow depths.
> CAX skin dose on field size is made between 6 and

re is a reduction in the skin dose. We expect that this trend
0 MV, with increasing reductions in skin dose in the pres-
ctic field for larger field sizes. (For our v2 system the size of the hole in the
ylate limits the maximum field size to 20 x 20 cm?, however). As explained in

Keyvanloo ¢ 012), with a small field size (collimation) there is a relatively large amount
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ac head that scatter off the jaws outside the field in the
t1c field, but in the presence of the longitudinal B-field these electrons
fe CAX skin dose. With a larger field size this increase is
fewer of the magnetically contained contaminant electrons
on the CAX Beyond a certain field size, contaminant electrons scattered off
the jaw 1d reach the CAX with no B-field are now contained off the CAX and do not
contribute {0 AX dose, thus reducing the CAX skin dose at larger field sizes.
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Table 1. Dose rates and skin doses for conventional 600C and v2 linac-MR systems
with the conventional 600C flattening filter and a new reshaped flattening filter (and
SSD of 110cm and 10 x 10cm? field size).

Dose rate
(MU min~")

6 MYV, 600C 600

6 MV, v2 355

6 MV, v2, reshaped flattening filter 529

10 MV, 600C 600

10 MV, v2 355

10 MV, v2, reshaped flattening filter 604

Table 2. Flatness of the beam profiles, at 10cm depth, fo
systems with the redesigned flattening filter.

10 x 10 10 x 10
inline (%) crossline (%)
6 MV 2.1 2.2
10 MV 2.2 2.8

At the increased SAD (130cm) of our v2 system
can be achieved for a linac normally having a maxi U min~! at 100cm
SAD. By removing the flattening filter, a maximum rate of 1090/MU min~! could be
achieved with our v2 linac-MR system. However, this the cost of increased

skin dose: for a 10 x 10cm? field at SSD = increases from ~22.8%
with the standard flattening filter to ~35.7% d. To mitigate the loss of dose rate
while keeping the increase in the skin dosg Ny edesigned the flattening filter

table 1. For 6 MV there is a
U min~!, and only an increase
with respect to the conventional
ease when the flattening filter is
ut the DR of the 600 MU min~! is fully recovered
e the increase in the skin dose is 2.4% with

as described in section 2.1. Results of this
substantial increase in the DR, from 355
of 2.6% in the skin dose with the red
flattening filter; this is small comp
removed. For 10 MV the trend is si
with the redesigned flatteni
respect to the conventiona

Beam flatness at 10cm de V v2 systems are summarized in table 2.
Both inline (y-) and crosshne (x-) pr t the beam is flat to within 3% over the cen-

(ﬁgure 8 in Keyvanloo et al (2012)). For SSDs between 100 and 120cm,
in dose range between ~6%—19% and ~1%-9% is seen for the 6 and 10 MV v2

systems, resp . As the side of the square field is increased from Scm to 20cm the
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increase in the skin dose of the 6 MV v2 system varies from ~10.5% to ~1.5%; for the 10 MV
v2 system the increase is ~6% fora5 x 5 cm? field, while a decrease of ~1.5% is observed for
a20 x 20cm? field. These results suggest that changes to the skin dose are not expected to be
a limitation in the clinical use of the v2 systems. This also validates that the ffinge field of the

of linac-MR prototypes.

An important result of this work is that the reduction in dose rate caused
SSDs of these linac-MR systems can be overcome by reshaping the flatte
minimizing the increase in the skin dose. The proposed reshaped flattening
the dose rate of the v2 systems from 355 MU min~! with a conventiona
529 MU min~' (6 MV) or 604 MU min~! (10 MV). For both energ
increased by ~2.6% using this reshaped filter. Treatment times on thg
be comparable to current clinical linacs. Flattening filter redesign
method of recovering the dose rate lost due to the increased SAD of t
mizing the increase in skin dose.
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