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Abstract
BDSIM is a Monte Carlo simulation program for start-

to-end particle tracking through 3D models of particles ac-
celerators. Based on the Geant4 toolkit, BDSIM provides a
holistic approach to accelerator modelling by using Geant4’s
particle-matter interaction physics with dedicated acceler-
ator tracking routines for beam vacuum transport. Subse-
quently, the ability to model the hits, losses, & energy depo-
sition throughout a machine makes BDSIM highly suited for
modelling medical accelerators where beam transmission,
target dosimetry, and shielding requirements often need to
be considered simultaneously. This has already been demon-
strated by BDSIM’s adoption in modelling proton therapy
beam lines. The growing recognition of ions as a treatment
modality that offers a potentially significant improvement
in relative biological effectiveness is driving an increase
in the number of planned carbon ion therapy centres. The
technology to deliver ion beams, however, is prohibitively
expensive and remains a challenging research topic. Here,
we show the first demonstrations of therapeutic ion tracking
in BDSIM in an example model developed for showcasing
BDSIM’s medical accelerators simulation capabilities.

MODELLING ION THERAPY
ACCELERATORS

Cancer treatment is one of the largest medical challenges
facing society today. 14.1 million new cases of cancer were
reported in 2012, with the rates projected to increase to 24.6
million by 2030 [1]. A number of treatment modalities are
employed, with radiotherapy used in ≈ 27% of treatments in
the UK [2]. It is estimated, however, that 50% of all cancer
patients can benefit from radiotherapy, either as the primary
treatment source or in conjunction with other modalities [3].

In recent years, ion therapy had been used particularly for
radio-resistant and deep-seated tumours. Similar to protons,
ion therapy doses are deposited according to a Bragg peak,
however, the lateral and distal fall-offs for ions are sharper,
offering improved dose conformality [4]. Ions also offer an
increased relative biological effectiveness (RBE) [5], up to
2-3 times the accepted proton RBE of 1.1 [6]. Cost effec-
tive ion therapy accelerator technologies, however, remain
an ongoing challenge; the higher magnetic rigidity of ions
requires larger accelerators and gantries compared to proton
therapy systems [7].

A feature of ion therapy is the fragmentation the ions can
undergo where the primary ion splits into lighter ions or
individual nucleons. This degrades localisation of the deliv-
ered dose, with the fragments and other secondary particles
∗ william.shields@rhul.ac.uk

depositing their energy beyond the Bragg peak, leading to
a characteristic distal tail [8]. Such physics processes can
also occur when particles are lost during beam line transport.
These losses can result in a large secondary particle flux
for which shielding studies may be required for machine
protection or background radiation dose evaluation if losses
are in close proximity to the gantry isocentre. Modelling
these processes in ion therapy accelerators is therefore cru-
cial for understanding not only beam transport performance,
but also easily identifying regions of interest where further
detailed studies are needed.

BDSIM is a Monte Carlo particle tracking tool for mod-
elling energy deposition in a particle accelerator [9]. Based
on the Geant4 toolkit [10], BDSIM combines Geant4’s ge-
ometry and particle-matter interaction modelling with com-
mon accelerator physics matrix tracking routines, providing
rapid & accurate dosimetry in full 3D models of particle
accelerators. These capapabilities are particularly suited to
modelling of medical accelerators where beam characteris-
tics, particles losses, radiation shielding, and dose delivery
are often coupled and require simultaneous consideration.
BDSIM has already successfully modelled a number of pro-
ton therapy accelerators and research facilities [11–14]. To
showcase BDSIM’s medical accelerator modelling capabili-
ties, an in-house model has also been developed. Previously
shown to successfully model protons [15], here we demon-
strate the same model but instead tracking ions, highlighting
the necessity to not only model the primary ions, but also
any secondary particles that are produced.

IN-HOUSE MODEL

Figure 1: The in-house medical accelerator model in BDSIM
based on an early iteration of the PSI gantry 2 bean line.

The in-house model for showcasing medical functionality
in BDSIM is based on an early design iteration of Gantry
2 at PSI [16]. The original description of the model in
TRANSPORT can be found in [17]. A screenshot of the
model’s geometry as visualised in BDSIM can be seen in
Fig. 1. Originally designed for protons, the converted model
contains a degrader for energy selection, however such sys-
tems are not used in ion therapy accelerators due to the
aforementioned fragmentation processes. To consider this
model for ions, we discard the start of the beam line up to
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Figure 2: Map of primary particle losses and subsequent energy deposition per event with and without consideration of
secondary particle production.

the degrader exit. We preserve the beam parameters at this
location; whilst these would have originated from a post-
degrader collimators, they are not unreasonable for an ion
therapy beam line. A 30 × 30 × 30 𝑐𝑚 water phantom is
also positioned at the gantry isocentre. The primary parti-
cle modelled here is carbon-12 ions, the most commonly
used ion therapy species, with a total ion kinetic energy of
4.2 GeV corresponding to 350 MeV per nucleon.

TRACKING PERFORMANCE
Whilst the default BDSIM output is a loss map such at that

in Fig. 2, BDSIM’s tracking performance is first validated by
comparison to PTC [18], an independent particle tracking
code available through MADX [19]. As the beam grows
large at a number of locations along the beam line, the beam
pipe aperture is widened to 20 cm diameter to reduce parti-
cle losses. The beam pipe is set to be an infinite absorber to
prevent lost particles being recaptured downstream. 10000
12𝐶 ions are modelled, with no physicslist defined to restrict
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Figure 3: Comparison of the horizontal Twiss 𝛽 and disper-
sion functions in BDSIM and PTC for the in-house model
set to track 12𝐶 ions at kinetic energies of 350 MeV/nucleon.

the simulations purely to tracking. Thin sampler planes are
defined after every lattice element to record all appropriate
information of particles at those locations. Whilst the origi-
nal model represents transport from the final gantry dipole
to the isocentre with drift tubes, the length of these drifts are
slightly reduced to ensure the centre of the phantom lies at
the isocentre. The final 15 cm of drift length is switched to
a gap to represent the short air gap between the gantry end
and the phantom.

The horizontal Twiss 𝛽 and dispersion functions are
shown in Fig. 3. Good agreement is observed between
the two codes. Differences can be attributed to small differ-
ences in loss locations along the beam line. Crucially, good
agreement is observed at the gantry isocentre. Although not
shown, similar agreement is observed in the vertical plane.

LOSSES & DOSIMETRY
With losses observed in wide aperture tracking-only sim-

ulations, further losses are anticipated with nominal beam
pipe dimensions. No aperture information was available
with the original model, therefore we assume a beam pipe
radius of 5 cm. To induce more particle-matter interactions,
a 0.25 m long iron collimator replaces the equivalent drift
tube length at 𝑆 ≈ 6.05 m where 𝛽 is small and dispersion is
large, an ideal location for a momentum cleaning collimator.
The collimator aperture is set to 2𝜎 of the beam’s nominal
spatial dimension at that position. Two simulations were
run, one with secondary particle production on, the other
off. 1 × 107 primary ions were tracked in both simulations
using the QGSP_BIC_EMZ physicslist. The same seeds are
used in both simulations to ensure identical initial conditions.
These simulations were performed with Geant4-11.0.2.

The per-event primary particle loss locations and subse-
quent energy deposition are shown in Fig. 2. Whilst the
energy deposition broadly agrees between the two simula-
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Figure 4: Spectrum of primary 12C ions and all secondary
particle species at the exit of the momentum cleaning colli-
mator at S=6 m.

tions, there are clearly regions that differ, notably within the
final gantry dipole. Such differences highlight an increased
flux of secondary particles which is crucial to understand
given it’s proximity to the isocentre.

Differences are also observed around the energy selection
collimator. When inspecting the spectra of particles at the
collimator exit, Fig. 4 shows a large number of particle
species generated. All secondary ions are summed together
due to the large number of ion species & isotopes generated.
Whilst the primary carbon beam remains the most prominent,
a notable low energy tail has been generated. A neutron flux
is also present, indicating that subsequent activation studies
would be beneficial to ensure safe accelerator operation.

Water Phantom Dose Delivery
The horizontal distribution of primary & secondary parti-

cle flux at the gantry exit, phantom entrance, and phantom
exit is shown in Fig. 5. Whilst a wide distribution of secon-
daries is present at the gantry exit, it is acknowledged that the
nozzle that would normally occupy this machine region will
greatly impact the particle distribution leaving the gantry.
What is clear, however, is that there is a significant growth
in secondary particle flux resulting from interactions with
air in the gap between the final drift & the phantom. The
horizontal profile also grows beyond the extent of the 20 cm
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Figure 5: Horizontal distribution of primary and secondary
particles at the gantry exit, water phantom entrance, and
phantom exit.
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Figure 6: Spectrum of all secondary particles exiting the
rear surface of a 30 cm3 water phantom irradiated with a
350 MeV/u carbon-12 beam.

wide samplers. Whilst this particle flux does not account
for the secondary particle spectrum, modelling it’s origin
and transport to the phantom is crucial for understanding
the background dose delivered to the target volume.

The flux after the phantom is larger still; ion fragments
and low energy secondaries produced from particle colli-
sions continue beyond the Bragg peak location, with the
characteristic ion dose distal tail extending sufficently far
that particles exit the far side of the phantom. When ob-
serving the per-event spectrum of this flux, as shown in Fig.
6, it is clear that a large flux of ions, neutrons, and protons
are present with a peak kinetic energies of ≈ 650, 250, and
180 MeV respectively. The presence of such flux highlights
the need to consider modelling the treatment room environ-
ment when simulating therapeutic dose delivery.

CONCLUSION
Here, we have successfully shown that BDSIM is suited

to simulating particle tracking in ion therapy accelerator
models. Tracking has been validated through comparison to
PTC in an in-house example medical beam line model. Par-
ticle losses and the subsequent energy deposition map shows
that tracking secondary particles is particularly important
for ions which undergo fragmentation in both the isocentre
volume and in beam line materials. A range of secondary
particle species were observed after a momentum cleaning
collimator was modelled in a high dispersion region, all of
which are all tracked in BDSIM. An increased secondary
particle flux was observed due to interaction with the air
between the gantry and phantom target. A flux of secondary
particles exiting the phantom’s rear surface emphasises the
need to model the treatment room environment when simu-
lating ion therapy beam lines. The recorded BDSIM sampler
data can be easily transferred to other Monte Carlo tracking
codes if required for comparison studies.
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