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Abstract
Hadron therapy centres are evolving towards reduced-

footprint layouts, often featuring a single treatment room.
The evaluation of beam properties, radiation protection quan-
tities, and concrete shielding activation via numerical sim-
ulations poses new challenges that can be tackled using
the numerical beam transport and Monte-Carlo code Beam
Delivery Simulation (BDSIM), allowing a seamless simu-
lation of the dynamics as a whole. Specific developments
have been carried out in BDSIM to advance its efficiency
toward such applications, and a detailed 4D Monte-Carlo
scoring mechanism has been implemented. It produces tal-
lies such as the spatial-energy differential fluence in arbi-
trary scoring meshes. The feature makes use of the generic
boost::histogram library and allows an event-by-event
serialisation and storage in the ROOT data format. The
pyg4ometry library is extended to improve the visualisa-
tion of critical features such as the complex geometries of
BDSIM models, the beam tracks, and the scored quantities.
Data are converted from Geant4 and ROOT to a 3D visuali-
sation using the VTK framework. These features are applied
to a complete IBA Proteus One model.

INTRODUCTION
Clinical findings have shown that the efficiency of proton

therapy can be greater than X-ray radiotherapy for specific
types of tumours, such as for paediatric cancers, skull-based,
sino-nasal malignancies and brain tumours [1]. The specific
features of protons dose deposition into matter, well known
as “Bragg peaks”, allow for a more precise dose deposition
during treatments and should cause less radiation-induced
cancers by reducing dramatically the radiation exposure of
normal tissue [1].

However, proton therapy requires more complex and ad-
vanced technologies than classical radiotherapy and there-
fore leads to higher construction costs for the complete sys-
tems. Proton therapy centres were initially built with multi-
ple treatments rooms sharing one proton beam. Their con-
struction was therefore limited to large medical centres able
to cope with the larger costs. Consequently, the number
of proton therapy centres has always been lower than the
number of conventional radiotherapy centres resulting in
fewer studies in proton therapy than in radiotherapy. The
proton therapy centres costs combined with the lack of clini-
cal studies have therefore hindered the evolution of proton
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therapy in comparison to traditional radiotherapy [2]. The
development of the future proton therapy centres aims to re-
duce the construction cost by decreasing the proton therapy
centre size and by proposing single-room designs featuring
compact gantries [3].

The size reduction of proton therapy centres coupled with
the increase of research efforts must be taken into account
in the design process of future proton therapy centres. One
consequence is the increase of radiation to the system it-
self (accelerator, beamline, gantry and concrete shielding),
leading to a higher overall activation. This must be taken
into account, as the decommissioning of activated materials
contributes to a large fraction of the total cost of the system.
Initial studies on new types of concrete whose composition
decreases the final quantity of radioactive waste after the
typical proton therapy centre lifespan of 20 years have been
performed [4–6]. Detailed simulations regarding the overall
activation must be realised.

New methods have been developed to answer the new
challenges that these ongoing studies pose for the numerical
simulations that evaluate the beam properties, the radia-
tion protection quantities, and the concrete shielding acti-
vation. Indeed, the reduction in size of the proton therapy
centres coupled with the increase of research experiments
induces inevitably a higher mean irradiation rate. The preci-
sion required from the simulations is also increased: under
greater and longer fluxes the radiation protection and envi-
ronmental limits are more quickly reached. These challenges
can be tackled by using the numerical beam transport and
Monte-Carlo code Beam Delivery SIMulation (BDSIM) [7],
a Geant4-based particle tracking code [8, 9], which allows a
seamless simulation of the beam dynamics as a whole. The
use of BDSIM for proton therapy applications is discussed
in detail in [10].

BDSIM allows 3D scoring maps and activation compu-
tation using the Geant4 physics libraries. The possibility
to compare with other physics libraries and computational
methods is key for further studies, in particular for the com-
putation of shielding activation. Simulations results data
are inherently complex and 3D visualisations would greatly
aid in their understanding. This contribution details new
developments that have been carried out in BDSIM and
its associated tools and libraries to advance its capabilities
toward complete proton therapy system simulations.
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3D VISUALISATION CONVERSION
The first new development is an improved 3D visual-

isation of the BDSIM model and simulation results. A
Python-based toolbox has been developed to provide con-
version mechanisms, from the Geant4 geometry format and
ROOT data [11] to a 3D visualisation using the VTK frame-
work [12]. It supports the complex geometries used by the
BDSIM models, the transported beam tracks, and the scored
quantities. An additional feature is the possibility to directly
import the converted files into Paraview [13] and save all the
exported model elements into a Paraview state file (.pvsm)
with their correct positioning and colours. Paraview is based
on VTK but provides a higher-level interface to visualise
data structures, as opposed to primitive shapes and objects
in VTK. The model elements colour can be defined either
following the element materials or following the element
type. In this latter case, the same colour is taken as in the
BDSIM model (e.g. quadrupoles in red, dipoles in blue, etc.).
The toolbox has been implemented in pyg4ometry [14], a
Python library allowing the conversion to and from different
geometry description formats.

Figure 1 shows the IBA Proteus One with its associated
concrete shielding and the primary proton beam, exported in
the VTK format, and visualised in Paraview. The colours of
the majority of the beamline elements have been chosen to
follow the BDSIM colour code, apart from the cyclotron, the
degrader which is a rotating wheel with blocks of different
thicknesses of three varied materials (Aluminium, Graphite
and Beryllium) [15], and the last bending magnet (B3G).
Those elements have their complex geometries exported
from unique GDML files (the Geant4 geometry persistency
format [16]) with their colour either manually specified as
for the S2C2 and B3G or chosen to follow its composite
material colours as for the degrader. The concrete shielding
is represented with two distinct colours to highlight the pres-
ence of two different types of concrete in the shielding walls.
A complete description of the model can be found in [10].

S2C2 Degrader

Isocenter

12.5 m

4.
5 

mB3G

Figure 1: Paraview model of the IBA Proteus One, its shield-
ing and its proton beam exported from BDSIM in VTK
format.

The shielding activation finds its origin in the secondary
neutrons nuclear reactions (capture or spallation) inside the
concrete walls. Their production is induced by the collisions
of the primary beam with the degrader. These interactions

are meant to define the mean beam energy during treat-
ments. The secondary neutron fluxes are extracted from the
BDSIM simulations using dedicated python code based on
pybdsim [17] using the uproot [18] and the VTK libraries.
The data are then integrated into Paraview by conversion of
the resulting ROOT histograms into VTK format. Figure 2
represents the result of such an extraction: the secondary
neutron fluence scoring data are visualised inside the Par-
aview model. Paraview provides a large number of ways
of visualising the histograms data. The “surface” visualisa-
tion has been chosen for the back wall and the floor while
the “volume” visualisation has been chosen for the walls
linking the vault where the accelerator lies and the treat-
ment room. The 3D observation of the secondary fluxes
results shows hotspots in the area around the degrader which
would typically be zones of interest for a thorough activation
computation. The methodology is described in Fig. 3.

Figure 2: Paraview model of the IBA Proteus One, its shield-
ing, its primary proton beam in blue and the secondary neu-
tron fluence exported from BDSIM in VTK format. The
3D representation of the secondary neutrons fluence scoring
data is using a colormap to highlight the fluence hotspots.

Figure 3: Diagram of the 3D visualisation conversion
methodology.

In addition to displaying the BDSIM results in a 3D model,
a great number of other visualisation tools are available to
optimise the way the results are presented such as the possi-
bility to directly include DICOM files to visualise the patient
scans slice by slice or with a volume rendering. Figure 4
illustrates the added value of using Paraview as viewer for
BDSIM with the visualisation of two protons beams inter-
acting in a phantom.
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Figure 4: Paraview visualisation of two proton beams inter-
acting with a phantom extracted from a DICOM file. The
phantom is obtained from the combination of CT scans slices
saved in the DICOM file. Paraview visualisation settings
have been used to obtain the resulting figure: the back of
the phantom is visualised with the “surface” style while the
patient’s bone structure follows a volumetric rendering.

4D MONTE-CARLO SCORING
The second new development is the capability to tally

the energy differential particle fluence in BDSIM simula-
tions. More precise activation results can be obtained by
coupling the Monte-Carlo code BDSIM with the code sys-
tem and library database FISPACT-II [19]. FISPACT-II
allows a thorough calculation of the shielding activation in
the form of inventories and radiological output computa-
tions. As input information, FISPACT-II requires the differ-
ential particles fluxes at any point of interest and such with
a specific energy meshing following some predefined group
structures (ex: CCFE-709, UKAEA-1102, etc.). The new
feature is a detailed 4D Monte-Carlo scoring mechanism
that produces tallies such as spatial-energy differential flu-
ence in arbitrary scoring meshes. This feature makes use of
the generic boost::histogram library [20] and allows an
event-by-event serialisation and storage in the ROOT data
format. The arbitrary N-dimension histogram class provided
by ROOT has not been chosen as it does not permit uneven
binning (e.g. logarithmic or user-defined) as required to
cover many orders of magnitude in energy with multiple
discontinuities in the spectra or simply to be compatible
with auxiliary programs.

As an illustration of the new 4D scoring feature, the dif-
ferential fluence has been computed for the right-hand side
wall of the degrader where the secondary particle fluence
has been shown to be important in Fig. 2. The 4D scoring
has been realised following the CCFE-709 energy group
structure binning of the FISPACT-II nuclear data libraries
and with four bins along with the wall thickness. Importance
sampling has been used in the BDSIM simulation to obtain
similar statistics at all depths. On Fig. 5, the thermal spec-
trum of the neutrons having reached equilibrium with the
degrader atoms can be observed at low energy while abrupt
changes in the differential flux can be observed at around

10 MeV as spallation reaction becomes more important than
capture around this energy level [21].
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Figure 5: Representation of the differential secondary neu-
tron fluence extracted from the wall on the right of the de-
grader using the new 4D scoring feature. The energy binning
follows the CCFE-709 energy group structure and has been
taken from 10−10 MeV to 250 MeV. Each colour represents
the neutron differential fluence at different depths in the
walls.

The new 4D scoring feature can also find use in other
kinds of study such as in 𝐻∗(10) ambient dose equiva-
lent maps computations as presented in [10]. Indeed,
𝐻∗(10), defined as the dose produced in a 30 cm diame-
ter tissue-equivalent sphere of unit density at a depth of
10 mm on the radius opposing the direction of the irradi-
ation field [22], is computed by making the product be-
tween the differential particle fluence 𝜙 (cm−2) and the
fluence-to-ambient dose equivalent conversion coefficients
ℎ10 (Sv × cm−2). Those ℎ10 conversion coefficients can
be found on [23]. The ambient dose expression is then
𝐻∗(10) = ∑ 𝜙(𝐸, particle) × ℎ10(𝐸, particle). The differ-
ential fluxes extracted by the new 4D scoring can therefore
easily compute such kinds of radiological quantities based
on one scorer without having to use each of the BDSIM
scorers associated with these specific quantities. Computing
another radiological quantity would only require conversion
coefficients and no other simulation.

CONCLUSION AND OUTLOOK
Two novel features developed to improve the capabilities

of BDSIM for proton therapy applications have been pre-
sented in this paper and illustrated with simulations using
the complete IBA Proteus One model. The 3D visualisation
using Paraview greatly improves the visualisation of key
simulation results. The 4D Monte-Carlo scoring allows the
coupling of BDSIM with other codes, such as FISPACT-II,
to achieve more precise overall studies.
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