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H I G H L I G H T S

• Spot scanning proton therapy was simulated via the finite element method.
• The optimum diameter of proton beamline was determined to minimize the production of secondary particles.
• The forward particles exhibited greater velocities than those of rear particles.

A B S T R A C T

Collision of protons with background gas and beamline wall in proton therapy causes
the creation of secondary particles, e.g. neutrons, which results in more difficulties in
curing the tumors. In the present simulation-based study, the optimum diameter of
proton beamline was determined to minimize the production of secondary particles in the
presence of electric field with the magnitude of 50 kV/m, perpendicular equal magnetic
fields of 0.7 T, and background gas of argon under Bounce boundary conditions via
finite element method. The results showed that the optimum diameter of the beamline
for minimization of the secondary particles in the spot scanning proton therapy in the
aforementioned conditions was 7 mm. Also, the values of drift velocities of protons were
plotted in different time steps of 10 ns to 50 ns for the optimized size of the beamline.
Due to few interactions of forwarding particles with background gas, the results showed
that the forwarding particles in the propagation direction have greater velocities than
those of rear particles. The results can be used in spot scanning proton therapy for
curing the localized cancers.
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1 Introduction

Spot scanning proton therapy is particularly appropriate
to become the favorite radiation modality for curing a
wide variety of cancers (McDonald and Fitzek, 2010; Hyer
et al., 2014; Poenisch et al., 2016; Schneider et al., 2002;
Lomax et al., 2004; Smith et al., 2016). Owing to the fact
that proton therapy is able to diminish the radiation ab-
sorbed in the volume of nontarget tissue, it is particularly
promising for pediatric patients (McDonald and Fitzek,
2010). By decreasing the volume of irradiated tissue, pro-
ton therapy is believed to decrease both the risk of sec-
ondary malignancies and the extent of late normal tissue
effects (McDonald and Fitzek, 2010). As proton therapy
continues to evolve, wider implementation of active beam
scanning and other technology promises to fully realize the

promise of reduced dose to nontarget tissues, both directly
absorbed dose from the incident beam and avoidable ele-
ments of scattered radiation (McDonald and Fitzek, 2010).
The main advantage of proton therapy is the prevention of
unnecessary doses in other organs adjacent to the cancer-
ous tumor (Newhauser and Zhang, 2015). Considering the
advantages of the Bragg peak, proton radiation delivers an
insignificant dose to the normal tissues located after the
peak position (McDonald and Fitzek, 2010; Ho et al., 2017;
Søbstad, 2017; Yao et al., 2016; Ricardi et al., 2017; Chang
et al., 2016). Proton therapy exhibits a wide range of
potential applications namely: pediatric tumors (medul-
loblastoma, Rhabdomyosarcoma, ependymomas, gliomas,
and craniopharyngiomas), central nervous system tumors
(Glioblastoma).

Treatment of cancer cells using a scanning proton beam
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has been assessed to deliver conspicuously less dose due
to the scattered radiation compared with that of photon
radiation (Hall, 2006). Especially, however, most proton
treatments are still delivered with passive beam modu-
lation, which results in a more production of secondary
neutrons, known as a source of scattered radiation with
a high relative biological effectiveness (RBE) that might
abolish some of the conspicuous dosimetric benefits of pro-
tons. Although it has been documented that passive pro-
ton scattering results in prominently high scatter neutron
dose (Hall, 2006), others have demonstrated that with
suitable beam collimation that reflects actual clinical use,
the scattered neutron dose is in fact much lower (Jiang
et al., 2005; Gottschalk, 2006).

In designing a treatment planning system for proton
therapy using spot scanning method, van de Water et al.
(van de Water et al., 2012) found that there is some scope
for optimizing the number of spots delivered per field.
Field-specific dosimetry shows that these treatments can
be delivered accurately and precisely to ±1 mm (1 SD)
orthogonal to the field direction and to within 1.5 mm in
the depth of penetration (van de Water et al., 2012). The
geometry of treatment planning system therefore plays an
important role in the proton therapy. Several researchers
have investigated the performance of spot scanning proton
therapy in the world (McDonald and Fitzek, 2010; van de
Water et al., 2012; Grevillot et al., 2011; Timmermann
et al., 2007; Weber et al., 2005; Owen et al., 2014; Elnahal
et al., 2013; Jansen et al., 2000; Lin et al., 2000; Lomax
et al., 1999).

The Lorentz force applies on proton beam with the
electric charge of q and velocity of v in the presence of
electric field E and magnetic field B. By moving in the
background gas, the protons loose their energy through
Coulomb scattering. Moreover, elastic and non-elastic col-
lisions with target nuclides cause to producing secondary
particles such as neutrons, photons, and secondary pro-
tons. Because of the span of energies for protons in proton
therapy (70-250 MeV), the most probable secondary par-
ticles are neutrons which can damage normal tissue due to
their high radiation weighting factor. In order to decrease
the dose due to the secondary neutrons in dosimetry stud-
ies, the beamline wall diameter is simulated optimally to
prevent the production of secondary neutrons via interac-
tion of protons with the beamline wall.

A cyclotron consists of dipole magnets has been de-
signed to produce a region of a uniform magnetic field
(Schlegel et al., 2008). The size of the magnets and the
strength of the magnetic fields limit the energy of parti-
cle emitted from a cyclotron (Schlegel et al., 2008). The
maximum proton beam energy relates to the maximum
depth in tissue (Schlegel et al., 2008). In order to be able
to deliver the protons to the tissue, a beamline is needed.
In fact, particle accelerators apply electric fields to speed
up and increase the energy of a beam of particles, which
are steered and focused by magnetic fields.

Figure 1: a) Schematic design of a proton beamline, b) Mesh
processing for a proton beamline.

In proton therapy, the secondary neutrons are pro-
duced via two ways; They can be produced before arriving
to the patient through collisions with the wall of beam-
line. This effect can be avoided by a suitable shielding.
Furthermore, these particles can be produced in the pa-
tient’s body via the collision with tissue. In this case, it is
not possible to control them via mechanical instruments.
The materials and geometry of the beamline are two es-
sential factors in the production of secondary neutrons in
the body.

Jia et al. (Jia et al., 2014) have reported that two most
important secondary particles, i.e. neutrons and photons,
are produced in the proton therapy in the range of 40-140
MeV. All “non-primary” particles are produced either by
interactions of the primary protons or by the interactions
of the secondary particles. Regarding the neutron and
photon productions per primary protons, they reported
that neutron and photon productions for Ep= 40 MeV
ranges between 0.27% and 1.60%, respectively. For Ep=
140 MeV, these values change to 10.14% and 9.10%. They
found that by increasing the beam energy, the production
of secondary particles, especially neutrons, increases (Jia
et al., 2014).

In the present theoretical work, the optimum diameter
of proton beamline in order to minimize the production of
secondary particles in the proton therapy was evaluated
using the finite element method.

2 Simulation Methodology

Finite element method (FEM) is a numerical procedure
to obtain solutions for boundary-value problems of math-
ematical physics (Reddy, 2005). In FEM, the system is
divided into small subdomains, or elements, which are con-
nected to each other by nodes (Malekie and Ziaie, 2017).
Since finding the exact solution of time-dependent Newton
equation for a complex system like beamline is a challeng-
ing issue, FEM can capture more details in predicting the
interaction of protons with background gas and wall of
beamline during the proton therapy. In this work, finite
element method has been used for simulation of motion of
protons in the beamline. Figure 1 shows a schematic view
of a beamline and its mesh processing.

Argon was considered as background gas with the den-
sity of 2.956× 1021 1/m3. In order to accelerate the pro-
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tons in the beamline, electric field of Ez = 50 kV/m and
magnetic fields of Bx = By = 0.7 T were considered. The
charged particle tracing length in the beamline was consid-
ered as 10 mm. When a group of protons are accelerated
in the neutral background gas, the Maxwellian velocity
distribution can be considered as (COMSOL, 2013)

f(vi) =

√
mp

2πkBT0
exp(

mpv
2
i

2kBT0
) (1)

where f(vi) is the distribution function of Maxwellian ve-
locity, vi is the velocity, T0 is gas temperature, kB is Boltz-
mann constant, and mp is mass of proton. Therefore, the
elastic collision frequency of the protons with background
gas can be calculated by (COMSOL, 2013)

ν = Nd σ|νp − νg| (2)

where σ is the collision cross-section, Nd is the number
of background gas, ν is collision frequency, νp is velocity
of protons and νg is the velocity of the background gas.
The collision cross-section is a function of kinetic energy
of the particles. Hence, the probability of the collision, p,
is calculated as a function of collision frequency and time
step ∆t as (COMSOL, 2013)

p = 1− exp(−ν∆t) (3)

As mentioned, although protons are affected by elastic
collisions, a uniform electric field is applied on particles in
the z-axis direction. It is possible to consider two bound-
ary conditions for the beamline wall: Freeze and Bounce.
In the Freeze boundary conditions, the collision of parti-
cles with the beamline wall is considered such that parti-
cles adhere to the beamline wall after a collision. In this
case, the velocity of the particles at the moment of colli-
sion with the wall is zero and thus, in all time steps after
the collision, the particle velocity is considered zero. For
Bounce boundary conditions, the momentum of beamline
particles in the collisions will be conservative (COMSOL,
2013)

ν = νc − 2(n.νc)n (4)

where νc and n are the velocity of the particles after the
collision with wall and normal vector to the wall, respec-
tively. In this simulation, since Bounce boundary con-
dition is near to the reality, this method was chosen as
wall boundary conditions in the collisions of protons with
beamline wall. In fact, by solving Newton’s equation for

specified boundary conditions using F =
d(mpv)

dt
for pro-

tons with mass mp, it is possible to obtain velocity of the
particles that experience electric and magnetic fields of E
and B, respectively for the Lorentz force. And also colli-
sion probability of the charged particles with the beamline
wall is obtained from Eqs. (1) to (4). In this research, a
commercial finite element solver (COMSOL Multiphysics)
installed on a personal computer with 32 GB RAM and 3.4
GHz processor was used to numerically predict the charge
particle tracing (COMSOL, 1994).

3 Results and Discussion

Figure 2 shows the collisions of particles with beamline
wall in the X − Y plane for different beamline diameter
in the range of 2-4 mm in the time intervals of (equals
to time-related to one pulse of the proton) plotted using
the COMSOL Multiphysics Software version 5.3 a. It can
be deduced that there is a minimum value of collisions
between particles and the wall for the beamline radius of
3.5 mm. Considering the articles published so far, this
amount is in accordance with some active beamline fa-
cilities to have 7 mm of FWHM at the skin surface (Jia
et al., 2014; Kraft, 2000; Pedroni et al., 1995; Haberer
et al., 1993). In this case, in the time related to one pulse,
there is not enough time for particles to reach the beamline
wall, the probability of producing the secondary particles
therefore decreases.

Kinetic energy and the total number of incident par-
ticles of the beamline after 10 ns were calculated as
1.43 × 10−18 J and 2.7 × 104 J, respectively. These val-
ues seem to be small in comparison with real conditions
in proton therapy, in which energy of protons reaches to
70-250 MeV. As can be seen from Figs. 3 and 4, the ar-
gon gas targets with 10 mm thicknesses cannot lead to
a strong scattering of secondary particles. Since a large
number of collisions happens during the time, so in this
simulation we considered only small time intervals in the
range of 10-50 ns. However, it should be mentioned that
the kinetic energy of incident particles increases with time
and because of limitations due to the computer process-
ing, we considered such values to investigate the physical
phenomena related to these collisions in small time inter-
vals.

Figure 5 shows the values of drift velocities of protons
plotted in different time steps, from 10 ns to 50 ns, for
beamline wall of 3.5 mm radius. From this figure, it is
evident that the forward particles in z-axis direction have
a greater velocity than those of rear particles. In fact,
the rear particles are affected by more interactions be-
tween protons that causes dissipation of kinetic energy of
the particles and the velocity subsequently, while forward
particles only interact with background gas, resulting in
larger final velocity. In the simulation process, during solv-
ing Newton’s equation for specified boundary conditions,
the relative tolerance was kept at 0.00001, so it can be
deduced that error calculation in this work is less than
0.001% regarding the mesh processing in the finite ele-
ment method. To clarify this issue, the relative tolerance
is related to the convergence criteria. Therefore, if the
relative tolerance is reduced, the solution accuracy will be
increased. However, there is a need to spend more time
due to the fact that more number of iterations will be
implemented. In other words, in finite element method,
relative tolerance is pertinent to the fluctuation of the so-
lution due to mesh processing and physics of the problem.
Due to the three dimensional models solved numerically
by finite element method, the selection of the appropriate
mesh size (coarse, normal, fine, etc.) plays an important
role in determination of the results.
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Figure 2: Collision of protons with the beamline wall of different radii. The colored data indicate the particle scattering radius,
blue and red indicate the minimum and maximum diameter from -3 to 2 mm, respectively.
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Figure 3: Total stopping power of protons in the argon gas
for various energies (Deasy, 1994).

Figure 4: Range of protons in the argon gas for various ener-
gies (Deasy, 1994).

4 Conclusion

Evaluation of the geometry of beamline for achieving an
optimum size for reducing the secondary particles is an
important issue in the proton therapy. In this simulation
study, the optimum diameter of proton beamline was esti-
mated in the presence of the electric field of Ez =50 kV/m
and magnetic fields of Bx = By = 0.7 T using finite ele-
ment method. Regarding the Maxwellian velocity distri-
bution of protons in the presence of argon as background
gas, and Bounce boundary conditions for the interaction
of protons with beamline wall as well, the results showed
that the optimum diameter of the beamline for minimiza-
tion of the secondary particles was 7 mm. This amount
was in accordance with the literature. Finally, the values
of drift velocities of protons were plotted in different time
steps from 10 ns to 50 ns for the simulated optimized size
of the beamline. The results showed that the forwarding
particles in the propagation direction have a greater veloc-
ity than those of rear particles, which can be interpreted
due to the fewer interactions of forwarding particles with
background gas. The optimum beamline geometry helps
the treatment planning to exhibit the lower amount of un-
desired dose to healthy organs. These useful calculations
can capture more details in spot scanning proton therapy
for curing the localized cancers.

Figure 5: The drift velocity of protons in different time steps
from 10 to 50 ns for beamline wall of 3.5 mm radius (the unit
of drift velocity is m/s) using the COMSOL Multiphysics Soft-
ware version 5.3 a.
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