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Abstract

Linear accelerators can provide beam characteristics that
cannot be achieved by circular accelerators. We refer to the
concept of a compact linac for creating a proton accelerator
with a maximum energy of 230 MeV, operating in a pulsed
mode. The linac is designed to accelerate up to 10!3 parti-
cles per 10 to 200 seconds irradiation cycle and is capable
of fast adjustment the output energy in the range from 60
to 230 MeV, forming a pencil-like beam with a diameter of
~2 mm. Simulation of dose distribution from a proton beam
in a water phantom has been performed. The radiological
effect of the linac beam during fast energy scanning is con-
sidered, and the features for providing the high dose rate
FLASH radiation therapy are specified. The possibility of a
magnetic system for increasing the transverse dimensions
of the beam-affected region is discussed.

INTRODUCTION

Cancer

Cancer is the second leading cause of death worldwide, as
noted by the World Health Organization [1]. The probabil-
ity of cancer in general population is dependent on genetic
predisposition, gender, age, environmental factors, lifestyle
and past illnesses [2, 3]. Various preventive strategies, early
diagnosis, efficiency and accessibility of applicable types of
treatment contribute to the odds of a favorable outcome.

Proton Therapy

Radiation therapy is one one of the most widely used
non-surgical methods of malignant tumor treatment. Exter-
nal beam radiation therapy is the method of choice when
dealing with deep pathological foci. Gamma rays from vari-
ous radiation sources, bremsstrahlung photons and electrons
produced by electron accelerators, and protons, neutrons
and ions originating from hadron accelerators provide the
required penetration into body tissue. Proton beams allow to
achieve good localization of therapeutic dose delivery while
minimizing collateral damage to healthy tissue [4].

Linac Advantages

Linear accelerators provide numerous advantages over cit-
cular accelerators. Combination with gantry is possible [5].
This type of accelerator enables precise beam energy modu-
lation while eliminating the necessity for auxiliary energy
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changes. It also eliminates the losses, parasitic material acti-
vation and elevated background radiation levels associated
with beam extraction from circular orbits. In this work, we
focus on the linear proton accelerator concept, as described
in [6].

DOSE DELIVERY

There are several methods of dose distribution forming in
patient’s body, used throughout the long-standing history of
proton therapy, passive scattering being the most traditional
one, and involving the use of collimation and compensation
equipment. This method causes excessive patient irradiation
by nuclear reaction products and necessitates safe storage of
single-use collimators and compensators before disposing
or recycling.

Beam scanning method eradicates these inconveniences
and allows to apply almost arbitrary dose distribution [7, 8].
Also, proton arc therapy is promising [9, 10].

BEAM MANIPULATION

Most of the units put in operation over the past five years
in the USA make use of gantries and Pencil Beam Scan-
ning [11]. In this work, we focus on Pencil Beam Scanning
with energy up to 250 MeV. Consequently, beam transporta-
tion and dose distribution forming are the most important
research objectives.

Non-linear magnetic systems are often used to achieve
uniform lateral dose distribution. A single non-linear magnet
can be used for uniform dose distribution in a single plane
[12]. Such magnets are designed for specific mean-square
beam radius, [13] describing an auxiliary mechanical device
for additional field tuning. Such device allows a beam be
stretched into a line in a single plane, e.g. horizontal. This
way, scanning can be used in a vertical plane, facilitating
strip scanning, similarly minibeam [14, 15].

We also consider the use of dual scanning magnets in
vertical and horizontal planes [16], this type of installation
providing the most simple and versatile irradiation method.
We also take into account that additional simulation is neces-
sary when choosing the best method to achieve the desired
distribution when dealing with distant tumor patches. A
magnetic multipole combination [17-20] should be used
when uniform distribution is desired. Such combination
allows for wide beam energy range, facilitating beam width
modulation. One can also use permanent magnets when
designing achromatic turn only beam transportation system
[21].
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GEANT4 SIMULATION PROCEDURE

PSTAR [22] data was used for preliminary projected pro-
ton range estimation depending on the kinetic energy. The
~158 mm range corresponds to the mean energy of 150 MeV.
Geant4 was used to simulate proton dose distributions in a
volume [23]. Beam dynamics simulation results described
in [6] were used to estimate the accelerator beam param-
eters and the resulting dose field parameters. TRANSIT
[24] output files have been converted to input for Geant4.
Particles at the accelerator nozzle were used. Beam radius
used in simulation was rg;sg < 0.35 mm, with energy de-
viation egpss < 0.057 %. As for our task, dose calculation
can be performed with accelerator beam approximated as an
monoenergetic pencil beam.

Figure 1: Trajectories visualization in Geant4. Neutral parti-
cle tracks shown in green, positively charged particle tracks
shown in blue, negatively charged particle tracks shown in
red, cyan line marks water phantom boundary.

It was assumed that the simulated particle beam imme-
diately enters the half-space filled with water (Fig. 1). The
absorbed dose accumulation is performed in 1 mm steps in
the area of + 50 mm on X and Y axes, 0 to 400 mm on Z axis.
X axis is pointing to the right, Y axis is pointing up, Z axis
coincides with beam vector.

SIMULATION RESULTS
Depth Dose Distribution

A uniform depth dependency was initially used with the
aim of assessing the capability of the described accelera-
tor [6] to form the uniform dose distribution. A spread
out Bragg peak with absorber-modulated energy is usually
used is such cases. In our case, energy is modulated by the
accelerator itself. The sum of the Bragg curves and the cor-
responding scale factors k are shown in the Fig. 2. The dose
characteristics are shown in the Table 1.

Table 1: Characteristics of Absorbed dose distribution by
depth

Characteristic Value
Accumulated pulse duration (us) 48.2
Protons per 1 us 1010
Average dose (Gy) 6.52
Dose standard deviation (%) 2.24
Dose Uniformity Ratio = Dmax / Dmin  1.11
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Figure 2: Uniform dose distribution by depth, consisting
of several Bragg curves — (a). The curves are obtained
by averaging the volumetric dose in a volume with 100 x
100 mm transverse dimensions. Irradiation volume limited
by 110 to 220 mm depth along Z axis is shown in grey color.
Bragg curves of 122 up to 177 MeV protons with 4 MeV
increment are shown in green color. There are 14 energies
in total. The number of protons is 1010 for each energy.
Bragg curves multiplied by scale factors are shown in red.
Accumulated dose is shown in blue. Scale factors — (b).

For the lowest energy of 125 MeV the scale factor k = 1,
which corresponds to the number of protons 10'°. The
highest energy 177 MeV corresponds to k = 17.4, or 17.4 -
10'9 protons. That means that the higher the energy, the
more protons are needed to achieve the desired dose. The
sum of scale factors is 48.2, or 48.2 - 1010 protons in total.
Therefore, the total dose in a volume of 100x 100x 100 mm?
is 6.52 Gy when using passive beam scattering, and that
dose is delivered over 48.2 microseconds of accumulated
accelerator pulse duration.

3D Dose Distribution

We have simulated the filling of 100 x 100 x 100 mm? vol-
ume using Pencil beams with spot step 4 mm and Gaussian
distributed beams with ¢ = 11 mm and spot step 25 mm in
transverse plane. The inhomogeneity of the spatial distribu-
tion of the absorbed dose should be small [25].
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Figure 3: The dose distribution in ZX plane intersecting
in dose peaks. Left — Pencil beams, right — Gaussian
distributed beams with ¢ = 11 mm.

The Fig. 3-8 and Table 2 show the calculation results.
Our calculations point out that pencil beams deliver very
high average dose, which is orders of magnitude higher than
the required therapeutic dose. With wide gaussian beams
the average dose can be lowered to FLASH mode levels
when using wide beams. FLASH mode requires shortening
of irradiation time to 0.5 seconds [26]. Thus, the particle
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Figure 4: The dose distribution in ZX plane intersecting
in dose valley. Left — Pencil beams, right — Gaussian
distributed beams with ¢ = 11 mm.
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Figure 5: Dose distributions as functions of depth in dose
peak and dose valley. Left — Pencil beams, right — Gaus-
sian distributed beams with ¢ = 11 mm.
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Figure 6: XY plane dose distribution for 110 mm depth. Left
— Pencil beams, right — Gaussian distributed beams with
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Figure 7: XY plane dose distribution for 210 mm depth. Left
— Pencil beams, right — Gaussian distributed beams with
o =11 mm.
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accelerator under consideration can provide FLASH mode
irradiation to a volume less than 100 x 100 x 100 mm?.

CONCLUSIONS

¢ In order to meet FLASH mode requirements when us-
ing beam scanning technique, the accelerator beam
can be widened and flattened using nonlinear magnetic
elements.

* Alternatively, pulse charge can be lowered and pulse
frequency increased accordingly.
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Figure 8: Dose as a function of x along peak and valley
for different depth values. Left — Pencil beams, right —
Gaussian distributed beams with ¢ = 11 mm.

Table 2: Absorbed dose distribution characteristics in 100 x
100 x 100 mm?3 volume

Characteristic Pencil Gaussian
beams beams
Spot step (mm) 4 25
Spots num 841 25
Accumulated 40536 1205
pulse duration (us)
Average dose (Gy) 4006 102
Minimal dose (Gy) 3300 83.4
Maximal dose (Gy) 4481 114
Dose standard deviation (%) 3.36 4.27
Dose Uniformity Ratio = 1.36 1.37

Dmax / Dmin

e It should be taken into account that FLASH therapy
has some time—dependent limitations [27, 28].

* It is necessary to simulate the beam spread in the vac-
uum window and in the air between nozzle and water
phantom [29, 30].
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