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Abstract
Arc-therapy and flash therapy are promising proton ther-

apy treatment modalities as they enable further sparing of
the healthy tissues surrounding the tumor site. They impose
strong constraints on the beam delivery system and rotating
gantry structure, in particular in providing high dose rate and
fast energy scanning. Fixed-field achromatic transport lat-
tices potentially satisfy both constraints in allowing instant
energy modulation and sufficient transmission efficiency
while providing a compact footprint. The presented design
study uses fixed-field magnets with spiral edges respecting
the FFA scaling law. The cell structure and the layout are
studied in simulation and integrated in a compact gantry.
Results and further optimizations are discussed.

INTRODUCTION
The treatment of cancer is a major societal challenge for

which numerous treatment techniques are actively devel-
oped. Novel proton therapy treatment modalities, such as
flash and arc therapy, aim at increasing the clinical efficiency
and reducing the treatment time. These techniques pose new
challenges for the accelerators and beam delivery systems
as they require tighter control of the beam spot sizes at the
isocenter, better control of beam losses and higher beam cur-
rents [1–3]. Gantry designs providing achromatic transport
with fixed-field magnets meet these challenges and allow
arbitrarily fast energy scanning. We report on a preliminary
design of the CASPRO ("Compact Achromatic System for
Proton Therapy") project, for an achromatic proton gantry
in the energy range 70-230 MeV using normal conducting
magnets. The objective is to retain the reduced footprint
of modern variable-field compact gantries, such as the IBA
Proteus One [4] or the ProNova SC360 superconducting
gantry [5]. The adopted strategy is to divide the system into
three distinct blocks. The proposed block diagram, presented
in Fig. 1, is as follows. A proton beam with an energy of
230 MeV enters the first block that consists of a fixed dipole
that deflects the beam and is sent on an energy degrader
mounted directly on the gantry, to make the system more
compact. The beam transport line following the degrader
follows a straight scaling fixed-field lattice design. The sec-
ond block, detailed in this paper, bends the beam towards the
isocenter and is at the heart of the design to reduce the foot-
print by providing a small bending radius and achromatic
properties across the entire energy range. The studied con-
cept is based on Fixed-Field Alternating Gradient (FFAGs)
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cells using normal conducting magnets. The starting point
is the spiral FFAG cells of the RACCAM design [6–9]. The
third block is composed of the scanning magnets that are
positioned downstream of the last cell to limit the opening
of the FFA magnets.

Figure 1: The proposed structure for the CASPRO achro-
matic gantry. The three main blocks are highlighted in or-
ange.

SPIRAL FFA CELL
We adapt the design of the RACCAM original cell aim-

ing to minimize the size of the magnets. The parameters
before and after optimisation are presented in Table 1. An
additional constraint arise from the the fact the gantry de-
sign uses downstream scanning magnets to scan the beam at
isocenter. To minimize the required in-plane aperture of the
scanning magnets, the orbit excursion with energy has to be
minized. The aim is to keep the excursion span over the full
energy range below 20 cm.

Table 1: Periodic Cell Parameters of the RACCAM Design
and the Preliminary Design of the Gantry Cell

Parameters (units) RACCAM CASPRO

Mean radius 𝑅0 (m) 3.48 2.1
Angle (degrees) 45 45
Field index 4.415 6.0
Spiral angle (degrees) 50.36 65
Field at 𝑅0 (T) 1.5 1.6
Gap (cm) 3 3

The simulations are performed with the ray-tracing code
Zgoubi [10, 11] using the Zgoubidoo Python interface [12].
Zgoubidoo provides many additionnal functionalities, such
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as such the ability of running multiple instances of Zgoubi for
parallel tracking, analyzing tracking results, and plotting the
beamline geometry in a global coordinates system with par-
ticle trajectories. With these different modules, Zgoubidoo
is suited to study non-linear accelerators such as FFAs [13].
Figure 2 shows the reduction in footprint after modifications
of the original cell.
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Figure 2: Footprint comparison between the RACCAM cell
(in red) and the gantry cell (in blue). We observe the reduc-
tion of the footprint with respect to the original design.

First, we determine the periodic closed-orbit solutions
for the cell in the energy range 70-230 MeV. The results are
shown in Figs. 3 and 4. The periodic trajectory solution,
visible in Fig. 3, indicate that a solution is found over the full
energy range and that the constraint on excursion is satisfied.
The positions and angles as a function of the energy are
shown in Fig. 4. It is also essential to ensure that the system
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Figure 3: Representation of the cell in a global coordinate
system and periodic closed-orbits in the energy range 70-
230 MeV. The geometry of the magnet is shown in blue.
One clearly see the edge of the magnet which has a spiral
curvature and the beam pipe in gray.

can remain normal-conducting. For this purpose, we analyze
the field along the particle trajectory at different energies in
a cell. As we observe in Fig. 5, the field remains well below
2.3 T. The next study concerns the computation of the Twiss
parameters with the beta functions. In Fig. 6, the evolution
of the beta function inside the FFA cell is shown, and we
observe the periodicity of these functions. The initial beta
values for both planes at the cell’s entrance as a function of
the momentum deviation are shown in Fig. 7.
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Figure 4: Position (in blue) and angle (in red) of the stable
orbit as a function of the momentum deviation at the cell
entrance.
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Figure 5: Magnetic field along the particle trajectory at
different energies in a cell. For all trajectory, the field is
below 2.3 T which ensure normal-conducting magnets.
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Figure 6: Evolution of the 𝛽-functions inside the FFA cell.

Based on the single cell periodic optics, we study the details
of block 2 (see Fig. 1). Stable trajectories are found for all
energies. Figure 8a shows the results in a global coordinate
system. The reduction of the trajectory-energy-excursion
towards the isocenter is observed, a desired feature of the
design. Fib. 8b details the trajectory excursions along the
cell for different energies.

Figs. 9a and 9b represent the beam size in the horizontal
and vertical planes for a beam energy of 140 MeV in the
cell, assuming an emittance of 10 mm · mrad. In the first
approximation, we compute the relation 𝜎 =

√
𝛽𝜖 . We

observe that the beam size in both planes has the same order
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Figure 7: Initial 𝛽 at the entrance of the cell as a function of
the momentum deviation.
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(a) In a global reference frame
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(b) In the Frenet-Serret reference frame

Figure 8: Tracking of particles along three FFAs cells. We
observe a focusing of the different energies at the isocenter.
By construction, the orbits are stable in the cells.

of magnitude and does not exceed 8 mm across the three
cells. The scanning system will be designed to make the
beam size as small as possible at the isocenter.

CONCLUSION
This paper has illustrated that RACCAM-based cells can

be used to design an achromatic gantry for bending the beam
towards the isocenter. These cells have the advantage of pro-
viding an achromatic beam transport across the entire energy
range. By modifying the original cell design, we have re-
duced the radius of curvature to make the system as compact
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Figure 9: Beam size along the line in the horizontal (9a) and
vertical (9b) plane for an beam energy of 140 MeV and as-
suming an emittance of 10 mm·mrad. The beam size across
the three cells doesn’t exceed 8 mm in both planes.

as possible. The first studies have shown encouraging results,
especially concerning the orbit excursion, which has been
reduced from 66 to below 20 cm which is suitable for the
scanning magnets. Moreover, we verified that the maximum
field in the FFAs cells is below 2.3 T which guarantees that
all the magnets remain normal-conducting. At the exit of
three cells, we have shown that all energies are focused at
the isocenter, which simplifies the scanning magnets’ de-
sign. The next step of this project will focus on a detailed
study of the beam size along the line, mainly by changing
the emittance with the energy.
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