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Design of a Beam Separator for FLASH Electron
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Mike Seidel , and Davide Tommasini

Abstract—A promising modality of radiation therapy is FLASH:
a technique in which the full radiation dose is delivered in just
1/10th of a second. This modality has been proven successful
in destroying cancerous cells while sparing healthy tissues. The
aim is to develop an accelerator to treat large-volume and deep-
seated tumors using high-energy electron beams in the FLASH
modality. Specifically, we are designing a steady-state magnet that
guides three distinct energy beams into three separate beam-
lines and ensures dose conformality within FLASH timescales.
This paper presents a design method that incorporates beam
optics and magnetic parameters into a numerical optimization
process. The method is applied to the design of a magnetic spec-
trometer with a varying pole profile. The magnet performance
is compared to pure dipole and combined dipole-quadrupole
designs.

Index Terms—FLASH, accelerator magnets, magnet design,
beam dynamics, spectrometer, optimization.

I. INTRODUCTION

IN THE context of radiation therapy, an emerging and promis-
ing topic is the so-called FLASH therapy. It consists of

delivering the entire radiation treatment in a few hundred mil-
liseconds, whereas in conventional radiation therapy, the dose is
delivered in minutes. This fast delivery of the dose has shown
to successfully minimize damage to the surrounding healthy
tissues, yet effectively destroying the tumor [1], [2]. A project
to build the first clinical facility for treating deep-seated and
large-volume tumors with FLASH high-energy electron beams
has been approved [3], [4], [5]. A key element of this facility
is the beam separator. The purpose of the beam separator is to
guide pulsed beams coming from a linear accelerator into dis-
tinct beamlines. The beams follow different trajectories and meet
again at the patient, from different directions, within FLASH
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timescales. Several conventional solutions for a beam separator
were studied and proven insufficient for a compact facility. A
varying pole profile along the longitudinal direction is the most
suitable candidate geometry for the magnet. In the following
sections, we present a design method based on particle tracking
and expose the design case of the beam separator for the FLASH
electron therapy facility.

II. THE DESIGN METHOD

The design of the beam separator, based on the tracking of
particle beams, includes the following steps:
� Defining the design objectives for the magnet.
� Segmenting the magnet and retrieving the magnetic field

multipoles that produce the desired solution for the output
beams.

� Using these multipoles to describe the shape of the ideal
iron pole profiles.

� Checking the consequences of truncating and revolving the
iron pole.

� Simulating the magnet in 3D, extracting the field map, and
evaluating the performance of the beam separator.

A. Setting Design Goals

We begin by establishing the design objectives for the magnet.
These include separating the input beams along the magnet,
adjusting their size, focus, or a combination of these. The goal
of the present device is to maximize the separation between the
three output beams while keeping their size and divergence as
small as possible. Increasing the separation angle of the beam
separator promotes compactness by reducing the requirement
for extended drifts following the device, allowing for more
immediate placement of additional optic elements. An addi-
tional goal of the design is to bend the middle-energy beam by
90 degrees.

B. Retrieving Optimal Magnet Parameters

The next step is determining the most suitable magnet pa-
rameters aligning with the desired objectives. For that, we treat
the magnet as an ideal element that transforms the input beams
into output beams. The element is divided into sectors and
each of them is characterized by a set of magnetic multipoles.
The size and strength of each of the magnetic multipoles are
the design variables of the optimization problem. The design
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Fig. 1. Illustration of the field map. The domain is divided into sectors of
angle α and characterized by a set of magnetic multipoles. Outside the sectors,
�B = 0. The input beam enters the device along the z-axis.

variables are

X =

⎡
⎢⎢⎢⎣
α1 M11 M12 . . . M1Q

α2 M21 M22 . . . M2Q

...
...

...
. . .

...
αP MP1 MP2 . . . MPQ

⎤
⎥⎥⎥⎦ , (1)

where P is the number of sectors in the defined setup and Q
is the number of magnetic multipoles used to describe the field
map1. Fig. 1 shows the described setup.

The variables inX are used to generate a magnetic-field model
through which the particle beams are tracked. These beams
are defined by their transverse and longitudinal coordinates
x, y, z, transverse and longitudinal momenta px, py, pz , mass
m, and charge q. From these data, meaningful properties can
be computed, such as horizontal and vertical size bx(s) and
by(s), horizontal and vertical divergence dx(s) and dy(s), energy
spread of the beam δ, and separation angle between beams
a. These properties are useful to evaluate the quality of the
proposed solution and therefore steer the optimization.

We used the tracking code RF-Track [6] to simulate the
beam trajectories and properties in the field model. This code
propagates the particles by integrating the equations of motion
using symplectic algorithms. It enables particle tracking in field
maps, providing different interpolation methods, including lin-
ear, cubic, and divergence-free. As the code is fully integrated
into programmable scientific codes such as Octave or Python,
iterative optimization of the field directly based on the beam
performance from tracking is possible.

To evaluate the quality of a solution, the weighted objective
function

f = min
X

{−q1a+ q2bx + q3by + q4dx + q5dy
}

(2)

1The magnetic multipoles Mn are related to the magnetic harmonics Bn by

Mn = Bn
(n−1)!

Rn−1
ref

.

is employed. In (2), qi represent the weights of the different
objectives, a corresponds to the separation angle between outer
beams at the exit of the separator magnet, and bx, by, dx and dy

correspond to the average values for the horizontal size, vertical
size, horizontal divergence and vertical divergence of the output
beams, respectively.

As a starting point, the number of sectors and multipoles in
the field model is P = 2 and Q = 2, however these numbers
can be increased to improve the obtained solution. To guarantee
the bending of the middle-energy beam by 90 degrees, ‖ �B‖ is
kept constant along the reference trajectory, shown as a dashed
line in Fig. 1. By making the radius of the central trajectory the
same as the bending radius ρ and the sum of all angles α equal
to 90 degrees, the beam is transformed as intended.

After running the optimization routine, the optimal magnet
parameters, as defined in (1), are

Xopt =

[
35 deg. −0.57T −0.7T/m
55 deg. −0.57T 2.4T/m

]
. (3)

The simplex optimization algorithm is described in [7].

C. Computing the Ideal Pole Profile

Once the optimal multipoles per sector are obtained, we move
on to designing the cross-section of each sector.

Expressing the magnetic scalar potential as

φm(x, y) = Im

{ ∞∑
n=1

−Bn + iAn

nRn−1
ref

(x+ iy)n
}
, (4)

the ideal pole profile corresponds to the equipotential lines.
To obtain the equipotential lines, it is enough to set φm to a
constant [8], [9].

In the case of a combined dipole-quadrupole magnet with
multipole order n = {1, 2} and perfect up-down symmetry,
there are only B1 and B2. As described in [10], this results
in the family of curves

y(x) =
K

M1 +M2x
(5)

where K is a constant proportional to the magnetomotive force
of the element (measured in ampere-turns). These curves are
hyperbolas, with asymptotes at x = −M1

M2
and y = 0.

Given that the present design only has two sectors, N = 2,
the two equations for the pole profile – one per sector – are

y1(x) =
−0.0113

−0.57− 0.7x
(6)

y2(x) =
−0.0113

−0.57 + 2.4x
, (7)

both in m. Fig. 2 shows the shape of the ideal pole profiles for
the two sectors.

D. Truncating and Revolving the Pole Profile

The pole profile equation defined with the scalar potential
method requires infinitely wide poles and assumes a straight
magnet. As this is not the case for the required beam separator,
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Fig. 2. Illustration of the iron pole profiles for different multipoles and K
values.

the consequences of truncating and revolving the resulting pole
profile must be evaluated.

The size of the gap between the poles remains within defined
limits, 2ymin and 2ymax. For a dipole-quadrupole combined func-
tion to remain within the defined aperture sizes, the pole has to
be truncated at xa and xb related by

xa =

(
ymin

ymax
− 1

)
M1

M2
+

ymin

ymax
xb. (8)

To keep the central beam atx = 0 at the entrance of the separator,
it follows that xa = −xb, and therefore

xa =
M1

M2

(
ymin − ymax

ymin + ymax

)
. (9)

To facilitate the manufacturing and measurement processes,
the gap size is kept between 10 and 400 mm. Using (9), the
truncation for each sector is

xa1 = − xb1 = 0.775 m (10)

xa2 = − xb2 = 0.226 m. (11)

Taking the smallest value of the two and allowing a small
margin, the pole of the magnet extends from x = −225 mm
to x = 225 mm. Using these geometrical parameters a 2D mag-
netic field simulation is carried out, using the coupling method
of boundary and finite elements implemented in the CERN
field computation program ROXIE [11]. The ampere-turns, NI ,
depend on the B1 and the size of the gap, yc, between the poles
in the center of the magnet, i.e., at x = 0.

NI =
2 ycM1

μ0
, (12)

where μ0 is the magnetic permeability. In the present design,
NI = 8992.3 A. Fig. 3 shows the consequence of truncating
the ideal pole profile: it shows By along the x-axis at y = 0
for both the ideal and truncated pole profiles (both without and

Fig. 3. Magnetic field along the x-axis of a truncated and an ideal pole profile.
The pole was truncated at x = ±225 mm.

TABLE I
MULTIPOLES GENERATED WITHOUT AND WITH AXISYMMETRY

with axisymmetry). From x = −200 mm to x = 200 mm, the
difference between the magnetic field generated by the ideal pole
and the truncated pole is below 0.05 T.

The pole profile obtained from (4) describes the pole of a
straight magnet. However, a sector-bend, as shown in Fig. 1,
with a radius of curvature ρ = 0.7 m is required. The revolution
will affect the magnetic length of the various beams. Moreover,
the difference in the surface of the pole and return leg introduces
unwanted higher-order harmonics. This is studied by computing
an axisymmetric field model in ROXIE. This can easily be
accomplished because the boundary-element method does not
require the meshing of the air domain and the far-field boundary
conditions.

For sector 2, the ideal pole profile is described by (7). Fig. 4
shows the ‖ �B‖ in the iron with and without axisymmetry and
Table I gives the multipoles generated in both cases. Even at this
relatively small bending radius, the effect of the revolution on the
air-gap flux density remains below 2 % and for the higher-order
harmonics below 5 %.

E. Building the 3D Magnetic Model

To understand the effects that the transitions between the
sectors, the fringe fields, and the pole-face rotation have on
the beams, a 3D magnetic model was built, using Dassault-
OPERA3D [12]. Figure 5 shows the resulting 3D model of
the beam separator (CAD and FE model). The transition area
between the two sectors is morphed and the exit of the magnet
is trimmed to bring the pole face rotation to zero.
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Fig. 4. Magnetic simulation in 2D of the pole profile defined by
K = −0.0113, M1 = −0.57 T and M2 = 2.4 T/m.

Fig. 5. 3D model of the beam separator with two combined-function sectors.

F. Evaluating the Performance of the Design

Finally, the field map generated by the 3D magnetic model
is exported and used as input in the particle tracking software.
The input beam is a homogeneous beam of 1000 particles, with
horizontal radius of 1 mm, vertical radius of 1.5 mm, horizontal
divergence of 1.5 mrad, vertical divergence of 1 mrad, and
energy spread of 0.5 %. The result of the tracking is shown

Fig. 6. Particle tracking of three beams through the magnetic field generated
by the 3D model of the 2-sector separator magnet.

TABLE II
OUTPUT BEAM PARAMETERS FOR THREE POSSIBLE SOLUTIONS FOR THE BEAM

SEPARATOR: A PURE DIPOLE, A 1-SECTOR COMBINED FUNCTION

(DIPOLE+QUADRUPOLE) AND A 2-SECTOR COMBINED FUNCTION

(DIPOLE+QUADRUPOLE). P, α, BX, BY, DX, DY ARE THE BEAM MOMENTUM,
EXIT ANGLE, HALF HORIZONTAL BEAM SIZE, HALF VERTICAL BEAM SIZE,

HALF HORIZONTAL BEAM DIVERGENCE AND HALF VERTICAL BEAM

DIVERGENCE. THESE PARAMETERS WERE GENERATED BY TRACKING THE

INPUT BEAM THROUGH MAGNETIC FIELD MAPS

in Fig. 6 and the output beam properties are given in Table II.
From the exit angles, the separation angle is a = 52.5 degrees.
For comparison, the separation angle provided by the pure dipole
solution is a ≈ 20 degrees. For the 1-sector combined function
dipole-quadrupole solution, one can achieve a = 57.38 degrees,
however, the horizontal size and divergence of the output beams
is approximately 40% higher than for the new 2-sector solution.

III. DISCUSSION

The current design fulfills the project’s requirements and
yields an improved solution compared to the pure-dipole or
1-sector dipole-quadrupole solutions. Choosing a 2-sector de-
sign as opposed to more was a compromise between the com-
plexity of the design and the effect on the beam. There is also
a compromise in terms of separation angle and the size and
divergence of the output beams: increasing one and decreasing
the other are two counteracting effects. For the manufacturing
of the device, we do not expect major challenges. The yoke can
be machined from a block of solid iron, and the copper coils can
be produced by conventional winding. The design of the field
transducer for the magnetic measurement of this curved magnet
shall be investigated. Some options are: probing the aperture
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with a Hall sensor to reconstruct the field map and using a curved
coil magnetometer for the integrated bending strength. Ideally,
beam-based measurements would be performed.

IV. CONCLUSION

The proposed method for designing the beam separator offers
a compact solution well-suited for implementation in a FLASH
medical facility. Other projects with demanding beam require-
ments can benefit from this beam-based magnet design. The
device is designed for steady-state operation, enabling high rep-
etition rate beams. Its complexity resides in its design rather than
its operation. Compared to pure dipole and 1-sector combined
dipole-quadrupole solutions, the new 2-sector design offers a
better balance between the separation angle and the horizontal
beam size and divergence.
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