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Abstract

CERN is working towards a new, larger circular collider
complex, the Future Circular Collider (FCC-ee), with a peri-
meter of 90.7 km. This paper addresses some of the chal-
lenges associated with beam-transfer equipment. The FCC-
ee requires numerous kicker systems for beam disposal and
transfers from injectors to the main collider ring. To stand-
ardise hardware parameters across machines and reduce
the variety of beam-line components, this work proposes
a lumped-inductance kicker magnet for multiple systems.
To adapt the design for different purposes within the FCC
complex, only the number of modules is adjusted to achieve
the required deflection, while maintaining a low voltage
for each module to enable operation outside the vacuum.
This common design offers significant advantages for spares,
maintenance, production, and machine protection. Initial
design-study results from numerical simulations of the beam-
line element are presented, along with system-level options
for integration with the FCC-ee accelerator.

INTRODUCTION

The FCC-ee, a proposal for CERN’s next flagship accel-
erator, will enable higher precision measurements of the
Higgs particle with collision energies up to 365 GeV in the
tt mode [1].

Key accelerator systems are currently being developed as
part of the project’s reference design phase. These include
the injection and extraction systems, which comprise kicker
magnets to steer the beam. Established kicker technologies
comprise lumped inductance, transmission line, and strip-
line kickers, with the selection depending on required beam
timings, desired deflection angles, and available beamline
length [2].

Lumped Inductance (LI) kickers offer strong beam deflec-
tion capabilities and are cost-effective due to their simpli-
city and robustness. A primary limitation is that achieving
field rise and fall times considerably below the 1 s range
is challenging, given their lumped-element nature and the
travelling wave phenomena in cable connections [2]. The
injection and extraction kicker systems for the FCC-ee and
their requirements have been outlined in [3]. Table 1 details
the systems for which an LI kicker magnet topology has
been chosen, along with their key specifications. This paper
presents the design of a common LI kicker magnet module
suitable for all these systems. While the requirements for the
magnetic field homogeneity are identical for these systems,
the necessary deflection angle (kick strength) varies. These
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differing requirements can be accommodated by using a vari-
able number of identical modules based on a single LI kicker
design, as well as by varying their generator characteristic
impedance.

Table 1: FCC-ee LI Kicker System Requirements

Collider
injection

Collider
dump

Booster
dump

Booster
extraction

Energy [GeV] 45-182.5 45-182.5 45-182.5 45-182.5

Kick angle [mrad] 0.196 0.396 0.08 0.396

Rise/fall times [ns] 600 600 600 600

Flat top length [ps] 304 304 304 304

Flat top quality [%] +0.6 +20 +1.5 +20

Maximum

repetition rate [Hz] & 1 0.3 01

Magnetic field

homogeneity [%] 03 0.3 03 03
MAGNET DESIGN

The design of an appropriate LI kicker must satisfy several
key requirements. The magnetic field quality must meet the
specifications set by beam optics considerations. Addition-
ally, the inductance must be sufficiently low to enable the
required magnetic field rise and fall times. Other important
considerations include the beam-coupling impedance and
its impact on beam stability.

Field Quality

One of the challenges in the magnet design is the required
magnetic field homogeneity of +0.5%. The field homogen-
eity is defined as the maximum deviation of the vertical
magnetic field within the good field region (GFR) compared
to its centre point value. For this design, the GFR is prelim-
inary defined to coincide with the required beam stay-clear
area (BSC). This deviation is calculated as shown in Eq. (1),
with the y-axis being the vertical axis of the magnet cross
section.

B,-B
y y,centre
AB, = | 2222

- 100% (1

y,centre

An initial design choice is the shape of the magnetic yoke,
with options including a C-core and a window-frame topo-
logy. A window-frame magnet fully encloses the busbars
with ferrite material, splitting the magnetic flux between
two return paths and allowing the use of a thinner yoke for
the same magnetic field strength and aperture. Furthermore,
its symmetric field distribution, makes the window-frame
design more suitable for meeting the stringent field homo-
geneity requirements.
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Figure 1: Field homogeneity with flat and shaped busbars.

Finally, the design foresees the insertion of an alumina
chamber, which houses the vacuum and serves as a mechan-
ical support for a beam screen.

Static Behaviour

Design studies have been conducted using ANSYS Max-
well [4]. To establish a baseline, the field homogeneity was
first evaluated under magneto-static conditions, assuming a
uniform current density across the conductor cross-section.
An initial simulation of a window-frame magnet accom-
modating a large 60 mm by 60 mm square BSC, based on
the FCC-ee beam pipe diameter, was performed to assess
the achievable field homogeneity. The conductor features a
5 mm horizontal thickness and is surrounded by a 2.5 mm
insulation clearance. The distance between the busbars is
81 mm, and the vertical aperture is 76 mm, selected to ac-
commodate an alumina chamber, including mechanical tol-
erances. As shown in Fig. 1 (left), the resulting field homo-
geneity for flat conductors falls outside the acceptable range
across most of the horizontal aperture. To mitigate this, the
conductor profile was optimised by adding bumps near the
corners of the GFR. This modification yielded the signi-
ficantly improved homogeneity depicted in Fig. 1 (right).
This design aperture was based on preliminary GFR estim-
ates. Following this evaluation, a highly flat beam profile
was established by the beam optics, allowing for a reduced
and, consequently, more efficient vertical aperture for the
subsequent design stages.

Transient Behaviour

Transient 2D field simulations showed that the current
density distribution in the conductors shifts over the 304 s
pulse duration, due to skin and proximity effects. The ob-
served behaviour is consistent with established literature
on magnetic field diffusion in conductive slabs [5]. Con-
sequently, for 5 mm copper conductors, a steady state current
distribution is not reached within the pulse time frame, mak-
ing transient studies more suitable for the magnet design.

In addition to the dynamics caused by magnetic diffusion,
the transient current distribution is heavily governed by the
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Magnetic Homogeneity vs. Time
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Figure 2: Field homogeneity with curved windings in the
time-domain.

proximity effect. During the fast transients of the excita-
tion pulse, the current concentrates along paths of minimal
impedance to reduce the system’s overall inductance. The
previously introduced bumps on the copper busbars exacer-
bate these dynamics by providing localised low-impedance
paths. As a result, pronounced current crowding occurs at
these specific locations, causing the magnetic field homo-
geneity to remain highly dynamic and outside the allowed
specifications (Table 1) for much of the pulse duration. This
degraded transient field quality is illustrated in Fig. 2.

Extensive investigations were conducted to develop a mag-
netic design that maintains the required field homogeneity
throughout the 304 us pulse duration. Simultaneously, the
vertical aperture was reduced to minimise the stored en-
ergy, thereby relaxing the requirements for the pulsed power
generator. Incorporating input from beam physics and mech-
anical considerations, the resulting magnet cross-section is
shown in Fig. 3, featuring a vertical aperture of 30 mm. In
this figure, the preliminary beam chamber cross section is
shown in black, while the light green rectangle highlights
the area considered for field homogeneity evaluation, desig-
nated as the GFR, measuring 60 x 4 mm in the full model.
The model includes a eddy-current shield, located between
two ferrites halves and intended to shield the magnetic field
induced by the beam in the yoke. Due to the computational
demands of time-domain solvers, quarter-symmetry condi-
tions were applied to accelerate simulations. Consequently,
the subsequent results represent a quarter of the full magnet
geometry.

With a flat conductor profile, the magnetic field distribu-
tion did not meet the required field homogeneity specific-
ations. To address this, a gap was introduced, effectively
splitting each conductor into two parallel sections. To im-
prove manufacturability, this parallel arrangement was ap-
proximated by a single grooved conductor. By ensuring
a sufficient groove depth, the current flowing through the
connecting bridge remains negligible over the duration of
the pulse. This solution is termed ‘quasi-parallel’ LI kicker.
Optimisation of the geometry for transient field homogeneity
yielded the cross-section shown in Fig. 3, which features a
7 mm wide and 2.5 mm deep groove. The total horizontal
copper thickness remains 5 mm, and a 2.5 mm clearance sur-
rounding the conductor is preserved for electrical insulation
and mechanical tolerances.
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Figure 3: Quarter-Symmetric 2D ‘quasi-parallel’ kicker
model.
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Figure 4: Field homogeneity with the ‘quasi-parallel” wind-
ings in the time-domain.

A transient analysis was performed with this geometric
configuration to verify compliance with the required spe-
cifications. The model is driven by a trapezoidal current
excitation featuring a 600 ns rise and fall time and a 304 ps
flattop. The simulated field homogeneity for four time steps
along the pulse flat-top is shown in Fig. 4. The field homo-
geneity meets the required specification at the beginning of
the flattop and improves as the pulse progresses.

A conductive beam chamber coating is foreseen to min-
imise beam coupling impedance and reduce beam-induced
heating. However, eddy currents induced in this coating
will partially shield the fast-rising magnetic field, negatively
impacting both the field rise time and homogeneity. Con-
sequently, the coating thickness must be determined as a
compromise: it must be sufficiently thick to carry the beam
image current, yet thin enough to limit degradation of the
kicker magnet’s transient performance.

SYSTEM-LEVEL REQUIREMENTS

With the cross-sectional magnet geometry established in
the preceding sections, the total magnet length per kicker
system is driven by the integrated field necessary to achieve
the specified deflection. Conversely, the length of each in-
dividual magnet module is constrained by the rise time re-
quirements, as a longer module possesses a larger inductance.
Therefore, a chain of multiple identical magnet modules is
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foreseen for each system. These fundamental dependencies
are described by Eqgs. (2)—(5).

[ Bdl
Bp ~3.3356- E(GeV) (2) 0def = W 3)
H I
Lier = Ho* oL @) he =5 ZHE 0 (5)

ap system

Equations (2) and (3) describe the beam rigidity for ultra-
relativistic particles and the resulting deflection angle from
an integrated magnetic field. The inductance of the kicker
module is determined by its magnetic aperture and physical
length, as defined by Eq. (4). Consequently, this inductance,
combined with the characteristic system impedance, estim-
ates the achievable field rise time as shown in Eq. (5). A
higher system impedance yields a faster current rise time, but
requires a correspondingly higher driving voltage to achieve
the necessary magnet current.

Assuming an initial baseline system impedance of 10 Q,
Table 2 summarises the expected minimal number of mag-
nets for each FCC-ee kicker system. To facilitate a straightfor-
ward pulse generator design and reliable magnet insulation
for out-of-vacuum operation, the driving voltage and nom-
inal current were limited to 10kV and 1 kA, respectively.
For certain systems, pending machine protection considera-
tions may prescribe a higher minimum number of magnet
modules. Furthermore, the low-pass shielding effect of the
beam chamber coating may necessitate for additional mar-
gin in the current rise time to compensate for the delayed
field penetration, which may make a higher system imped-
ance more suitable. Finally, the total number of magnets
will likely increase in the final design to account for the
availability of hot spare LI kicker modules.

Table 2: Summary of System Parameters

System Expected Max. Magnet Min. No.
Field [ImT] Length [m] of Magnets
Booster Extraction 41.89 0.347 9
Collider Injection 41.89 0.347 4
Collider Dump 41.89 0.347 17
Booster Dump 41.89 0.347 17
CONCLUSION

A common lumped-inductance kicker magnet module
design has been proposed to serve multiple injection and
extraction systems across the FCC-ee complex. An optimum
coil geometry has been developed, to mitigate dynamic prox-
imity effects while meeting the stringent +0.5% field homo-
geneity requirements over the entire 304 ps flattop. System-
level calculations show that adjusting the number of mod-
ules enables the various deflection requirements to be met
while keeping the operational voltage and current within
acceptable limits. With no major showstoppers identified
so far, future work will focus on 3D electromagnetic model-
ling, beam coupling impedance studies, including the beam
chamber coating, pulse generator design, and final system
impedance optimisation.
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