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Abstract

SwissFEL uses two 1 m-long planar dielectric wakefield
structures to manipulate the beam’s energy chirp in its hard
X-ray beamline, Aramis. Simulations show wakefields gen-
erated in the structures that can be used to accelerate witness
beams. Many wakefield structures use a high-charge, ~ ps-
long drive beam to excite strong accelerating wakes. Here
we introduce SwissFEL’s dielectric wakefield structures and
simulate the wakefields produced inside the structures by
~ fs beams. The longitudinal wake potential dependence
on bunch length, structure gap, dielectric thickness and di-
electric permittivity is investigated. We find the thickness
and permittivity of the structures’ dielectric coating deter-
mine the location of the first accelerating peak of the wake
potential. We compare the longitudinal wake potentials gen-
erated in the dielectric structures with those in SwissFEL’s
planar corrugated metallic structures. Finally, we consider
the quadrupole wakefields excited in the structures.

INTRODUCTION

Wakefields structures can manipulate a charged particle
beam’s phase space. Structures have been designed to gen-
erate wakefields to accelerate, streak, dechirp, or energy-
modulate particle beams [1-4]. SwissFEL currently has 12
planar wakefield structures installed. The 10 planar metallic
corrugated structures and their uses have been previously
described [3—6]. Two identically-designed planar dielectric
wakefield structures are installed at the end of SwissFEL’s
6 GeV linear accelerator (LINAC) [7]. Each structure is
made of two parallel girders with aluminium plates coated
with alumina dielectric. The separation between a structures
girders is adjustable and the two dielectric structures are
installed orthogonally relative to each other.

A diagram of one of the structures is shown in Fig. 1. The
corresponding parameters are listed in Table 1.

Table 1: Parameters of Each of SwissFEL’s Planar Dielectric
Wakefield Structures

Parameter Value
length, L 1000 mm
width, 2w 42 mm
dielectric thickness, d 0.4 mm
gap, 2a 0.5-4 mm
dielectric relative permittivity, €, 10
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Figure 1: Transverse cross-section of a SwissFEL planar
dielectric wakefield structure. The dielectric layer is shown
in pink. The beam, shown in black and represented on-
axis, generates wakefields as it travels between the dielectric
layers. The diagram is not to scale.

SIMULATIONS OF SwissFEL’S PLANAR
DIELECTRIC WAKEFIELD STRUCTURES

Figure 2 shows longitudinal wake potentials generated in
the structure by various ~ fs bunch lengths. Typically the
short-range wakefields are used to reduce the energy of the
tail of the beam to reduce the beam’s energy chirp. Behind
the beam, the wake potentials feature many accelerating
peaks typical of a multimode wakefield structure. A bunch
train travelling through a multimode structure has been used
to resonantly load the wakefields which is believed to drive
large accelerating wakefields [8,9]. The first and largest
accelerating peak of the wakes in the SwissFEL structures
is located near + = 8 ps. The location of the accelerating
peak does not change significantly with structure gap. We
expect the simulation would predict further damping of the
wake if the simulation included complex permittivity [10].
The ECHO2D simulations [11] assumed a pencil beam trav-
elled on-axis and the dielectric surface was flat. The high-
frequency oscillations in the wake potentials are numerical
artifacts that vanish when the mesh is refined [12].

For a fixed structure gap, the accelerating gradient can
be increased by either increasing the drive beam charge, de-
creasing the drive beam length, or both. The amplitude of
the accelerating peaks in Fig. 2 suggests as the bunch length
is reduced, the wake potential’s maximum accelerating gra-
dient reaches a plateau close to 0.2 MV/pC/m. The bunch
length-independent wake potential corresponds to the struc-
ture’s single-particle wake function. For SwissFEL’s 200 pC
beam and combined 2 m of structure, the peak unloaded
accelerating wake corresponds to a ~40 MV/m accelerat-
ing gradient. At larger structure gaps, the wake potential
saturates at lower amplitude and for a longer bunch. A struc-
ture with an adjustable gap may be useful for schemes to
iteratively center the structure about the beam.
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Figure 2: Longitudinal wake potential of the SwissFEL
planar dielectric structures generated using bunch lengths
similar to those achievable in SwissFEL. The simulated
structure had a gap of 2a = 0.5 mm.
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Figure 3: Longitudinal wake potential of the SwissFEL
planar dielectric structures generated using relatively long
beams (dashed lines). The simulated structure had a gap of
2a = 0.5 mm.

When the drive beam length is increased, a single mode
can be excited in the structure resulting in a sinusoidal longi-
tudinal wake potential, with smaller amplitude than the short
beam case. Figure 3 shows, when 2a = 0.5 mm, the wake-
field becomes sinusoidal when a 3 ps beam passes through
the structure. In the SwissFEL injector, the beam is ¢ =
3 ps, suitable to drive a sinusoidal wake potential [13].

PLANAR DIELECTRIC STRUCTURE
PARAMETER SCAN

SwissFEL simultaneously serves two beamlines using
two 200 pC bunches nominally separated by 28 ns. Because
it is difficult to find a machine configuration to produce a
drive-witness pair separated by 8 ps to verify the wakefields
predicted by the simulation, we investigated the wakes in
different structures. Figure 4 shows the thickness of the
alumina coating and its permittivity determine the location
and amplitude of the first accelerating peak. For this reason,
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Figure 4: Dielectric permittivity scan with d = 0.4 mm (top)
and dielectric thickness parameter scan with € = 10(bottom)
with a gap of 2a = 0.5 mm generated by a ¢ = 74 fs beam
(black dashed lines).

dielectric materials with tunable permittivity have previously
been studied [14,15]. Varying the dielectric permittivity also
affects the amplitude and slope of the short-range wakes. The
short-range wakes were not sensitive to different dielectric
thickness in the range we scanned. The accelerating peak
maximum varies with dielectric thickness as well. Dielectric
structures with increased thickness and permittivity would
have a first accelerating peak closer to the current bunch
spacing and a decreased accelerating amplitude.

For SwissFEL’s ~fs beams, a sinusoidal wake potential
can be obtained by using structures with thin coatings. The
wake potential generated by a ¢ = 74fs beam becomes
sinusoidal for coating thicknesses less than 10 pum. The si-
nusoidal wake potential damps faster than non-sinusoidal
wake potentials generated in the structure.

COMPARISON WITH SwissFEL’S
CORRUGATED STRUCTURES

SwissFEL’s corrugated structures have been used to ma-
nipulate the injector beam’s longitudinal phase space [6].
We evaluated the long-range longitudinal wakefields in three
different corrugated structures driven by a short beam.
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Figure 5: Longitudinal wake potential of SwissFEL’s planar
corrugated structures with a gap of 2a = 0.5 mm generated
by a ¢ = 74 fs drive beam (black dashed line).
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Figure 5 shows the planar corrugated metallic structures
do not feature distinct accelerating peaks over the same time
scale where accelerating peaks were predicted in the dielec-
tric structure wakes. The wakes have accelerating portions
with a lower amplitude than the dielectric structures. The
wake produced by the dechirper geometry has qualities of a
single mode wake modulated by a high frequency mode. For
the same beam o = 74 fs and structure gaps, 2a = 0.5 mm,
SwissFEL’s corrugated structures produce lower amplitude
short-range wakepotentials than SwissFEL’s dielectric struc-
tures.

QUADRUPOLE WAKEFIELDS

Because planar dielectric structures do not have rotational
symmetry, quadrupole wakefields are excited even when
a beam travels through SwissFel’s planar dielectric struc-
tures device on-axis. Quadrupole wakefields apply time-
dependent focusing which can potentially increase the beam
size and emittance [16—19]. When a drive-witness pair travel
through the structure, the witness beam experiences the su-
perposition of its own quadrupole fields and those excited
by the drive beam. Figure 6 shows the net quadrupole wake
seen by a witness beam using drive-witness beam param-
eters similar to those possible at the Argonne Wakefield
Accelerator Facility (AWA). The witness beam experiences
quadrupolar wakefields of different signs in its head and tail,
passing through a zero-crossing in its core.

The effect of the quadrupole wakefields can be mitigated
using different techniques. In general, beams with elliptical
transverse cross-sections do not excite quadrupole wake-
fields as strongly as beams with Gaussian transverse dis-
tributions. Alternatively, two planar dielectric wakefield
structures with alternating orientations can be used to com-
pensate the quadrupole wakefields generated in each struc-
ture by generating quadrupole wakes of opposite sign. In
this case, where the witness beam’s head and tail experience
quadrupole wake potentials of different signs, the effect of
the wakes could be minimized by tightly focusing the beam’s
head and tail.
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Figure 6: Quadrupole wake potential (green) of SwissFEL’s
planar dielectric structures with a gap of 2a = 0.5 mm gen-
erated by a ¢ = 1 ps, Q = 2nC drive beam (blue) and a o =
0.9 ps, O = 1 nC witness beam (orange). In the other plane,
Wyg=-Weg

CONCLUSION

The planar dielectric wakefield structures currently in-
stalled at the end of SwissFEL's LINAC can be used for
collinear wakefield acceleration. Simulations of the struc-
tures’ long-range longitudinal wake potentials show an ac-
celerating peak 8 ps behind the drive beam. The dielectric
permittivity and dielectric thickness determine the location
of the accelerating peak. SwissFEL’s planar metallic corru-
gated wakefield structures produce lower-amplitude acceler-
ating longitudinal wake than the dielectric structures. The
quadrupole wakefields generated in the SwissFEL structure
using AWA’s drive-witness beam results in the witness beam
experiencing focusing and defocusing quadrupole wakes.
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