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Abstract
Beam-driven collinear wakefield acceleration using struc-

ture wakefield accelerators promises a high gradient accel-
eration within a smaller physical footprint. Sustainable ex-
traction of energy from the drive beam relies on precise
understanding of its long term dynamics and the possible
onset or mitigation of the beam instability. The advance of
computational power and tools makes it possible to model
the full physics of beam-driven wakefield acceleration. Here
we report on the long-term beam dynamics studies of a drive
beam considering the example of a dielectric waveguide us-
ing high fidelity particle-in-cell simulations performed with
WarpX.

INTRODUCTION
In a beam-driven collinear wakefield accelerator (CWA),

a high-charge drive beam propagates through a slow-wave
medium to generate wakefields, which then accelerate a trail-
ing witness beam. The slow wave medium can be plasma, di-
electric waveguides or metallic waveguides with corrugation.
In the case of using electromagnetic waveguides. Large am-
plitude wakefields can be generated using waveguides with a
small aperture excited by a high-charge bunch. For example,
the loss factor 𝜅 of a cylindrical waveguide is inversely pro-
portional to the square of its aperture size 𝑎, 𝜅 ∝ 𝑎−2 [1]. In
addition to using high charge, drive beams with asymmetric
current profile are being considered in CWAs to enhance the
transformer ratio, R ≡ |𝐸+/𝐸− |, where 𝐸+ is the maximum
accelerating field behind the drive bunch, and 𝐸− is the max-
imum decelerating field within the drive bunch. However,
beam-breakup (BBU) instability caused by associated strong
transverse wakefields (with transverse loss factor 𝜅⊥ ∝ 𝑎−3)
is one of the main challenges toward the practical realization
of a CWA. Hence, efficient modeling of the beam dynam-
ics inside a CWA is important for designing and building a
practical CWA.

Advances in computer simulation software in accelera-
tor modeling along with the availability of large computing
resources are enabling first-principle electromagnetics sim-
ulations of beam dynamics in a CWA. For such simulations,
particle-in-cell (PIC) simulations is a popular technique be-
ing used to model beam dynamics. In this paper, we report
preliminary simulation studies of the drive-beam dynamics
inside a CWA consisting of dielectric waveguides with su-
perimposed external focusing. The model is implemented
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using a finite-different time-domain (FDTD) PIC algorithm
in the WarpX open-source electromagnetics framework be-
ing developed for accelerator modeling [2].

Figure 1: A dielectric wakefield accelerator consists of a
dielectric waveguide embedded in a series of interleaving
focusing (red) and defocusing (blue) quadrupole magnets.
A drive beam (green ellipse) generates wakefields (blue
sinusoidal waves) by passing through the waveguide.

DIELECTRIC-WAKEFIELD
ACCELERATOR

We considered a CWA with dielectric waveguides, which
we shall refer as a dielectric wakefield accelerator (DWA).
This accelerator consists of a dielectric waveguide embed-
ded in a series of interleaving focusing and defocusing (FD)
quadrupole magnets for beam transport. Wakefields are gen-
erated by propagating a drive beam inside the accelerator. A
schematic diagram of a DWA appears in Fig. 1. Earlier stud-
ies of a DWA were performed in Ref. [3] using a two-particle
model tracking code to address the limit of accelerating gra-
dient. In addition, simulation performed with the particle-
tracking program elegant [4] indicates that a FODO lattice
with a tapered quadrupole-magnet strength and asymmetric
shaped drive beams with a large energy chirp can suppress
the BBU instability [5]. Further investigation performed
using a two-particle model provided further guidance on
possible external-focusing configurations [6]. The latter pa-
per specifically demonstrated that a drive beam with a large
energy chirp and a tapered focusing-defocusing (FD) chan-
nel could suppress the BBU instability. Correspondingly, we
considered a drive beam with an asymmetric current profile
and a DWA with FD channels to conduct our simulation
studies.

The dielectric waveguide considered throughout this
paper is a multi-mode structure with fundamental-mode
frequency 𝑓 ≃ 148 GHz; see the structure parameters
listed in Table 1. We considered using quadrupole without
tapering focusing strength to test the limit of the drive beam
stability. Table 1 shows properties of a DWA that we used in
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our simulation studies. A betatron phase advance of 0.1𝜋 in
both planes was selected in order to minimize the transverse
beam-size variation.

For the drive beam, we considered using a doorstep dis-
tribution proposed in Ref. [7]. The beam distribution was
generated using Eq. 6 of ref. [8] and consistent with the one
achieved from start-to-end simulations in Ref. [8]. Since
current profile with sharp edges will cause numerical noises
in PIC simulations, we patched both ends of the beam with a
Gaussian function of user-defined variable𝜎1 to have smooth
head and tail edges. Parameters of the drive beam are shown
in Tab. 1.

Table 1: Properties of the DWA Structure and Drive-bunch
Distribution used in the Simulations. The parameters 𝜉 and
𝜎1 are defined in Eq. 6 of Ref. [8].

Property of DWA Value Unit
Inner radius 1 mm
Outer radius 1.2 mm
Dielectric constant 3.8 -
Wavelength of the first mode 2.03 mm
Frequency of the first mode 147.97 GHz
Quadrupole gradient 1000 T/m
Phase advance 0.1𝜋 -
Property of the drive beam Value Unit
Total charge 10 nC
𝜉 0.2525𝜆 -
Total length 𝜆 -
Normalized emittance 10 µm
Energy of the reference particle 1 GeV
Chirp −49 m−1

Intrinsic relative energy spread 0.001 -
𝜎1 0.015𝜆 -

WARPX MODEL
The model was implemented in WarpX and uses the

macroscopic electromagnetic solver. Beam distribution was
generated in openPMD data format [9, 10] and used as an
input in WarpX. In order to increase precision and reduce
running time, a moving-window approach is implemented
where the field are only computed over a limited compu-
tational domain surrounding and moving with the drive
bunch. Despite the cylindrical symmetry of the problem,
the model was implemented in a Cartesian domain to prop-
erly account for 3D beam-dynamics effect arising from the
interaction with high-order multipole components of the
wakefields. The key parameters used in WarpX appear in
Table 2. In order to gain confidence in our implementation
we first considered a long moving window (including the
bunch and few periods of the radiation field behind) with a
total length of 3.75𝜆 (𝜆 being the fundamental-mode wave-
length); the resulting longitudinal wakefield computed over

Table 2: Parameters of WarpX used for Simulation Studies.

Parameter Value Unit
Version 22.04 -
Number of cells in 𝑥, 𝑦 128 -
Number of cells in 𝑧 1920 -
Billinear filter True -
Number of passes in 𝑥, 𝑦 3 -
Number of passes in 𝑧 4 -
CFL number 1 -
Boundary condition in 𝑥, 𝑦, 𝑧 PEC -
Simulation domain in 𝑥, 𝑦 2×outer radius -
Cell size in 𝑧 𝜆/512 -
Rigid injection True -
Initial position in 𝑧 1.2 mm
Rigid injection plane 5 cm
Time step 𝜆/512𝑐 -

a plane 𝐸𝑧 (𝑥, 𝑦 = 0, 𝑠) is displayed in Fig. 2. Figure 3 com-
pares the on-axis longitudinal wakefield 𝐸𝑧 (𝑠, 𝑥 = 𝑦 = 0)
obtained from WarpX with the field computed by convolv-
ing the numerically-computed Green’s functions with the
drive-beam charge distribution [11]. The fields agree up to
the first peak of the wakefield while some minor deviations
are observed further away from the bunch.
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Figure 2: Snapshot of the drive beam traveling in the DWA
with corresponding longitudinal field 𝐸𝑧 (𝑥, 𝑦 = 0, 𝑠) field.

SIMULATION OF A LONG DWA
Long term simulation of a drive beam in a DWA were

performed over a length of 7.45 m. The moving-window
length and the number of cells in 𝑧 are set to respectively
1.25𝜆 and 640 to reduce the computational cost.

Figure 4 shows a 2D snapshot of the drive beam and
the longitudinal wakefield at the end of the simulation. The
onset of the BBU instability is observed at the tail edge of the
beam. To further investigate the instability, the drive beam
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Figure 3: Comparison of 𝐸𝑧 (𝑥 = 𝑦 = 0, 𝑠) extracted from
WarpX (blue line) and from Green’s function approach (or-
ange dashed line).

was divided into 6 longitudinal slices for further analysis
as shown in Fig. 5. Figure 6 shows the evolution of slices’

Figure 4: Snapshot of the drive beam traveling in the DWA
with corresponding longitudinal field 𝐸𝑧 (𝑥, 𝑦 = 0, 𝑠) field at
the end of the simulation. The onset of BBU can be observed
at the tail of the beam.

centroids along the accelerator beamline and confirm that
the centroid of the slice 5 oscillate with an exponentially-
growing amplitude. Similar features are observes on the
evolution of the centroid associated with slice 0 albeit in a
sub-micron level; see in Fig. 7. These results indicate that
beam breakup instability due to misalignment occurred in
all slices, but differed in growing amplitude. It confirms
that the instability mainly affect the tail of the bunch. In the
present case no initial misalignment were introduce and the
observation of the onset of the BBU instability is the results
of small misalignments (coming from numerical noise) at
the sub-micron level. Such a misalignment will most likely
be present in drive beam produced from realistic accelerator.

CONCLUSION
In summary, we have successfully implemented

FDTD/PIC simulations of a drive beam passing through a

0.25 0.00 0.25 0.50 0.75
s/λ, -

0

1000

2000

3000

nu
m

be
r 

of
 p

ar
tic

le
s

Figure 5: Longitudinal slices for the analysis shown in Fig. 6.
Slice #0 correspond the the head (right) of the bunch.
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Figure 6: The evolution of beam centroid for all slices.

0 2 4 6 8〈
s
〉
 (m)

0.02

0.00

0.02

〈 x〉  (µ
m

)

slice0

Figure 7: The evolution of beam centroid of slices 0.

DWA using the WarpX framework. Long-term simulations
performed over a 7.45 m length suggests that the drive
beam exhibits the onsets of a beam breakup instability
throughout its propagation in the DWA where the centroids
of longitudinal slices exhibit periodic transverse oscillation
with exponentially-growing offsets. As expected, the
centroid oscillations amplitudes are larger toward the tail
of the bunch. So far our simulations have focused on a
specific betatron phase advance. The tools developed will
be further used to explore the impact of different parameters
and possible mitigation of this BBU instability.

ACKNOWLEDGMENTS
PP and WHT would like to thank Dr. A. Zholents and

Dr. Baturin (Itmo University) for earlier collaboration on

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-MOPOMS012

MC3: Novel Particle Sources and Acceleration Techniques

A15: New Acceleration Techniques

MOPOMS012

647

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



the topic of BBU in a corrugated accelerator [12, 13]. This
work is supported by the U.S. DOE, under award No. DE-
SC0022010 to NIU, and contract No. DE-AC02-06CH11357
with ANL. This research used the open-source particle-in-
cell code WarpX https://github.com/ECP-WarpX/WarpX,
primarily funded by the US DOE Exascale Computing
Project. Primary WarpX contributors are with LBNL,
LLNL, CEA-LIDYL, SLAC, DESY, CERN, and Modern
Electron. We acknowledge all WarpX contributors. This
research used resources of the National Energy Research Sci-
entific Computing Center (NERSC), a U.S. Department of
Energy Office of Science User Facility located at Lawrence
Berkeley National Laboratory, operated under Contract
No. DE-AC02-05CH11231 using NERSC award DDR-
ERCAP0022112.

REFERENCES
[1] G. Stupakov and K. L. F. Bane, “Surface impedance formal-

ism for a metallic beam pipe with small corrugations,” Phys.
Rev. ST Accel. Beams, vol. 15, p. 124 401, 12 2012, doi:
10.1103/PhysRevSTAB.15.124401

[2] A. Myers et al., “Porting warpx to gpu-accelerated plat-
forms,” Parallel Computing, vol. 108, p. 102 833, 2021, doi:
https://doi.org/10.1016/j.parco.2021.102833

[3] C. Li, W. Gai, C. Jing, J. G. Power, C. X. Tang, and A. Zho-
lents, “High gradient limits due to single bunch beam breakup
in a collinear dielectric wakefield accelerator,” Phys. Rev.
ST Accel. Beams, vol. 17, no. 9, p. 091 302, 2014, doi:10.
1103/PhysRevSTAB.17.091302

[4] M. Borland, “ELEGANT: A Flexible SDDS-Compliant Code
for Accelerator Simulation,” in 6th International Computa-
tional Accelerator Physics Conference (ICAP 2000), 2000,
doi:10.2172/761286

[5] D. Y. Shchegolkov, E. I. Simakov, and A. A. Zholents, “To-
wards a Practical Multi-Meter Long Dielectric Wakefield
Accelerator: Problems and Solutions,” IEEE Transactions

on Nuclear Science, vol. 63, no. 2, pp. 804–811, 2016, doi:
10.1109/TNS.2015.2482820

[6] S. S. Baturin and A. Zholents, “Stability condition for the
drive bunch in a collinear wakefield accelerator,” Phys. Rev.
Accel. Beams, vol. 21, no. 3, p. 031 301, 2018, doi:10.
1103/PhysRevAccelBeams.21.031301

[7] K. L. Bane, P. Chen, and P. B. Wilson, “On collinear wake
field acceleration,” Proceedings of the 1985 Particle Ac-
celerator Conference (PAC1985): Accelerator Engineering
and Technology Vancouver, BC May 13-16, 1985, vol. 32,
pp. 3524–3526, 1985, doi:10.1109/TNS.1985.4334416

[8] W. H. Tan, P. Piot, and A. Zholents, “Formation of temporally
shaped electron bunches for beam-driven collinear wake-
field accelerators,” Phys. Rev. Accel. Beams, vol. 24, no. 5,
p. 051 303, 2021, doi:10.1103/PhysRevAccelBeams.
24.051303

[9] A. Huebl et al., “Openpmd: A meta data standard for par-
ticle and mesh based data,” 2015, doi:10.5281/zenodo.
591699

[10] A. Huebl, F. Poeschel, F. Koller, and J. Gu, “openPMD-api:
C++ & Python API for Scientific I/O with openPMD,” 2018,
doi:10.14278/rodare.27

[11] P. Piot, F. Lemery, and J. Wang, DiWakeCyl: a com-
puter program to compute Green’s functions for
dielectric-lined cylindrical-symmetric waveguides,
https://github.com/NIUaard/DiWakeCyl, 2020, https:
//github.com/NIUaard/DiWakeCyl

[12] A. Zholents et al., “A preliminary design of the collinear
dielectric wakefield accelerator,” Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spec-
trometers, Detectors and Associated Equipment, vol. 829,
pp. 190–193, 2016, 2nd European Advanced Accelerator
Concepts Workshop - EAAC 2015, doi:https://doi.
org/10.1016/j.nima.2016.02.003

[13] A. Siy et al., “Fabrication and testing of corrugated waveg-
uides for a collinear wakefield accelerator,” Phys. Rev. Ac-
cel. Beams, vol. 25, p. 021 302, 2 2022, doi:10.1103/
PhysRevAccelBeams.25.021302

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-MOPOMS012

MOPOMS012C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

648

MC3: Novel Particle Sources and Acceleration Techniques

A15: New Acceleration Techniques


