Nuclear Inst. and Methods in Physics Research, A 909 (2018) 271-275

journal homepage: www.elsevier.com/locate/nima

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

NUCLEAR
INSTRUMENTS
&METHODS

Simulations of an energy dechirper based on dielectric lined waveguides N

Y. Nie®*, G. Xia "¢, T. Pacey "¢

2 CERN, CH-1211 Geneva 23, Switzerland
b School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
¢ The Cockcroft Institute, Sci-Tech Daresbury, Daresbury, Warrington, United Kingdom

Check for
Updates

ARTICLE INFO ABSTRACT

Keywords:

Dielectric wakefield accelerator
Ultra-short electron bunch
Energy spread dechirper

Terahertz frequency wakefields can be excited by ultra-short relativistic electron bunches travelling through
dielectric lined waveguide (DLW) structures. These wakefields can either accelerate a witness bunch with high
gradient, or modulate the energy of the driving bunch. In this paper, we study a passive dechirper based on the
DLW to compensate the correlated energy spread of the bunches accelerated by the laser plasma wakefield

accelerator (LWFA). A rectangular waveguide structure was employed taking advantage of its continuously
tunable gap during operation. The assumed 200 MeV driving bunch had a Gaussian distribution with a bunch
length of 3.0 um, a relative correlated energy spread of 1%, and a total charge of 10 pC. Both of the CST Wakefield
Solver and PIC Solver were used to simulate and optimize such a dechirper. Effect of the time-dependent self-wake
on the driving bunch was analysed in terms of the energy modulation and the transverse phase space.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Beam driven dielectric lined waveguide (DLW) structures have
multiple applications in the field of accelerator physics [1-4]. Among
others, energy modulation introduced by the self-wake of the driving
bunch can be used to compensate its time-dependent energy spread
(dechirper) or produce bunch trains indirectly. Such a passive wakefield-
based dechirper may simplify the linac beamline design significantly
and improve the performance of the free electron lasers (FELs). The
DLW-based dechirper was suggested in [5,6] and experimentally demon-
strated in [7,8]. Corrugated metallic structure can also work as a
dechirper, as proposed in [9] and demonstrated in [10].

The DLWs have been widely studied both theoretically and experi-
mentally making use of the AWA facility at ANL [11,12], the ATF facility
at BNL [13,14], and the FACET facility at SLAC [15,16]. There are
many other dedicated facilities being constructed or planned to study
advanced electron accelerator concepts including the DLWs, for exam-
ple, CLEAR at CERN [17,18], CLARA in Daresbury Laboratory [19],
SINBAD at DESY [20,21], SPARC_LAB at INFN [17,22], etc. These
facilities can generally provide electron beams with a broad range of
bunch parameters and time structures depending on operating mode. In
Table 1, beam parameters are listed for CLARA (ultra-short pulse) [19]
and state-of-art LWFA (laser plasma wakefield accelerator) [23-25].
Note that these parameters are not simultaneously achievable and are
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subject to be upgraded. As summarized in [24], typical electron beams
from the LWFA have energies of a few hundred MeV (up to 4 GeV),
charges of a few tens of pC, a few fs durations, relative energy spreads
of a few percent (1% at best) and normalized emittances below 1 mm
mrad. These energy spreads are one to two orders of magnitude larger
than desired for FELs and colliders [23].

As previously studied in [21], the DLW structure has the potential to
serve as a dechirper to compensate the positive energy chirp of a LWFA-
accelerated bunch, in which the electrons in the bunch head have lower
energy than those in the tail. In this paper, we report detailed numerical
simulations of an energy dechirper that is based on a rectangular (slab-
symmetric) DLW structure, with the help of the CST Wakefield Solver
and PIC Solver [26].

2. Wakefield simulations

There are two commonly used DLW structures, the cylindrical and
the rectangular dielectric waveguides. For a dechirper in the present
study, the rectangular one is employed taking advantage of its contin-
uously tunable gap [7,8] as shown in Fig. 1. The dielectric material is
diamond, due to its low RF loss tangent, high thermal conductivity and
high RF breakdown threshold. The relative permittivity of diamond &,
is approximately 5.7 in THz frequency range [27].

Received 6 October 2017; Received in revised form 30 October 2017; Accepted 14 November 2017

Available online 11 December 2017

0168-9002/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.nima.2017.11.050
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2017.11.050&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:yuancun.nie@cern.ch
https://doi.org/10.1016/j.nima.2017.11.050
http://creativecommons.org/licenses/by/4.0/

Y. Nie et al.

Table 1

Nuclear Inst. and Methods in Physics Research, A 909 (2018) 271-275

Beam parameters for CLARA, LWFA and PIC (particle-in-cell) simulation in the present study.

Name CLARA LWFA PIC simulation
Status Ultra-short pulse State of art Present study
Energy (MeV) 250 <4x10°%(at 6 pC) 200

Energy spread (%) 1 >1 (at 10 pC, 200 MeV) 1

Bunch length (fs) 25 few fs 10 (3 pm)
Bunch charge (pC) 20-100 <500 (at 250 MeV) 10
Normalized rms emittance (pm) <1 <1 0.5

A three-dimensional (3D) model evaluating wakefields in slab-
symmetric DLWs was presented in [28], which extends the formal-
ism reported in [29] by including all types of modes and provides
more practical closed-form formulas compared to the work presented
in [30,31]. One limitation of this model is that it assumed the charge
distribution was symmetric with respect to the vertical axis. The model
has been benchmarked against 3D finite-difference time-domain sim-
ulations performed with VORPAL and implemented in the popular
PIC beam dynamics tracking program Impact-T. In general, the modes
are classified as longitudinal section magnetic (LSM) and longitudinal
section electric (LSE) modes following the definition introduced in [32].
In two-dimensional (2D) limit for large height aspect ratios (wide in x
direction), the LSM modes dominate, allowing one to express the modes
as TM,,-like [33,34]. In addition to the impedance matching method,
an alternative analytic approach for the decomposition of Maxwell’s
equations using transverse operator eigenfunctions was developed to
provide a direct solution of the wakefields in an inhomogeneous
rectangular DLW [35]. The analytic solutions were implemented in
the RECTANGULAR code and validated by a comparison with the
traditional program CST. For the present study, we focus on numerical
simulations of the wakefields taking advantage of mature computer
codes. Therefore, CST was applied, which enables us to compare the
results from its Wakefield and PIC solvers.

First, the Wakefield Solver of CST was used to calculate the wake-
fields excited by the driving bunch when it passed through the DLW
structure. This solver assumed that the driving bunch had a Gaussian
line charge distribution. Referring to typical beams from the LWFA, the
following bunch parameters were used: average energy of E = 100 MeV,
total bunch charge O = 1 pC, bunch length ¢, = 3 pm. Note that beam
energy has less effect on the wakefield in the relativistic regime, and
the wake strength can be scaled linearly from 1 pC to 10 pC. The wake
strength mainly depends on the inner gap 2a between the two dielectric
layers for a given driving bunch. The half gap a has to be small enough
compared with the bunch length to excite significant wakefields, which
was chosen to be 15 pm. The dielectric layer was 5 pm in thickness.
The longitudinal wake impedances and on axis wakefields are shown
in Figs. 2 and 3, respectively. The frequency of the first wakefield
mode is higher than 5 THz. The maximum longitudinal decelerating
wakefield within the driving bunch is about 33 MV/m. It can be seen
that the magnitude of the decelerating wakefield within the driving
bunch increases linearly along the bunch from head to tail. Such a
time-dependent wake is suitable for compensating the positive energy
chirp, since the trailing electrons that have higher energy will lose more
energy than the head ones. For the sake of comparison, the results
of the cylindrical structure with an inner radius of 15 pm are plotted
as well. Due to different geometrical boundaries, the wake frequency,
impedance and strength are slightly higher than that of the rectangular
structure.

3. PIC simulations

In order to understand the beam dynamics, simulations with the PIC
Solver of CST have been performed as well. We assumed the output
bunch parameters after the LWFA as follows: the average energy was
E =200 MeV, the positive correlated rms energy spread 2 MeV, the slice
energy spread +0.3 MeV, the Gaussian bunch size ¢, , , = 3 pm, and the
bunch charge Q 10 pC. Referring to [24] and Table 1, we considered
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Fig. 1. The rectangular dielectric waveguide.
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Fig. 2. The impedances of the wakefield. The relativistic driving bunch has a length of 3
pm and a charge of 1 pC.
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Fig. 3. The magnitudes of the wakefield. The relativistic driving bunch has a length of 3
pm and a charge of 1 pC.
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Fig. 4. Energy distributions before and after travelling 7.5 mm in the dechirper. The
relativistic driving bunch has an rms bunch length of 3 pm and a charge of 10 pC.
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Fig. 5. Energy spectrums before and after travelling 7.5 mm in the dechirper. The
relativistic driving bunch has a length of 3 pm and a charge of 10 pC.

these parameters would be fairly achievable for both LWFAs and
traditional RF accelerators. Note that the numerical approach presented
here should be easily applied to other beams. The 6D phase space
distribution was generated using the code ASTRA [36] and transformed
into the format required in CST by a subroutine.

Fig. 4 shows the energy distributions before and after travelling
through a 7.5 mm long dechirper. It can be seen that the correlated
energy spread has been compensated dramatically after the dechirper
while the uncorrelated energy spread (slice energy spread) has in-
creased, since the off-axis electrons experience a varying longitudinal
electric field. There is an optimal dechirper length around 7.5 mm to
make the overall energy spread minimum. The energy spectrums before
and after travelling 7.5 mm in the dechirper are shown in Fig. 5. The
peak magnitude in the optimized energy spectrum (peak b) is 2.2 times
the initial one (peak a). The energy is reduced by up to 2.5 MeV in
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7.5 mm, which implies a wake strength of E, ;. = 333 MV/m and
a dechirper strength of S; = 1.9 (MV/m)/(pm pC), where S, is the
normalized wakefield strength as defined in [8], i.e., the wake strength
divided by the bunch charge and the integral bunch length (about 18
pm). Normalized to the bunch charge, the wakefield strength from the
PIC solver is in accordance with that from the Wakefield Solver, i.e., 33
(MV/m)/pC.

The bunch was also influenced by the transverse quadrupole wake
which resulted in projected emittance growth. This quadrupole wake
caused the bunch tail to be focused in the horizontal (x) direction while
defocused in the vertical (y) direction. This can be seen in Fig. 6. Note
that the initial normalized transverse emittance is 0.5 pm. To show the
effect of the wakefield on the driving bunch, Fig. 7 plots the transverse
phase spaces before and after the bunch travelling a distance of 7.5 mm
both with and without the dechirper.

4. Summary and discussions

Simulations have shown that the passive DLW-based dechirper has
great potential to compensate the correlated energy spread of the LWFA-
accelerated bunch. The advantages include its simplicity, tunability
and intrinsic beam synchronization. One way to reduce the projected
emittance growth is the application of a pair of rectangular DLWs with
orthogonal orientations to cancel the effect of the quadrupole wake
[37-40]. Shot-to-shot fluctuations of LWFA lead to a wide variety of
bunches. Error tolerances need to be investigated for more realistic
bunches. Essentially, if other parameters remain unchanged, energy
chirp of a bunch with lower charge or bigger length than nominal will be
less compensated due to weaker wakefield produced. In the relativistic
regime, energy instability has less effect on the wake strength, so the
level of compensation will depend on the change of absolute energy
spread. Dipole wake can be excited due to pointing instability, resulting
in a kick of the bunch tail and emittance growth. The transverse
wakefields decrease faster than the longitudinal wakefield as the gap
increases [37-39]. Therefore, we are able to adopt a larger gap to relax
tolerances on beam position jitter and device alignment. Note that a
longer dechirper will allow a larger gap to achieve the same effective
compensation of energy chirp. On the other hand, smaller betatron
function of the beam in the dechirper will also loose these tolerances
and reduce the slice energy spread growth as well.

It should be noted that there are alternative ways to reduce the
correlated energy spread in LWFAs, such as optical injection, ionization
injection, Trojan horse injection and plasma density gradient injection.
As reported in [41], the correlated energy spread was reduced by an
order of magnitude making use of the beam loading effect of an escort
bunch. Another promising way to provide high quality electron beams
is the external injection as presented in [42].
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Fig. 6. Particle distributions in the x-z plane (a) and y-z plane (b) after travelling through the 7.5 mm dechirper. The bunch centre has travelled from z = 15 pm to z = 7515 pm. Note
that the initial bunch has a Gaussian distribution with a beam size of 6, , . = 3 pm and a charge of 10 pC.
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