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Abstract

In KIPT experimental researches of the basic principles
of the multi-bunch multi-mode dielectric wakefield
accelerator are planned. For this we carried out a series of
calculations of wakefield excitation and dynamics of the
bunches in rectangular structures with a dielectric
substrate. For optimization two rectangular vacuum
waveguides of R32 (72.14mm x 34.04mm) and R26
(86.36mm x 43.18mm) were chosen which were filled
with the dielectric covering two any opposite metal walls
of a waveguide. As possible dielectric Alumina,
Cordierite, or Teflon were considered. The structure will
be energized by sequence of electron bunches (bunch
repetition frequency is 2.805 GHz), having energy of 4.5
MeV. As the candidate for operating mode LSM-wave or
LSE-wave, with frequency to equal the bunch repetition
frequency or its doubled frequency were taken.

INTRODUCTION

Acceleration of charged particles by wake fields
excited by a bunch or a bunch train in dielectric structures
belongs to the perspective two-beam accelerator methods.
Theoretical and experimental studies have shown that the
acceleration gradient can be significantly higher than in
the conventional accelerators, therefore dielectric
structures can be used in future multi-TeV colliders.

Among carried out researches the studies of rectangular
dielectric structures occupy a special place [1-12]. This is
due to their following advantages:

- ease of manufacture;

- easy control the operation frequency by adjusting the
metal walls of the waveguide, free from dielectric;

- for a given frequency, and the accelerating voltage they
can store more energy than the cylindrical configuration,
this property reduces the beam loading;

- additional internal focusing - the structure of transverse
forces acting on the electron beam is similar to the
quadrupole focusing;

- the possibility of multi-mode excitation, leading to a
significant increase in the amplitude of the wakefield.

With purpose of verifying main advantages of
rectangular dielectric structures for wakefield acceleration
we planned a series of experiments. For these experiments
we need dielectric structures with required properties
(operation frequency, accelerating gradient, bunch
stability) and parameters which fit existing in KIPT
experimental facility. We have carried out a lot of
computations, and here we propose possible candidates.
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RESULTS OF COMPUTATIONS

The rectangular dielectric waveguide represents the
metal waveguide having the cross sizes axb with two

dielectric slabs (dielectric permittivity is equal to &),
covering opposite walls of a waveguide (see Fig. 1). Slabs
can be placed along the narrow side b or along the wide
side a of a waveguide. Electron bunches, passing
through a slow-wave structure, excite the wakefield
representing superposition of eigenmodes of a waveguide.
Frequencies of these modes are defined by the transverse
dimensions of a waveguide and dielectric slabs, dielectric
permittivity of slabs and energy of bunch electrons. The
purpose of numerical calculations was the determination
of thickness of dielectric slabs in case of the fixed other
parameters of a waveguide and a bunch.

The parameters of bunches in numerical calculations
were chosen corresponding to the experimental
installation "Almaz-2": repetition frequency is 2.805
GHz, electrons energy is 4.5 MeV, a bunch charge is 0.32
nC, bunch length is 1.7 cm, bunch diameter is 1 cm.
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Figure 1: Schematic view of a rectangular dielectric
waveguide. Yellow bricks show dielectric slabs, blue
cylinder shows electron bunch.

As possible waveguides in which dielectric slabs can be
placed, two metal waveguides the R32 waveguide with
sizes of a=72.14 mm, b=3404 mm and R26
waveguide with sizes of @ =86.36 mm, b=43.18 mm
were considered. As a dielectric material for the slabs the
Teflon (£ =2.1), the Cordierite (£ =4.6) and Alumina (
£=9.0) were analyzed.

For numerical calculations of eigen frequencies of
dielectric waveguides and excited wakefields the theory
of excitation of multizone dielectric waveguides was used
[7, 9]. According to this theory the total expression for a
wakefield is represented as superposition of LSM and
LSE eigenmodes [13]. Their eigen frequencies are
determined from the appropriate dispersion equations. For
the given frequency of bunches repetition the thickness of
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Table 1: Parameters of Teflon Dielectric Waveguide (& =2.1)

Waveguide R32 (axb =72.14 x 34.04 mm) R26 (axb =86.36 x 43.18 mm)
Frequency of the resonant mode 5.61 GHz 5.61 GHz

Sizes of slabs (mm) 27.5x34.04 1097 x 72.14 14.16 x 86.36 8.27 x 86.36
Type of resonant mode LSE;, LSM,, LSE;, LSM,,
Mode composition of a total field excited Multimode Single-mode Multimode Single-mode
by a single bunch

Accelerating gradient ~ 13 keV/m ~23 keV/m ~ 17 keV/m ~ 13 keV/m
Amplitude of a resonant mode ~ 6.5 keV/m ~19 keV/m ~3.5keV/m ~12.5keV/m
R/Q of resonant mode 0.737 kOhm/m 2.002 kOhm/m 0.467 kOhm/m 1.473 kOhm/m
Group velocity B, of of resonant mode 0.53 0.493 0.641 0.575
Power of resonant mode (point bunch) ~373 W ~1089 W ~198 W ~ 687 W

dielectric slabs can be selected so that LSM mode or LSE
mode was a resonant one. Each of these modes contains
the longitudinal component of an electric field necessary
for acceleration of a test bunch. The choice of one or
another mode depends on value of an accelerating field
and on stability of accelerated particles in the selected
type of a wave. In the Tables 1-3 presented below the
results of optimization only on the maximum accelerating
field are provided. One more restriction which was
considered in the case of these calculations: the cross size
of the vacuum channel can't be less than 1 cm — the
diameter of bunches which is supposed to be used in the
experiment. Along with the accelerating gradient, we
calculated the other important characteristics of the
accelerator structures — ratio of shunt impedance to Q-
factor R/Q, the group velocity of the resonance
wavelength and power of the resonant mode. Also the
mode composition of the total field excited by a single
was investigated (see Tables 1-3).

Teflon as Material of Slabs

If we demand that the frequency of a resonant mode must
be equal to the bunch repetition rate, then we find that
there is no such thickness of dielectric slabs which would
provide the given resonance frequency of LSM mode or a
LSE mode in a rectangular waveguide of R32 or R26
dimension type. The solution is absent for any orientation
of slabs: along narrow or along wide wall of any of the
selected waveguides. If the frequency of a resonant mode
is equal to the double frequency of the bunch repetition,
i.e. 5.61 GHz, the solutions for both waveguides of R32
and R26 dimension types are possible. Possible options

for a choice of thickness of slabs are given in the Table 1.

Cordierite as Material of Slabs

In case of Cordierite choice as material of dielectric
slabs the solution of the dispersion equations for
determination of thickness of slabs already has
frequencies, resonant to the frequency of bunch repetition,
2.805 GHz. These solutions exist both for R32
waveguide, and for R26 waveguides. But a longitudinal
field excited in R32 dielectric waveguide is significantly
lower, than in the R26 waveguide. For a waveguide of
R32 dimension type it is more preferable to work at the
twice frequency of 5.61 GHz. Possible options of filling
of waveguides of R32 and R26 dimension types by the
Cordierite are given in Table 2. As calculations showed,
the orientation of diclectric slabs along a wide wall of a
metal waveguide is more preferable to both types of
waveguides because amplitude of an excited wakefield in
these cases is higher.

Alumina as Material of Slabs

Large value of dielectric permittivity of Alumina
ceramics allows to use it for filling of waveguides R32
and R26 in order to obtain the given period of the
wakefield corresponding the bunch repetition rate of
2.805 GHz. Moreover in this case the slabs can be
oriented either along wide or narrow sides of the
waveguide. However orientation along the wide sides of
the waveguide is more preferable because amplitude of a
wakefield in this case is much higher. In case of
orientation of slabs along the narrow side the excited

Table 2: Parameters of a Cordierite Dielectric Waveguide (¢ =4.6)

Waveguide R32 (a xb =72.14 x 34.04 mm) R26 (a xb 86.36 x 43.18 mm)
Frequency of the resonant mode 5.61 GHz 2.805 GHz

Sizes of slabs (mm) 7.57x72.14 4.99x72.14 7.57x72.14 4.99 x 72.14
Type of resonant mode LSE, LSM,,; LSE; LSM,,
Mode composition of a total field excited Multimode Single-mode Multimode Multimode
by a single bunch

Accelerating gradient ~17 keV/m ~13.5keV/m ~ 18 keV/m ~ 16 keV/m
Amplitude of a resonant mode ~3 keV/m ~ 13 keV/m ~3.55keV/m ~ 6.6 keV/m
R/Q of resonant mode 0.29 kOhm/m 1.052 kOhm/m 0.426 kOhm/m 0.564 kOhm/m
Group velocity 3, of resonant mode 0.465 0.37 0.322 0.228

Power of resonant mode (point bunch) ~167 W ~761 W ~178 W ~333 W

03 Particle Sources and Alternative Acceleration Techniques

A16 Advanced Concepts

ISBN 978-3-95450-122-9
1263



TUPEA057 Proceedings of IPAC2013, Shanghai, China
Table 3: Parameters of a Alumina Dielectric Waveguide (£ =9.0)

Waveguide R32 (axb 72.14 x 34.04 mm) R26 (axb 86.36 x 43.18 mm)
Frequency of the resonant mode 2.805 GHz 2.805 GHz
Sizes of slabs (mm) 10.29 x 72.14 8.94x 72.14 10.29 x 72.14 8.94x 72.14
Type of resonant mode LSE, LSM,, LSE, LSM,,
Mode composition of a total field excited Multimode Multimode Multimode Multimode
by a single bunch
Accelerating gradient ~17 keV/m ~15keV/m ~11 keV/m ~ 10 keV/m
Amplitude of a resonant mode ~3.5keV/m ~5.5keV/m ~2.1keV/m ~4.8 keV/m
R/Q of resonant mode 0.285 kOhm/m 0.255 kOhm/m 0.211 kOhm/m 0.263 kOhm/m
Group velocity 3, of resonant mode 0.215 0.121 0.265 0.147
Power of resonant mode (point bunch) ~177 W ~284 W ~107 W ~241 W

fields fall down from a dielectric surface quicker and
width of the vacuum channel is larger therefore coupling
of a bunch with a wave is worse and field amplitude is
lower, than in the case of orientation of slabs along the
wide side. Aggregate results of choice of possible
thickness of dielectric slabs from Alumina are given in
Table 3.

From the data provided in the Tables 1-3 follows that
when using Alumina for dielectric slabs the wakefield
excited by a single electron bunch has multimode
character in both types of waveguides. If to make slabs
from Cordierite, the total field has also multimode
character with the exception of a case when the R32
waveguide is used and excitation happens on fundamental
mode LSM,, with frequency, equal to the double
frequency of the bunch repetition. Wakefield excited in
waveguides R32 and R26 with slabs made from Teflon,
has the single-mode character in case of resonance
excitation of LSM,; mode and multimode character if the
dielectric waveguide is excited on frequency of LSEj,
mode. It is necessary to note to the general tendency:
when transition from Teflon to Alumina, i.e. from a
material with smaller value of dielectric permittivity to a
material with greater one, the amplitude of a longitudinal
electric field decreases.
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Figure 2: Positions of drive bunch electrons after
injection 10™ bunch of the train: top picture corresponds
to on-axis bunch injection; bottom picture corresponds
off-axis injection, offset is 6.8 mm. Drive bunch charge is
increased by 10 times in comparison with Tables 1-2 and
equal to 3.2 nC. Grey rectangles show dielectric slabs.
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Above selection of possible variants of filling of
waveguides R32 and R26 with dielectric was made by
criterion of amplitude of an accelerating field. By such
optimization it was supposed that width of the vacuum
channel where the drive and the accelerated bunches are
transported, can't be less than their transverse size. The
accounting of transverse dynamics can eliminate some of
options proposed in Tables. 1-3. The computation of a
transverse dynamics of bunches have been started. For
numerical simulations we elaborated a code based
expansion on eigen waves [10]. One example of these
calculations is presented in Fig.2. Cordierite dielectric
structure under this investigation was the same as in Table
2, third column (R32, resonance mode is LSM;,;). From
this figure follows that bunch train of 100 bunches having
charge of 0.32nC will be stable in cordierite dielectric
unit even if bunches are strongly displaced from z-axis.
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