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At the Kharkov Institute of Physics and Technology is planned experimental test of the basic principles of the
multi-bunch multi-mode dielectric wakefield accelerator. For this purpose we carried out a series of calculations of
wakefield excitation and dynamics of the drive and witness bunches in rectangular structures with a dielectric sub-
strate. For optimization two rectangular vacuum waveguides of R32 (72.14x34.04 mm) and R26 (86.36x43.18 mm)
which were filled with the dielectric covering two any opposite metal walls of a waveguide were chosen. As possi-
ble dielectric Alumina, Cordierite, or Teflon were tested. It was supposed that the structure will be energized by
train of electron bunches (bunch repetition frequency is 2.805 GHz) of 4.5 MeV energy, average current is 1 A. As
the candidate for operating mode the LSM-wave or the LSE-wave, with frequency to equal the bunch repetition fre-
quency or its doubled frequency were tested. The gradient of an accelerating field, small transverse deflection (or
divergence) of drive and witness bunches were the main criteria of optimization. As a result of optimization we pro-
pose some dielectric structures for future wakefield experiments in KIPT.

PACS: 41.75.Ht, 41.75.Lx, 41.75.Jv, 96.50.Pw, 533.9.

INTRODUCTION

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

Among carried out researches the studies of rectan-
gular 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 con-
figuration, this property reduces the beam loading;

- additional internal focusing - the structure of trans-
verse 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 rec-

tangular dielectric structures for wakefield acceleration
we planned a series of experiments. For these experi-
ments we need dielectric structures with required prop-
erties (operation frequency, accelerating gradient, bunch
stability) and parameters which fit existing in KIPT ex-
perimental facility. We have carried out a lot of compu-
tations, and here we propose possible candidates.

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 (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 repre-
senting superposition of eigenmodes of a waveguide.
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Fig. 1. Schematic view of a rectangular dielectric wave-
guide. Yellow bricks show dielectric slabs, blue cylinder
shows electron bunch

Frequencies of these modes are defined by the trans-
verse dimensions of a waveguide and dielectric slabs,
dielectric permittivity of slabs and energy of bunch elec-
trons. 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 installa-
tion "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.

As possible waveguides in which dielectric slabs can
be placed, two metal waveguides the R32 waveguide
with sizes of a=72.14 mm, b=34.04mm and R26
waveguide with sizes of a=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 Alu-
mina (& =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 thick-
ness of dielectric slabs can be selected so that LSM
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mode or LSE mode was a resonant one. Each of these
modes contains the longitudinal component of an elec-
tric 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 parti-
cles 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 sup-
posed to be used in the experiment. Along with the accel-
erating gradient, we calculated the other important char-
acteristics 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 bunch was investigated (Tables 1 - 3).

Parameters of Teflon Dielectric Waveguide (& =2.1)

Table 1

Waveguide R32 (axb =72.14x34.04 mm) R26 (axhb =86.36x43.18 mm)
Frequency of the resonant mode (GHz) 5.61 5.61
Sizes of slabs (mm) 27.5x34.04 10.97x72.14 14.16x86.36 8.27x86.36
Type of resonant mode LSE;; LSMy; LSE;; LSMy;
Mode composition of a total field Multimode Single-mode Multimode Single-mode
Accelerating gradient (ke\V/m) ~13 ~23 ~17 ~13
Amplitude of a resonant mode (keV/m) ~6.5 ~19 ~35 ~125
R/Q of resonant mode (kOhm/m) 0.737 2.002 0.467 1.473
Group velocity B, of resonant mode 0.53 0.493 0.641 0.575
Power of resonant mode (point bunch) (W) ~373 ~1089 ~198 ~ 687
Parameters of a Cordierite Dielectric Waveguide (¢ =4.6) Table 2
Waveguide R32 (axh =72.14x34.04 mm) R26 (axb =86.36x43.18 mm)
Frequency of the resonant mode (GHz) 5.61 2.805
Sizes of slabs (mm) 7.57x72.14 4.99x72.14 15.65x86.36 13.16x86.36
Type of resonant mode LSE;; LSMy; LSE;; LSMy;
Mode composition of a total field Multimode Single-mode Multimode Multimode
Accelerating gradient (keV/m) ~17 ~135 ~18 ~16
Amplitude of a resonant mode (keV/m) ~3 ~13 ~3.55 ~6.6
R/Q of resonant mode (kOhm/m) 0.29 1.052 0.426 0.546
Group velocity B, of resonant mode 0.465 0.37 0.322 0.228
Power of resonant mode (point bunch) (W) ~167 ~761 ~178 ~ 333
Parameters of a Alumina Dielectric Waveguide (£ =9.0) Table 3

Waveguide R32 (axhb =72.14x34.04 mm) R26 (axb =86.36x43.18 mm)
Frequency of the resonant mode (GHz) 2.805 2.805

Sizes of slabs (mm) 10.29x72.14 8.94x72.14 10.24x86.36 8.35x86.36
Type of resonant mode LSE;; LSM,; LSE;; LSM,,;
Mode composition of a total field Multimode Multimode Multimode Multimode
Accelerating gradient (keV/m) ~17 ~15 ~11 ~10
Amplitude of a resonant mode (keV/m) ~35 ~55 ~21 ~4.8
R/Q of resonant mode (kOhm/m) 0.285 0.255 0.211 0.263
Group velocity B, of resonant mode 0.215 0.121 0.265 0.147
Power of resonant mode (point bunch) (W) ~177 ~284 ~107 ~ 241

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 possi-
ble. 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 deter-
mination of thickness of slabs already has frequencies,
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resonant to the frequency of bunch repetition,
2.805 GHz. These solutions exist both for R32 wave-
guide, 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 dielectric
slabs along a wide wall of a metal waveguide is more
preferable to both types of waveguides because ampli-
tude of an excited wakefield in these cases is higher.

ALUMINA AS MATERIAL OF SLABS

Large value of dielectric permittivity of Alumina ce-
ramics allows to use it for filling of waveguides R32
and R26 in order to obtain the given period of the wake-
field corresponding the bunch repetition rate of
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2.805 GHz. Moreover in this case the slabs can be ori-
ented either along wide or narrow sides of the wave-
guide. 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 orienta-
tion of slabs along the narrow side the excited 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. Ag-
gregate results of choice of possible thickness of dielec-
tric slabs from Alumina are given in Table 3.
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Fig. 2. Positions of drive bunch electrons after injection
10-th 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 in-
creased by 10 times in comparison with Tables 1, 2 and
equal to 3.2 nC. Grey rectangles show dielectric slabs

From the data provided in the Tables 1-3 follows
that when using Alumina for dielectric slabs the wake-
field 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 char-
acter with the exception of a case when the R32 wave-
guide is used and excitation happens on fundamental
mode LSM,; with frequency, equal to the double fre-
quency 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 exci-
tation of LSM,; mode and multimode character if the
dielectric waveguide is excited on frequency of LSE;;
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 longitudi-
nal electric field decreases.

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 ex-
pansion on eigen waves [10, 14, 15]. One example of
these calculations is presented in Fig. 2. Cordierite die-
lectric structure under this investigation was the same as
in Table 2, third column (R32, resonance mode is
LSMy,;). From this figure follows that bunch train of 100
bunches having charge of 0.32 nC will be stable in cor-
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dierite dielectric unit even if bunches are strongly dis-
placed from z-axis.

Spectra of the axial electric field component that is
excited by a single electron bunch and their sequence in
the dielectric resonators are shown on Fig. 3. Corre-
sponding longitudinal distributions are shown on Fig. 4.

Sequence of bunches excites the equidistant spec-
trum of fields in the dielectric resonator by means of
resonant amplification of resonant mode and modes
with frequencies close to multiples of the resonant fre-
quency. Bunch train suppresses non—resonant modes as
shown in Fig. 3.
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Fig. 3. The spectra of the longitudinal electric field
excited in resonator by single bunch and sequence of the
10 bunches with charge 3.2 nC. The transverse dimen-
sions of the resonators are given in Table 1, 2. Graphs
at the left correspond to the Rys waveguide, operation
mode is LSMyy, at the right — R,s waveguide, operation
mode is LSEq;

Due to the excitation of the resonator eigenmodes
the total wakefield forms. Axial distribution of longitu-
dinal electric field that excited by single bunch is shown
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Fig. 4. (At the top) Longitudinal distribution of axial
electric field in the dielectric resonator, excited by a
single electron bunch (orange rectangle). Electron
bunch moves from left to right. The transverse dimen-
sions of the resonators are given in Table 1, 2. Other
parameters are the same as for the Fig. 3. (At the bot-
tom) The total lost charge of 50 bunches sequence
as a function of time; a charge of single bunch is 6.4 nC
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MNPAMOYTI'OJIBHBIE TUDJEKTPUUYECKUE CTPYKTYPHI AJ151 SKCIIEPUMEHTOB
IO KNWJIIBBATEPHOMY YCKOPEHHUIO B X®TH
K.B. I'anaiioviu, B.A. Kucenes, I.H. Mapkos, A.M. Haboka, H.H. Onuwienxo, I.B. Comuurog
B X®TH 3annanupoBaHa 5KCIEPUMEHTAIbHASI IPOBEPKAa OCHOBHBIX IPUHIIMIIOB MHOI'OCIYCTKOBOT'O U MHOI'O-
MOJIOBOT'O KMJIBATEPHOI'0 YCKOpUTENs. J[Js 3TOro nmpoBeeHa cepusi pacieToB BO30YK/IEHNS! KAIIbBATEPHBIX TOJEH
W JUHAMHKHA BEIYIIEr0 W YCKOPSIEMOr0 CryCTKOB B MPSAMOYIOJBHBIX BaKyyMHBIX BOJNHOBoAax R32
(72,14x34,04 mm) 1 R26 (86,36x43,18 MM), KOTOpBIC 3aTIOIHSIIMNCH TUIIICKTPUKOM, HAHECEHHBIM Ha JIBE MPOTHBO-
TMOJTOXKHBIE METAIUTHYECKHAE CTEHKH BOJTHOBOIA. B KauecTBe Mareprana IH3JIeKTprKa TectipoBamich Alumina, Cor-
dierite u Teflon. YckopurensHas cTpykTypa Bo30YyKIaaach IMOCIEI0BATENFHOCTRIO DIIEKTPOHHBIX CI'YCTKOB C Ya-
croroii cnenoBanus 2,805 I'Tw, sHeprueii 4,5 M»B u cpennim Tokom 1 A. B kauecTBe pabodnx Mol TECTHPOBAIUCH
LSM- u LSE-BojHBI ¢ 4acTOTOM, PaBHOM YaCTOTE CIEMOBAHUS CTYCTKOB MM €€ yJBOSHHOW yacTtore. OCHOBHBIMU
KPUTEPUSIMU ONITUMU3AIMY ObUTH TPAJIUCHT YCKOPSIIOILIETO MOJs, Mayasi BEIMYUHA MONEPEYHOro OTKIIOHECHHS BEy-
ILIEr0 U YCKOPSIEMOro CTYCTKOB. B pe3ynbpTate onTUMHU3aiul HaMu ObLIO MPEII0KEHO HECKOIBKO TUITIEKTPUUECKUX
CTPYKTYP AJIsl OYAYIIUX KHIbBATEPHBIX IKCIICPUMEHTOB.

NPAMOKYTHI JIEJEKTPUYHI CTPYKTYPU AJISA EKCHEPUMEHTIB 1O KINIbBBATEPHOMY
NPUCKOPEHHIO ¥V X®TI
K.B. I'anaiiouu, B.A. Kucinvos, I1.1. Mapkos, O.M. Haboka, I. M. Oniwenko, I'.B. Comnixoe

Y X®TI 3aruraHoBaHa eKcIiepUMEHTaIbHA TIEpeBipKa OCHOBHHX IMPHHITUITIB 0araTo3ryCTKOBOTO i 6araToMomo-
BOTO KiJTbBATEPHOTO IMPHCKOpIOBada. [ IbOro BUKOHAHA cepisi pO3paxyHKIiB 30yMKEHHS KiNbBATEPHUX IIONIB i
JMHAMIKH TPOBIIHOTO 3TyCTKa Ta 3TYCTKa, IO MPUCKOPIOETHCS B NMPSIMOKYTHMX BaKyyMHHX XBHileBonmax R32
(72,14x34,04 mm) Ta R26 (86,36x43,18 MM), sIKi 3aTIOBHIOBAJIHCS Ji€IEKTPUKOM, 10 HAHECEH Ha JIBi MPOTHIEKHI
MeTajeBi CTIHKM XBHJIEBOMY. Y SIKOCTI Marepiamy miemektpuka TecryBanucs Alumina, Cordierite ta Teflon. TIpuc-
KOpIOBaJIbHA CTPYKTYpa 30y/DKyBasacst TOCIITOBHICTIO €JIEKTPOHHUX 3TYCTKIB 3 4acTOTOI0 npoxopkeHns 2,805 [T
3 eHeprieio 4,5 MeB i cepennim ctpymom 1 A. V sixocti pobounx mox tecryBanucs LSM- ta LSE-xBuni i3 wacro-
TOIO, IO JOPIBHIOE YACTOTI MPOXOKEHHS 3TYCTKIB 200 MOIBO€EHIHM 10 Hel yacToTi. OCHOBHUMH KPUTEPISIMHU ONTH-
Mizarii Oy rpagieHT MPUCKOPIOBAILHOTO 0N, Majla BEIMYMHA MOMEPEYHOr0 BiIXWICHHS MPOBIIHOTO 3TyCTKA Ta
3TYCTKa, 110 IPUCKOPIOETHCS. Y pe3ynbTaTi ONTUMi3alii Hamu OyJI0 3aIpONOHOBAHO KiJIbKa MIENEeKTPHYHHUX CTPYK-
TYyp JUIsl MaHOYTHIX KiTbBATEPHUX EKCIIEPUMEHTIB.
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