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Theoretical studies and numerical simulation of wakefield excitation in planar dielectric resonator by regular
sequence of relativistic electron bunches are carried out. It is shown, that in resonator case at conservation of field
peaking, i.e. maintenance of multimode condition, the number of bunches, participating in wakefield summing, is
increased. As a result the amplitude of the field, used for charged particle acceleration, essentially increases in
comparison with a section of the dielectric waveguide of the same length. Thus, legitimacy of the resonator concept
for wakefield method of charged particle acceleration is proved. Numerical calculations are carried out for planned
experiment on accelerator "Almaz-2" on wakefield excitation in the rectangular dielectric resonator by a sequence of

bunches with charge 0.32 nC and energy 4 MeV each.
PACS: 41.60.-m

1. INTRODUCTION

Is dielectric wakefield accelerator (DWA) a tribute
to the modern style, does it arouse academic interest or
can it compete with other new and traditional methods
of acceleration? In favour of positive answer to the last
question it can be said, that numerous theoretical
investigations of acceleration with use of wakefields in
dielectric structures pass in a stage of the experimental
realization [1-3].

Acceleration with use of wakefields in dielectric
structures is one of varieties of two-beam methods of
acceleration in which for creating of intensive
longitudinal electrical field the high-current beam (or a
beam called driving) is used. Thus the necessity for use
of external source of microwave field takes out. The
second beam (or the beam called driven) is accelerated
in the field of the first beam. For experiments in
Brookhaven National Laboratory (BNL) [1] for
excitation of accelerating field the sequence of
supershort (with duration of 3.5 fs) electron bunches
with energy 500 MeV is used, and in experiments in
Argonne National Laboratory (ANL) [3] — the sequence
of short (with duration of 6.7 ps) electron bunches with
energy 15 MeV is used.

The attractiveness of dielectric wakefield accelerator
consists of the following:

e simplicity of its prototype creation (section of
waveguide) and of the further testing of main
principles;

e stability and easy controllability of slowing medium
parameters;

e possibility of sectioning with the purpose of
reaching high energies of accelerated particles.

The only essential weakness of DWA is the
possibility of breakdown on dielectric surface. Use of
ceramic structures [2] allows to increase considerably
breakdown thresholds and to reach electric field
strengths not below, than in traditional accelerators.
Other possibility of breakdown effect diminution is use
of dielectric structures and electron bunches with
micron sizes [1].
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DWA can work in single-mode [2,3] or multimode
[4] conditions. Such classification is connected with
number of harmonics participating in complete
electromagnetic field forming. The electron bunch,
passing through dielectric structure, excites a set of
harmonics relevant to transversal modes of natural
oscillations of the structure. Therefore at use of
sequence of bunches in the first case for supporting of
effectiveness of the accelerator it is necessary to
suppress "parasitic" (not relevant to operation mode)
oscillations, and in the second case it is necessary to
choose the parameters of slowing structure so that to
provide equidistance of resonant with bunch
eigenfrequencies of structure. At that bunch repetition
rate should be multiple to wave length of principal
mode.

Wakefield strengths in multimode regime of DWA
are much higher than fields in single-mode regime.
However at use of cylindrical waveguide with partial
dielectric filling as dielectric structure realization of
multimode regime faces difficulties of maintenance of
excited frequency equidistance.

In the present work we investigate multimode
excitation of wakefields by a sequence of electron
bunches in the planar dielectric resonator. The need for
resonator concept of DWA originates in connection
with necessity of elimination of undesirable effect of
removal of wakefield with group velocity of excited
waves from waveguide dielectric structure [5]. The first
outcomes of theoretical examinations [6] and numerical
calculations with numerical PIC code KARAT [7],
carried out for cylindrical geometry of the dielectric
resonator, showed, that strong restriction on maximum
number of bunches which give the contribution to
growth of amplitude of the field, can be removed in
resonator concept of DWA. In an optimal condition
excitation of dielectric resonator by a sequence of
bunches is similar to excitation of resonator by mode-
locked laser equipped with an “optical switch”. At the
moment when reflected from the output of the resonator
short laser impulse comes to the input, the optical
switch injects the next impulse into the resonator. But,
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as mentioned above, in cylindrical geometry it is
difficult to realize multimode condition of DWA
operation. Below, in planar geometry, we will consider
the possibility of combination of resonator advantage
with already available advantages of DWA, namely,
with multimode regime and use of great number of
bunches.

2. WAKEFIELD IN THE PLANAR
DIELECTRIC RESONATOR

Let's obtain the expression for longitudinal electric
field excited by a sequence of bunches in the dielectric
resonator. Let the planar metal resonator has a cross size
a (—a/2<x<a/2) and its length is equal L. The
wave guide is filled by the homogeneous dielectric with
permittivity & . Along the axis of waveguide there is a
drift channel which sizes are small in comparison with
cross size of the resonator, that allows to neglect shift of
its eigenfrequencies in comparison with the complete
filling by dielectricc. We will suppose, that
monoenergetic thin electron bunches are injected into
the input of resonator z=0 and then move with a
stationary velocity v, along the axis. The distribution of

current density of a single bunch have the form of:
=0,6(x—x,)5(t =10, —2/v,)x

(1
[6(t—t,,)—O(t—ty,—L/v)]/ vy,

where O, — a charge of a bunch per length unit in

y direction, ¢, — the time of i—th bunch injection into

the wave guide, x, — cross coordinate of a bunch, 6(¢)—

Heaviside function.

Having solved the wave equation taking into account
vanishing of tangential components of electric field on
metal walls of the resonator, we will receive the
expression for longitudinal electric field:
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where

E,=-870Q,v,/aLew,, o, =kyv, x,, =7m/a k,=nl/L,

function &, isequal 1 if /=0 andisequal 2if /#0;
G, (x,x,)=sin[x,, (x+a/2)]sin[x,(x,+a/2)] x,, =nm/a,
N, — the number of bunches in a sequence.
Eigenfrequencies of the resonator and Cherenkov
frequencies are deﬁned by expressions:

m/ (KIIZ + k/2 )cz /8, a)/ = k/VO (3)

Apparently from (2) the complete field consists of
the field of space charge (relevant to frequencies ,)

and of the fields, excited by a bunch in the resonator on
frequencies ,,. After leaving of all particles the
resonator (t>t,,, +L/v,) the field of space charge

disappears, and expression for longitudinal electric field
gets the form:
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Let's note, that at realization of the condition
@, = @ %)

the relevant items in the sum (4) become dominant. The
indicated condition is nothing else than as condition of
Cherenkov radiation in slowing medium. Then these
resonant items can be treated as Cherenkov field,
accumulated in dielectric resonator, and the rest of the
field as a field of transition radiation on both
boundaries. We should note, that radiation of a charged
particle in the vacuum rectangular resonator was
considered first in paper [8], and in the cylindrical
vacuum resonator in paper [9]. In these cases the
requirement of Cherenkov radiation is not fulfilled. For
our studies namely the resonant case is of interest.
Because of discreteness on longitudinal wave
numbers k, of oscillation spectrum, the resonant

condition at optional sizes of resonator, permittivity and
energy of bunch can be fulfilled only approximately and
only for a finite number of harmonics. Taking into
account, that we want to implement a multimode
condition of DWA, it makes sense to find the relation
between sizes from the resonant requirement. Let the
resonant condition is fulfilled for harmonic
m=1,l=N . Then from (3),(5) we obtain

L=Na\Bie—-1, B,=v,/c (6)

i.e. the length of the resonator should be multiple half-
integer of wave lengths of the basic resonant harmonic.
The condition of equidistance is fulfilled automatically
for harmonics /=Nm (m=1,2,...), thus, multimode
operation regime of DWA is provided.

For supporting of coherent summing of fields in the
resonator it is necessary, that the resonant frequency
o,, was multiple to frequency of bunch following. In

the case when bunches are injected on every period of
first harmonic with frequency f =w,, of the wave, this

condition sets the cross size of the dielectric resonator

a=v,/2fBre—1 @)

Conditions (6) and (7) are the basis of the resonator
concept of dielectric wakefield accelerator. In such
resonator it is provided:

1. multimode regime of field excitation;
2. coherent summing of fields from bunches of
sequence.

Let's explain written above at discussion of
expression (4) and relations (6),(7) by graphic example.

In Fig.l dispersion dependencies of dielectric
resonator (& =2.1), excited by a sequence of electron
bunches with energies 4Mel , frequency of bunch

repetition f =2.85GHz are presented. The cross size,

chosen according to
a=>5,045cm, and

condition (7), is equal
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Fig.1. Eigenfrequencies of the dielectric resonator for
N =3. First 9 cross harmonics of the resonator are
presented. Pentagons show Cherenkov frequencies of
the bunch

longitudinal size — according to requirement (6), is
equal L =15,677 cm (at that third longitudinal harmonic
is chosen as resonant, N =3). The horizontal grid on
fig.1 is lined with interval, equal to frequency of bunch
repetition, and vertical grid — with interval, equal to the
number of longitudinal resonant harmonic. As Fig.1
illustrates, cross points of Cherenkov frequencies
(pentagons) and eigenfrequencies of the resonator are
multiple to the frequency of bunch repetition.

3. NUMERICAL CALCULATIONS
Let bunches have rectangular shape and their
longitudinal size is L,, cross size is a,

(—a,/2<x,<a,/2). Wakefield from a sequence of

bunches of finite sizes is obtained by integration of
expression (2) by time of injection #, and by cross

positions x, of microbunches:
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Fig.2. Longitudinal distribution of electric field E,

in the centre of resonator (x =0 ) at time
t =1,738ns afier injection of 5 bunches. Dashed line

shows the shape and position of bunches
Let’s choose the following parameters for numerical
calculations: L =17cm, a,=0,la, N=10,
N, =101, O, =0.32nC/cm, the rest of parameters —

the same as on Fig.1. In Fig. 2 and Fig.3 distributions of
wakefield for two moments are presented: ¢ =1,738ns
(5 bunches are injected into the resonator) and
t=35,639ns (the last bunch of sequence is injected
into the resonator).

In initial stage of injection (Fig.2) the amplitude of
the field grows from the head of a sequence to the

location of the group wavefront, excited by the first
bunch, and then decreases to the input of the resonator.
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Fig.3. The same, that on Fig.2 at instant
t =35,639ns after injection of 101 bunches

Wakefield in the resonator before leaving of the first
bunch qualitatively and quantitatively coincides with the
field in semi-infinite waveguide. The shape of wakefield
impulses and their duration approximately repeats the
shape and duration of bunches. In later times, after all
bunches are injected into the resonator, almost
homogeneous distribution of field amplitude is formed
in it.

In contrast to considered case of the resonator, in the
semi-infinite waveguide increasing from input to output
distribution of field amplitude [5] is formed. At that the
number of bunches working on build up of maximum
amplitude, is much lower, than in the resonator. For the
dielectric waveguide with the same length, cross size
and permittivity, as for the considered resonator this
number is equal 6. From comparison of Fig.2 and Fig.3
it follows, that all bunches of sequence equally
contribute to the forming of amplitude of longitudinal
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electric field. I.e. it is possible to excite wakefield in the
resonator with the amplitude considerably exceeding
amplitude of field in the semi-infinite waveguide. At
that the regularity of oscillations is kept.

0 T T T T
E_, kVicm

60 h W

30

E,, [kV/cm/GHz

204 —

DA

29 143 256 37,0 484 59,8
f ,GHz
m

Fig.4. Time diagram (upwardly) of longitudinal
electric field E_(x =0,z =0) and its spectral density

(below) in the dielectric resonator after injection of
101 bunches. Parameters are the same, as on Fig.3

In Fig.4 time diagram of wakefield in the dielectric
resonator (above) after injection of 101st bunch is
presented, last bunch left the resonator at time ¢ = 38ns .

Wakefield at input of the resonator has a shape of
rectangular pulses sequence with period equal to period
of bunch repetition rate. The amplitude of pulses weakly
varies with time. In the bottom part of Fig.4 the
spectrum of longitudinal electric field is presented. It is
seen, that only odd resonant frequencies constitute
wakefield. Non-resonant harmonics almost do not
contribute to amplitude of wakefield.
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Fig.5. Time averaged on time (50ns<t<85ns)
longitudinal distribution of wakefield in the centre
of resonator (x =0 ). Parameters are the same, as

on Fig 4
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In Fig.5 longitudinal distribution of wakefield
averaged over time is presented. It is seen, that on
average over time, the standing wave is formed after
leaving of all bunches from the resonator. The narrow
peaks, formed by a great number of resonant harmonics,
have mean amplitude approximately 33kV /cm and the

distance between them is equal to period of bunch
repetition.

For investigation of acceleration of driven bunch
electrons we took an axial bunch with duration and
energy, equal to duration and energy of driving bunches.
In Fig.6 the gain of energy of electrons, accelerated
along the resonator, is shown.
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Fig.6. Gain of energy of electrons, accelerated
along the resonator. Parameters of the resonator
and sequence of bunches are the same, as on Fig.4

The gain of energy of at most accelerated electrons
is equal 1,6 MeV, that is approximately equal to half of
energy gain of a particle in the constant field, equal to
half of wakefield amplitude, excited in the resonator. In
Fig.7 the wvalue of longitudinal electric field,
accelerating a particle along the resonator, is presented.
From comparison of Fig.6 and Fig.7 it follows, that
acceleration gradient is equal to mean of wakefield on
particle trajectory. Peaks of wakefield have the shape of
bunches and follow with period twice greater, than
period of wakefield. Such periodicity of field
distribution on particle trajectory is typical for a
resonator system.

Thus, carried out studies showed realizability of the
resonator concept of dielectric wakefield accelerator in
planar geometry.
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Fig.7. Longitudinal electric field strength on the 4. T.B. Zhang, J.L. Hirshfield, T.C. Marshal, B. Hafizi.

trajectory of the most accelerated particle. Parameters Stimulated dielectric wake-field accelerator // Phys.
of the resonator and sequence of bunches are the same, Rev. 1997, E 56, p.4647-4655.
as on Fig.4 5. V.A. Balakirev, I.N. Onishchenko., D.Yu. Si-
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TEOPETUYECKUE UCCJEIOBAHUSA PE3OHATOPHOM KOHIEIIIAU YCKOPUTEJA
HA KMWJIBBATEPHBIX IIOJISIX B IMJIEKTPUKE

H.U.Onuwenxo, I'.B.Comnuxoes

[TpoBeneHo TeopeTH4ecKoe UCCIIeI0BaHNE M YHCIEHHOE MOEINPOBaHNE BO30YKAEHHS KWIBBATEPHOTO II0JIS B
IUIOCKOM  JMDJICKTPUYECKOM PE30HATOpe PEryJIpHOH  IOCIEIOBATENBHOCTBIO CI'YCTKOB — PEISATHBHUCTCKHX
95IeKTpoHOB. [loka3aHo, 4TO B PE3OHATOPHOM Cllydae IPH COXPAHCHUH NMUKUPOBAHUS IOJS, T.€. MHOTOMOJOBOTO
peXHMa, YBEIHYMBACTCSH KOJIMYECTBO CIYCTKOB, YYAacTBYIOIIMX B CYMMHUPOBAaHHMH KWJIBBATEPHOro Iois. B
pesyibTaTe aMIUIUTyIa IOJIS, MCHOJIb3yeMasi Ul YCKOPEHMs 3apsHKEHHBIX YacTHIL, CYIIECTBEHHO BO3PACTaeT II0
CPaBHEHHUIO C OTPE3KOM IHAICKTPUYECKOTO BOJHOBOJA TAaKOH ke JUIMHBL TakuMm oOpa3oM, B paboTe mokazaHa
IMpaBOMEPHOCTH pe30HaT0pHOﬁ KOHICIIUN [JId KWJIBBATCPHOI'O MCTOJa YCKOPCHHA 3apsHKCHHBIX YaCTHIL.
UucneHHble pacdyeThl BRIIIOIHEHBI VI IUNIAHUPYEMOTo IKCIIePHUMEHTa Ha ycKopuTtene “AyMasz-2” mo Bo30yXIeHUIO
KWIBBATEPHOTO IOJIs B TPSIMOYTOJIBHOM JIMAJIEKTPUUECKOM PE30HATOPE MOCIIE0BATEIBHOCTHIO CIYCTKOB C 3apsiIOM
0.32 uK u sHeprueit 4 MaB kaxabIii.

TEOPETUYHI JOCJIKEHHS PE3OHATOPHOI KOHIENIIIT MPUCKOPIOBAYA
HA KIVIbBBATEPHUX XBHJISIX ¥ JI€JIEKTPUKY

M.I.Onuwenxo, I'. B.Comnikoe

[TpoBeneHo TeopeTHYHE JOCIHIAKEHHS Ta YMCEIbHE MOJICIIOBaHHS 30yIKEHHS KUTbBATEPHOTO OIS Y TNIOCKOMY
TENEKTPUIHOMY PE30HATOPI PETyISIPHOIO MOCIIAOBHICTIO 3TYCTKIB PEISITUBICTCHKUX eNeKTpoHiB. [lokazaHo, mo y
PE30HATOPHOMY BHIAAKY TpH 30epekeHHI MIKipyBaHHSA MOJSA, TOOTO 0araTOMOJOBOTO PEXHMY, 30iTBIIYETHCS
KUTBKICTB 3TYCTKIB, IO MPUHAMAIOTh Y9acTh y MiJICYMOBYBaHHI KiTbBaTEpHOTO MONA. B pe3ynpTari aMIutiTy1a moJs,
0 BUKOPUCTOBYETHCS ISl TIPUCKOPEHHS 3apsDKCHHX YacTOK, ICTOTHO 3pOCTae y TMOpPIBHSAHHI 3 BiApi3KOM
JEJIEKTPUYHOTO XBHIIEBOJY TaKoi caMoi JOBXWHH. TakuM YMHOM, Yy poOOTi I0BEJIeHa IPAaBOMIPHICTh PE30HATOPHOT
KOHLENIIT A1 KUTbBATEPHOI'O METONY HMPUCKOPEHHS 3aps/PKEHHX 4YacToK. YWcenbHI po3paxyHKH BHUKOHAHI IS
3aIIaHOBAHOTO €KCIIEPHMEHTY Ha MPHCKOpIoBaui “AjmMa3z-2” 1o 30y/KEHHIO KiJIbBATEPHOTO IOJIS Y TIPSIMOKYTHOMY
JIeJIEeKTPUYHOMY PE30HATOPi MOCTiJOBHICTIO 3rycTKiB 3 3apsitoM 0.32 HK Ta eneprieto 4 MeB KoXHUIA.
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