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MULTIBUNCH REGIME OF WAKEFIELD
EXCITATION IN A PLASMA-DIELECTRIC STRUCTURE

The main results of theoretical and experimental researches concerning the physical processes
in a dielectric wakefield accelerator based on the accelerating wakefield excitation in a dielectric
structure with the use of a long sequence of electron bunches are presented. The enhancement
of the excited wakefield amplitude is achieved owing to the coherent summation of wakefields
generated by separate bunches. The bunches are accelerated in the total wakefield by arbitrarily
dividing the bunch sequence into the exciting and accelerated parts, by using the appropriate
frequency detuning of the bunch repetition frequency with respect to the frequency of the excited
principal transverse mode. The influence of plasma in the transit channel on the amplitude of

excited wakefields and the focusing of driving and accelerated bunches is analyzed.
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1. Introduction

While tackling the general problems of high-energy
physics, electron accelerators play an important role
of an instrument, like a microscope, for studying the
tiniest world of the nature, whose dimensions can be
observed to a trillionth of a micron making use of
modern colliders with an energy of 100 GeV in the
center-of-mass system [1]. Today, we move forth into
a new TeV-energy range [2, 3], where we expect to
obtain answers to profound fundamental issues con-
cerning the mass origin, prevalence of the matter over
the antimatter, existence of supersymmetry, and oth-
ers. Accelerators of high-energy ions, including pro-
ton and heavy-ion colliders [4], can reveal the in situ
synthesis of a nuclear matter by means of the quark-
gluon plasma creation at a temperature of the quark-
hadron phase transition equal to about one trillion
Kelvins, which is assumed to be the high-density state
of the Universe at a moment of 107° s after the Big
Bang.
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However, accelerators like the International Linear
(Lepton) Collider [2,3] and the Large Hadron Collider
[4], on which traditional methods of particle accelera-
tion are used, are very close to the limit of mankind’s
capability, even if the joint efforts would be applied
[5]. The first recognition of the “end of the road” for
traditional acceleration schemes was declared in work
[6], where the ideas of new acceleration methods were
proclaimed. In particular, it was a proposition made
by Ya.B. Fainberg to use plasma waveguides as ac-
celerating structures. Later, this idea was modified
by J.M. Dawson et al. [7, 8] into a scheme of wake-
field acceleration. According to it, the role of a high-
gradient accelerating field is played by a wake field
that is excited in plasma by a short and powerful
laser pulse or by a short electron bunch with a large
charge.

Another probable candidate for the future high-
gradient particle accelerators, which is capable to
overcome the acceleration threshold for ordinary ac-
celerators (100 MeV /m), is an accelerating structure
loaded with a dielectric [9], in which the wake field
is excited by an intensive electron bunch or a se-
quence of bunches. As was shown in the theoretical
[10] and recent experimental [11] works, the maxi-
mum accelerating field in the dielectric structures,
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which is restricted by the electric breakdown owing
to the tunnel ionization, reaches 1 GeV/m, which is
an order of magnitude higher in comparison with the
ordinary metallic accelerating structures. In addition,
the dielectric structures are more acceptable owing to
their simple design, the developed technology of their
microfabrication, homogeneity, a possibility of HF-
matching, and so forth.

In works [12, 13], the wakefield excitation using
a sequence of bunches in a dielectric structure with
a vacuum channel for the bunch passage was stud-
ied. In this work, the concept of a multibunch plasma-
dielectric wakefield accelerator with a vacuum chan-
nel filled by plasma, which results in the excitation
of an additional plasma wakefield, is considered the-
oretically (by applying a numerical simulation) and
experimentally. The plasma field makes it possible to
enhance the efficiency of the longitudinal wakefield
excitation and ensure the transverse stability of ex-
citing and accelerated bunches. In Section 2, the su-
perposition of coherent wakefields excited by bunches
in a sequence is considered. It is required to realize
the multibunch excitation regime, in which the total
excited field is proportional to the number of exciting
bunches. In Section 3, we demonstrate a capability
for certain bunches to be accelerated by the wake-
fields generated by previous bunches in the same se-
quence making no use of an additional accelerator-
injector. This effect can be obtained by detuning the
bunch repetition frequency with respect to the fre-
quency of the excited wakefield. In Section 4, the
advantages of the hybrid plasma-dielectric structure
are analyzed. Unlike the results obtained in works
[12, 13], the excited wake wave affects the total ac-
celerating and focusing fields, which makes it possi-
ble to accelerate the bunches by the field of a dielec-
tric wake wave (below, the “dielectric wakefield”) and
to focus the exciting and accelerated bunches by the
field of the plasma wake wave (below, the “plasma
wakefield”). The wave-guide and resonator cases are
considered. In particular, for a certain waveguide seg-
ment, the number of the bunches, whose coherently
summed-up fields increase the total field, is confined
owing to the wakefield outlet at a group velocity from
the waveguide end. In the case of resonator, the ex-
cited wakefields of separate bunches are reflected from
the metallic ends of the resonator and are accumu-
lated in the latter. The necessary requirement con-
sists in that the characteristic frequencies of the res-
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Fig. 1. Schematic diagram of the experimental installation:
accelerator “Almaz—2M” (1), magnetic analyzers (2), input and
output diaphragms (3), teflon tube (4), metallic wave guide
(5), and Faraday cup (6)

onator should coincide with (or be multiple of) the
wakefield (Cherenkov) and bunch repetition frequen-
cies. In the same section, an experimental demonstra-
tion of the focusing of exciting bunches, when plasma
fills the transit channel, is shown.

2. Wakefield Excitation
2.1. Experimental equipment

As a result of the works on the restoration of a
klystron amplifier and the modernization of an elec-
tron gun and a master oscillator on the linear res-
onant electron accelerator “Almaz-2M”, we obtained
a beam of relativistic electrons, the energy of which
could be varied from 2.5 to 4.8 MeV, and the cur-
rent in a pulse from 0.5 to 1 A at a pulse duration of
2 us. Every pulse was a sequence of N = 6000 elec-
tron bunches. The duration of each of them equaled
60 ps, and an interval between them was 300 ps (if
the bunch repetition frequency was 2805 MHz). The
bunch charge varied from 0.16 to 0.32 nC. The bunch
repetition frequency could be changed within the lim-
its from 2803 to 2807 MHz. The energy spectrum
width varied from 7% to 9%. The accelerator “Almaz-
2M” was equipped with a chamber, in which a di-
electric structure could be arranged. As a result, we
obtained an experimental installation for researching
the wakefield excitation by a sequence of relativistic
electron bunches in dielectric structures with a round
or rectangular transverse cross-section and the accel-
eration of electrons by excited wakefields. The exper-
imental setup is illustrated in Fig. 1.

As a dielectric structure, we took a copper cylindri-
cal waveguide 5 with an internal diameter of 85 mm
and filled with a dielectric tube 4. The latter was fab-
ricated of teflon (¢ = 2.04 and tané = 4 x 107%), and
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Fig. 2. Time dependences of the Cherenkov wakefield at the
output end of the dielectric waveguide with the lengths L:
(a) A/4, (b) A\/2, (¢) A, and (d) 2X. The number of bunches
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Fig. 3. Dependence of the Cherenkov wakefield at the output
of the waveguide on the waveguide length

its external diameter was equal to the internal diame-
ter of the copper waveguide. The internal part of the
tube was a channel 2.1 cm in diameter for the pas-
sage of electron bunches. The length of the waveguide
section filled with the dielectric was equal to 31 cm,
which corresponded to three wavelengths of the prin-
cipal mode. The energy spectra of electrons in the
bunches were measured with the help of magnetic
analyzers 2 located at the outputs of the accelera-
tor and the dielectric structure. The wakefields were
registered with the use of a high-frequency probe.

2.2. “Multibunch” excitation

The “multibunch” approach consists in that the in-
tense wakefield excited by a bunch with a large
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charge can be produced by a long periodic sequence
of bunches, every of them with a small charge, but
with an equivalent total charge. In order to clarify
whether it would be possible to coherently sum-up
the fields excited by separate bunches, it is necessary
to change the number of bunches in the sequence. Be-
cause of the difficulties in obtaining the sequences
with various numbers of bunches, we used slow-wave
guides of various lengths in our researches. A possi-
bility of this replacement follows from the fact that,
since the excited wave is characterized by the group
velocity vg, its outlet from a waveguide with a fi-
nite length confines the number of bunches in the se-
quence that give a contribution to the growth of the
total wakefield at the waveguide output. The maxi-
mum number N of bunches, whose Cherenkov wake-
fields, being coherently summed up, increase the am-
plitude of the total Cherenkov field, depends on the
waveguide length L: N = L/A((vo/vg) — 1), where
the length of the excited wave A is equal to the dis-
tances between the bunches, vy is the bunch velocity,
and v, is the group velocity of the excited wave. The
time dependence of the excited field at the output
of the dielectric waveguide is shown in Fig. 2 for
vy = v9/2 and various waveguide lengths L = /4,
A/2, A, and 2)X. One can see that the field ampli-
tude does not change until L < A. As the waveguide
length increases, the wakefield grows in a jump-like
manner, with the period A between the jumps (see
Fig. 3).

In order to consider the transient radiation emis-
sion, which inevitably arises at electrodynamic jumps
in real structures, and reflections of excited fields,
which occur owing to the imperfect matching be-
tween the waveguides, a numerical simulation of a
model dielectric structure close to the experimental
one was carried out. In Fig. 4, the obtained depen-
dence of the total excited field on the length of the
dielectric part in the structure is shown. The max-
ima and minima in this dependence are associated
with two factors. First, if the dielectric length is mul-
tiple of the half wavelength in the resonance mode,
the reflection of the wave excited by a bunch is min-
imum at the dielectric-vacuum interface. Second, the
partially reflected wave coherently interacts with the
direct wave, so that the total field in the dielectric
segment increases, which gives rise to the growth of
the excited field at the next wave incidence on the
interface between the media. This situation with the
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field growth is similar to the energy accumulation in
a resonator.

A linear, on average, growth of the total wakefield
excited in the dielectric waveguide by a long bunch
sequence with increase of the waveguide length was
experimentally obtained (the waveguide length was
changed from 0 to 35 cm with a step of 2.5 mm). This
result testifies to the coherent summation of wake-
fields that overlap as the waveguide length increases
(Figs. 5 and 6). The measured magnitudes of wake-
fields excited by one to four bunches agree with the
results of theoretical calculations and numerical sim-
ulations.

When a long sequence of bunches was used in the
case of an unmatched waveguide, then, owing to
the reflection, the additional fields with resonance
peaks near the waveguide lengths that are multi-
ple of the excited half wavelength were observed
against the background of a linearly growing wa-
kefield (Fig. 5). The improvement of the waveguide
matching (adiabatic adapters and adsorbers), which
reduce the wave reflection, brought about a reduction
of the wakefield resonance peaks (Fig. 6) and gave rise
to a satisfactory coincidence with the results of a nu-
merical simulation (Fig. 4).

In case of the dielectric structure with a rectangular
cross-section, there emerges a possibility to equalize
the reflection effect for different lengths of interac-
tion of a bunch with the dielectric part. This pos-
sibility is realized by deviating the bunches, with
the help of a magnetic field, to the lateral walls of
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the waveguide, where the dielectric plates are absent
(see Fig. 7). The shift of magnets changes the inter-
action length, but leaves the reflection conditions in-
variable.

In this experiment, we obtained a linear depen-
dence of the wakefield amplitude on the length of in-
teraction of a bunch with the dielectric (Fig. 8). Toge-
ther with the corresponding theoretical calculations,
this result confirms the coherent summation of bunch
wakefields.
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3. “Injection” Problem of Bunch Acceleration

The “injection” problem was solved by introducing
a detuning between the bunch repetition frequency
and the principal mode frequency of the excited
wakefield. This trick allowed the exciting and accel-
erated bunches to be obtained from the same se-
quence. For the case of non-zero detuning, the the-
oretical and experimental researches of the wake-
field excitation in a dielectric waveguide/resonator
by a periodic sequence of driving electron bunches
and the acceleration of other bunches from the same
sequence (witness bunches) by this field were car-
ried out. This possibility arises owing to a grad-
ual shift of the subsequent bunches with respect
to the phase of the wakefield excited in front of
them. In our experiments, the wakefield frequency
was fixed, being determined by the Cherenkov res-
onance, i.e. a coincidence between the bunch velocity
and the phase velocity of the excited wave in the di-
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Fig. 7. Accelerator “Almaz—2M” (1), magnetic analyzer (2),
diaphragm (3), wave guide (4), two dielectric plates (&5), di-
electric plug (6), wavemeter VMT-10 (7), and oscillograph (8)
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Fig. 8. Dependence of the wakefield amplitude on the length
of interaction between the bunches and the dielectric waveguide
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electric wave guide. The bunch repetition frequency
was changed by varying the frequency of the mas-
ter oscillator “Rubin” of a klystron amplifier. In the
framework of the concept “excitation-acceleration” for
the same sequence of bunches, the necessity in an ad-
ditional accelerator-injector for obtaining the witness
bunches disappears, which simplifies the experimen-
tal demonstration of bunch acceleration in excited
wakefields.

In the case of resonance where the bunch repetition
frequency frep and the principal mode frequency of
excited wakefield fy coincide (frep = fo), all bunches
turn out in the decelerating phase and spend their
energy for the wakefield excitation. If the detuning is
non-zero, Af = frep — fo # 0, the bunches in the first
part of the sequence, which are in the decelerating
phases of the excited field, lose energy to increase the
total wakefield. At the same time, the bunches in the
next part of the sequence, which become shifted into
the region of accelerating phases of the wakefield cre-
ated by the bunches in the first part of the sequence,
obtain an additional energy.

For point-like and monoenergetic bunches, the
number N* of bunches in the first part of the se-
quence, which excites the wakefield, is determined
from the condition that the phase shift of the N*-th
bunch should be equal to 7, i.e. N* = frep/2Af. The
bunches in the next part of the sequence character-
ized by the same duration are accelerated. As a result,
the initially monoenergetic spectrum of the sequence
becomes split into two components: for the deceler-
ated (energy loss on excitation) and accelerated (an
energy gain in the wakefield) beams.

In order to accelerate the bunches in our ex-
periments more substantially, the wakefield ampli-
tude had to be additionally increased. In the waveg-
uide case, the total wakefield is determined by the
sum of the fields generated by only a finite number
of bunches. This number depends on the waveguide
length (see section 2.2). Under the experimental con-
ditions, only a few bunches are involved. Therefore,
in order to increase the wakefield amplitude, a res-
onator mode was applied. It consists in that the re-
flection of excited fields from resonator’s ends al-
lows the wakefields of a larger number of bunches
to be summed up. The restriction on the number
of bunches that give a contribution to the total
field is determined only by the resonator Q-factor:

N =Q/r.
ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 8
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In Fig. 9, the experimental energy spectra of elec-
trons in the sequence of bunches that passed through
the resonator without the dielectric — so that there
is no Cherenkov interaction between the bunches and
the resonator (these spectra are marked by squares;
their form is close to the initial spectrum at the res-
onator input) — and through the resonator with a
dielectric tube (these spectra are marked by circles;
they correspond to the electron interaction with the
excited wakefield) are exhibited for two cases: at the
resonance (panel a, Af = 0) and without it (panel b,
Af =25 MHz).

From Fig. 9, it follows that, with the dielectric,
the whole energy spectrum shifts by 400 keV toward
lower energies at the resonance, Af = 0, which is
associated with the energy losses by all bunches for
the wakefield excitation. In the case of a detuning be-
tween the bunch repetition frequency and the wake-
field frequency, Af = frep — fo = 2.5 MHz, some of
the bunches in the sequence, undergoing the phase
shift, find themselves in the accelerating phase of the
wakefield excited by previous bunches in the same se-
quence and absorb the wakefield energy. In this case,
the energy spectra reveal the presence of the elec-
trons that lost energy (—150 keV) and the electrons
accelerated to an energy higher than the initial one
(4+150 keV).

By varying the detuning value, it is possible to reg-
ulate the number of bunches in the part of the se-
quence that excites the wakefield, as well as the num-
ber of bunches that turn out in the accelerating wake-
field phase and obtain an additional energy. If the de-
tuning grows, there arise conditions for the emergence
of wakefield beats with several parts in the sequence
of decelerated and accelerated bunches.

4. Plasma-Dielectric Structure

The presence of plasma in the transit channel for
bunches makes it possible to compensate the bulk
charge of bunches and to prevent the electron bunches
from reaching the dielectric. As a result, the condi-
tions for the beam to pass through the channel be-
come better, which increases the amplitude of the
excited wakefield at the output. In addition, plasma
changes the dispersion characteristics of the waveg-
uide/resonator and the topography of the wakefield
excited by the bunch sequence at the Cherenkov res-
onance in the channel.
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Fig. 9. Energy spectra of electron bunches passing through
the resonator without an dielectric (squares) and through the
resonator with a dielectric tube (circles): (a) Af = 0 and (b)
Af = 2.5 MHz. I is the current from the Faraday cup of a
magnetic analyzer

Note that the wakefield consists of a plasma-
modified dielectric field and a pure plasma one. Those
fields are excited at different frequencies, but for the
case where the plasma frequency f, and the frequency
of modified dielectric field fy coincide (f, = fo). In
the scheme with a single driving bunch and a single
witness bunch, the application of different frequencies
allows the latter to be arranged in the phase region,
where it will be accelerated by a high longitudinal
dielectric field (the radial field is insignificant in the
case of relativistic bunches) and focused by a high
plasma radial field (Fig. 10).
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Fig. 10. Axial profile of the longitudinal (solid curve) and
transverse (dashes curve) forces acting on a test particle at a
distance of 0.95 cm from the waveguide axis (a); transverse
profile of the longitudinal (solid curve) and transverse (dashes
curve) forces acting on a test particle at a distance of 7.56 cm
from the head of the leading bunch (b)

Our theoretical researches concerning the electro-
dynamics of a dielectric waveguide with an axial
transit channel filled with plasma (a hybrid plasma-
dielectric waveguide) demonstrated that the pres-
ence of plasma in the transit channel gives rise to
the change in the principal mode topography for
the dielectric wakefield, so that the field becomes
three-dimensional in the channel with r = 0+1 cm
(Fig. 11). The corresponding increase of the coeffi-
cient of coupling of a bunch with the wave provides
a growth of the longitudinal field amplitude in the
channel with the plasma density.
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Fig. 11. Topography of the wakefield excited by a single bunch

in the transit channel of a dielectric waveguide with a round

cross-section for various plasma densities

For a sequence of bunches, the situation becomes
complicated, because plasma in the channel violates
the resonance condition of the coincidence between
the bunch repetition frequency f;op and the frequency
of the excited Cherenkov dielectric field fy. As a re-
sult, the presence of plasma gives rise to the total
field beats, as the number of bunches increases. This
circumstance confines the linear growth of the field
with the bunch number, and the maximum field for
a long sequence of bunches considerably decreases
in comparison with the case where the channel is
free of plasma. The situation becomes more com-
plicated in the resonator case, because the condi-
tion for the additional resonance with the charac-
teristic resonator frequencies f, has to be satisfied,
Le. frep = fO = fn

In order to experimentally confirm our conclusions
on the role of the presence of plasma in the transit
channel (the enhancement or suppression of the wake-
field excitation), we carried out experiments with a
resonator, in which plasma suppresses the excitation
owing to the emergence of the resonance detuning,
frep # fo # fn, and with a waveguide, in which,
according to the theory (Fig. 11), the presence of
plasma should induce a growth of the excited field
in comparison with the plasma-free case. In the case
of waveguide configuration, it is necessary to exclude
the influence of the bunch repetition frequency frep,
which, in the presence of plasma, gives rise to a de-
tuning with the frequency of the Cherenkov dielectric
wakefield fo (frep # fo0). For this purpose, it is nec-
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essary to change to the case with a single bunch. As
was shown above, a single bunch can be obtained un-
der our experimental conditions (v, = vy/2), if the
waveguide length L is chosen to equal the dielectric
wave length A\ (L = )). In this case, the bunches ex-
cite the wakefield independently. Every bunch takes
away the field excited by itself from the waveguide,
so that the next bunch enters the waveguide free of
the fields created by previous bunches. Therefore, the
envelope of the fields of all 6 x 10® bunches has an
amplitude (this amplitude can be measured in exper-
iment) equal to the amplitude of the field excited by a
single bunch, and a comparison with the theory (see
Fig. 11) becomes correct.

4.1. Experimental installation

The diagram of the experimental installation is shown
in Fig. 12. Relativistic electron bunches were injected
into a dielectric waveguide through a 30-um titanic
foil. The waveguide had a round cross-section filled
with an dielectric with a transit channel 21 mm in
diameter for the bunch passage.

In order to obtain a waveguide, we had to exclude
the reflection of the excited wave. For this purpose,
the dielectric inset ended as a dielectric cone, and a
ferrite absorber was mounted on a dielectric vacuum
plug. For the single-bunch regime to be obtained, the
dielectric inset length L was selected to equal the ex-
cited dielectric wavelength A.

Plasma was created in the transit channel of the
dielectric waveguide by the beam itself at its pas-
sage through a neutral gas with controllable pressure,
which filled the transit channel. Plasma emerged ow-
ing to the development of the beam-plasma discharge
in the excited wakefield at a pressure of about 1 Torr
and to the impact ionization by beam electrons at
high pressures.

To study the focusing of relativistic electron
bunches, dual Faraday cup (9) was used. The bunch
focusing was registered by the current increase at the
second cup and a simultaneous current reduction at
the first cup.

4.2. Influence of the presence
of plasma in the transit channel
on the efficiency of wakefield excitation

Oscillograms of the microwave wakefield signal were
obtained with the help of a microwave probe mounted
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Fig. 12. Schematic diagram of the experimental installa-
tion: (1) accelerator “Almaz—2M” (2) titanic foil, (3) vac-

uum gauge, (4) dielectric waveguide, (5) matching dielectric
cone, (6) ferrite absorber, (7) microwave probe, (8) oscillo-
graph GDS-840C, (9) dual Faraday cup, (10) vacuum pump,
and (11) dielectric vacuum plug

at the output of the dielectric waveguide with a di-
electric inset of the length L = A\ (Fig. 13). The pres-
sure of a neutral gas in the transit channel varied
from 0.02 to 1 Torr. The oscillograms demonstrate
that the amplitude of the excited wakefield at a pres-
sure of 0.5 Torr, when plasma is formed (panel b),
exceeds the amplitude of the field in the dielectric
waveguide at pressures, when plasma is not formed
(panels a and ¢).

The dependence of the excited longitudinal wake-
field amplitude at the transit channel axis on the
pressure in the whole examined pressure interval in
the waveguide configuration and in the single-bunch
regime is depicted in Fig. 14 (curve 1). One can
see that the wakefield wave in the channel at pres-
sures, at which the beam-plasma discharge develops
and plasma is formed, becomes three-dimensional (in
agreement with the theory (Fig. 11)). As a result, the
coefficient of coupling of a bunch with the wave in-
creases, and the excited wakefield amplitude grows in
comparison with the no-gas case (Fig. 14, the lower
horizontal line).

The configuration with a dielectric resonator was
obtained by removing the matching elements and
mounting a metallic plug at the output. Under the
double resonance conditions frep = fo = fn (the
coincidences of the Cherenkov frequency fy with
the bunch repetition frequency frep and, simultane-
ously, with the characteristic resonator frequency f,),
the wakefield amplitude was found to grow substan-
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Fig. 13. Oscillograms of the envelope of the wakefield mi-
crowave signal (lower oscillograms) at P = 1072 (a), 0.5 (b),
and 140 Torr (c¢). Upper oscillograms correspond to the beam
current
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Fig. 14. Dependences of the E,-component of the excited field
on the pressure of a neutral gas in various dielectric structures

tially. This phenomenon results from the fact that the
number of bunches that give a contribution to the to-
tal wakefield is connected with the Q-factor and, for
real @-values, amounts to several hundreds. At the
same time, in the waveguide configuration, the cor-
responding number of bunches, which is determined
by the waveguide length and the group velocity, does
not exceed several tens.

However, in contrast to the waveguide configura-
tion with a single bunch, in the case of resonator,
many bunches are involved into the wakefield excita-
tion, i.e. the bunch repetition frequency fr.p begins
to play a certain role, and there emerge characteris-
tic resonator frequencies f,,. The presence of plasma
at pressures, at which the beam-plasma discharge de-
velops, results in the detuning of both resonances and
a reduction of the wakefield amplitude (Fig. 14, curve
2), unlike the no-gas, i.e. no-plasma, case (Fig. 14,
the upper horizontal line).

4.3. The focusing of driving bunches

In the waveguide geometry (the matched output) and
the single-bunch regime (L = \), both mentioned res-
onances are absent, so that all bunches are under
identical conditions of exciting driving bunches. In
Fig. 15, the calculated wakefield profiles of the di-
electric and plasma waves excited by a single bunch
are shown for two plasma densities [14]. One can see
that the bunch with a finite length and a finite ra-
dius is located in its own wakefield, the longitudinal
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Fig. 15. Summed-up longitudinal components of the plasma
and dielectric waves (solid curve) and the transverse compo-
nent of a plasma wave (dashed curve) at various plasma den-
sities np = 1010 (@) and 101 cm™3 (b)

dielectric (decelerating) and radial plasma-generated
(focusing) ones. There is no radial defocusing field of
the dielectric wave, and its longitudinal field is almost
uniform. As a result, the driving bunch is focused by
its own wakefield excited in plasma, in addition to
the focusing associated with the compensation of its
radial electric field in plasma.

In Fig. 16, experimental oscillograms of the beam
current obtained with the help of a dual Faraday
cup in vacuum with P = 1073 Torr (panel a) and
at the pressure P = 0.5 Torr of a neutral gas in
the transit channel of the dielectric waveguide (panel
b) are shown. The current growth at the second
cup together with the simultaneous current reduc-
tion at the first cup testifies to the stronger focus-
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Fig. 16. Oscillograms of the beam current registered with the
help of a dual Faraday cup (the upper curve corresponds to
the first cup, and the lower one to the second cup) and the
oscillograph GDS-840C at various pressures P = 1073 (a) and
0.5 Torr (b)

ing of electron bunches in the latter case correspond-
ing to a higher plasma density at the gas pressure
P = 0.5 Torr.

5. Conclusions

Using theoretical calculations and numerical sim-
ulations, it is shown that when a wakefield (the
Cherenkov radiation) is excited by a sequence of
relativistic electron bunches in dielectric structures,
and the bunch repetition frequency coincides with
the wakefield frequency, the total wakefield, owing
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to the coherent summation of the wakefields gen-
erated by separate bunches, can reach the ampli-
tudes of the wakefield excited by a single bunch
with an equivalent total charge. This circumstance
makes it possible to apply a regular sequence of
bunches produced at ordinary accelerators for the ex-
citation of a high-gradient accelerating electric field,
instead of intensive single bunches produced at mod-
ern colliders.

In the dielectric-waveguide configuration, the total
wakefield is a contribution only of the bunches in the
long sequence, the number of which is determined
by the waveguide length L and the group velocity
vg of the excited wakefield: N = L/A(vo/vy — 1),
where ) is the wavelength that is equal to the dis-
tance between the bunches, and vg is the bunch ve-
locity. This restriction is a result of the excited wake-
field outlet with the group velocity through the wave-
guide end.

In the dielectric-resonator configuration, all bun-
ches in the sequence contribute to the total field ow-
ing to the reflection of the excited wakefield from
the metallic input and output resonator ends. The
restriction is limited only with the resonator Q-
factor: N = @/m. As a result, in this configura-
tion, the total wakefield is substantially higher in
comparison with that in the dielectric-waveguide con-
figuration.

In experiments with the application of a sequence
of relativistic electron bunches produced at the or-
dinary linear electron accelerator “Almaz-2” (6 x
103 bunches; each with an energy of 4.5 MeV, a ra-
dius of 1 cm, a duration of 60 ps, a charge up to
0.32 nC, and a repetition frequency of 2.805 GHz),
the efficiency of the multibunch excitation regime
for generating intensive total wakefields in the cases
of waveguide and resonator configurations was de-
monstrated.

Taking advantage of the detuning between the
bunch repetition frequency and the wakefield fre-
quency, we obtained bunches that are accelerated by
the wakefields of previous bunches in the same se-
quence. It enabled us to study the acceleration pro-
cess making no use of a separate accelerator-injector
of bunches for their acceleration by the excited wake-
field.

It is shown that the presence of plasma in the
transit channel of a hybrid plasma-dielectric struc-
ture results in the excitation of an additional plasma
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wake wave. The total wakefield in the transit chan-
nel consists of the dielectric wave field and the
plasma wave field. At low plasma densities, the di-
electric wave has the longitudinal field (its trans-
verse field is negligibly low), whereas the plasma wave
has the transverse field (its longitudinal field is in-
significant). In the course of excitation, the bunches
turn out in decelerating phases of the longitudinal
dielectric wakefield and in focusing phases of the
transverse plasma wakefield. The bunches intended
for the acceleration can be arranged in the phases,
where the amplitude of the longitudinal accelerat-
ing wakefield of the dielectric wave and the am-
plitude of the focusing transverse wakefield of the
plasma wave are maximum. At a proper (taking the
plasma response into account) choice of the parame-
ters of a dielectric inset and the corresponding plasma
density, it becomes possible to simultaneously pro-
vide an increase of the longitudinal accelerating field
and the focusing of both exciting and accelerated
bunches.

With the help of a dual Faraday cup, the focusing
effect for the exciting bunches in a plasma-dielectric
structure is experimentally demonstrated. The ob-
tained results of theoretical and experimental re-
searches concerning the excitation of wakefields in
plasma-dielectric structures by sequences of relativis-
tic electron bunches testify to a possibility of ap-
plying the idea of a multibunch plasma-dielectric
accelerator for the future development of collid-
ers with considerably smaller dimensions and lo-
wer cost.
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MYJIBTUBAHYEBUN PEXKUM
SBYKEHHA KIJIBBATEPHOI'O ITOJIA
B IIJIABMOBO-AIEJIEKTPUYHIN CTPYKTYPI

Peszmowme

IIpencraBieHi TeopeTnyHi Ta €KCIIEPUMEHTAJIBHI JOC/IIIKEHHS
bI3SMYHUX MPUHIUIIB CTBOPEHHS J1€JIEKTPUYHOIO KiJIbBaTEp-
HOT'O IIPUCKOPIOBada, 3aCHOBAHOIO Ha 30y/I’KEHHI IPUCKOPIOIO-
9Oro KiJIbBATEPHOI'O I10JIsI B IJIA3MOBO-/[i€JIEKTPUYHIi CTPYKTY-
Pl JOBrOIO MOCIIJOBHICTIO €JIEKTPOHHUX 3UYCTKIB. 301/IbIIICHHST
aMILTITyAu 30y1KyBaHOI'O KiJIbBATEPHOIO MOJISL JOCATAETHCS 38
PaxyHOK KOI€PEHTHOI'O CKJIaJIaHHS KiJIbBATEPHHUX IIOJIB OKpe-
Mmux 3rycTkis. Ilpuckopennsi 3rycTkiB y cyMapHOMY KiabBa-
TEPHOMY II0JIi PEaJsIi30BaHO IOIIJIOM ITOCJIJOBHOCTI 3ryCTKIB Ha
30y/KyI0y i IPUCKOPIOBAHY YaCTHHH B OyAb-SIKOMY CIiBBigHO-
IIEHH]I 3a JOIOMOIOIO BiJIIIOBiHOI PO3CTPOMKHU YaCTOTH CJIiTy-
BaHHsI 3TYCTKIB I[OJJ0 YaCTOTH 30yIKyBaHOI OCHOBHOI IIOIIepe-
anol Monu. JlocitiizKeHo BIIUB IJIa3MU B IPOJIOTHOMY KaHAJI1
Ha BEJIMYUHY 30y/12KyBaHOI'O KiJIbBATEPHOI'O I10JIsA 1 pOKyCcyBa-
HH# 30yPKyIOUNX 1 IPUCKOPIOBAHUX 3TYCTKIB.
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