NJA3SMA, TA3U

ACCELERATION OF ELECTRONS BY WAKE
FIELDS OF A REGULAR TRAIN OF BUNCHES
IN A DIELECTRIC WAVEGUIDE OF FINITE LENGTH

N. I. ONISHCHENKO, D. YU. SIDORENKO, G. V. SOTNIKOV

UDC 621.384.6

®2003

National Scientific Center “Kharkiv Institute of Physics and Technology”
(1, Akademicheskaya Str., Kharkiv 61108, Ukraine)

The excitation of wake fields by a regular train of relativistic
electron bunches in a cylindrical waveguide, which is partially
filled with a dielectric, is considered. The expressions for all
components of the electromagnetic field excited in a dielectric
waveguide are obtained. The waveguide’s finiteness along the
longitudinal direction is accounted by the introduction of the
wake field’s trailing edge, which propagates with the velocity
equal to the group velocity of the resonance wave. The numerical
simulation of the self-consistent dynamics of particles of bunches
in the wake fields, which the bunches excite themselves, is carried
out. It is shown that, in the cases of relativistic bunches with small
charge or ultra-relativistic intense bunches, taking the dynamics
into account does not influence essentially the excited field. High
radial stability of such bunches is found. Acceleration of electrons
in a wake field of a train of bunches is investigated. Numerical
calculations are carried out for the systems with parameters which
are close to those of the experiments carried out in NSC “KhIPT”,
Ukraine and in the National Laboratory of High Energy Physics
(NLHEP), Japan. The calculated accelerating fields are 100 kV/m
and 18 MV/m, respectively.

Introduction

An electromagnetic field is excited when a charged
bunch moves in a slow-wave medium with a higher
velocity than the phase velocity of eigenwaves of
the medium. This field is bound with the Cherenkov
radiation of a bulk of charged particles. Inasmuch
as the electromagnetic field excited by a charged
bunch fills the region behind the bunch, it was
called the wake field. The waveguide, which is
partially filled with dielectric, can serve as a slow-wave
medium.
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Recently a number of articles has appeared, where it
has been proposed to use intense wake fields excited in a
dielectric waveguide for intense acceleration of charged
particles [1, 2] and for generation of high-power pulsed
radiation [3]. Besides the theoretical investigations,
the experiments demonstrating the availability of this
method have been carried out [4, 5]. In [5, 6], it has
been proposed to use the regular train of identical
relativistic bunches with relatively small charge for
obtaining an intense wake field. High-energy bunches,
whose velocity scarcely varies along the system’s length,
radiate almost identically, despite each of them is in the
retarding field of the preceding bunches. As a result,
the electromagnetic field excited by the train of such
“rigid” bunches increases in direct proportion to, and the
energy losses grow in proportion to the second power
of the number of bunches in the train. The essential
increase of the wake field’s amplitude can be reached
by multimode excitation of eigenwaves of a dielectric
waveguide [1].

The waveguides, which are usually considered in
the most of theoretical articles, are infinite along the
longitudinal axis z. The essential effects related to
the system’s finite length become apparent only under
complete numerical simulation of the system [2]. In
present paper, the process of excitation of wake fields by
a train of relativistic bunches in a finite length dielectric
waveguide is investigated theoretically. In Section 2, the
expressions describing the wake field of a thin annular
bunch in an infinite waveguide are obtained. In Section
3, the conversion to the fields of a regular train of
electron bunches with the rectangular profile of charge
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density is accomplished. In Section 4, the difference
between the finite-length system and the infinite system
is discussed. The concept of a trailing edge of a wake
field in a semiinfinite waveguide is introduced and the
expressions describing the wake field are modified in a
proper way. In Section 5, the results of the investigation
of self-consistent excitation of the wake field by a train
of bunches and acceleration of electrons by this field are
represented. In Conclusion, the main theoretical results
are briefly resumed, and the recommendations for the
future experiments planned in NSC “KhIPT” are given.

1. Excitation of the Field by a Thin Annular
Bunch

We consider a round metal waveguide of radius b, which
is filled with a dielectric with the relative permittivity
€. The round vacuum channel of radius a, in which the
electron bunches will move, is made inside the dielectric.
This channel is coaxial with the waveguide. A charged
bunch, which has the shape of an infinitely thin and
short ring, propagates along this channel. The charge
density of this bunch is

d(r—rL)o(t —tL) , (1)

p= 2mrLoL
where —q is the charge, rp, {1, vy are the Lagrangian
radius, time, and velocity of the bunch, respectively.
We suppose that the bunch moves uniformly and r, =
const, v, = const, tr, = to + z/vL, where ty is the
moment of time when the bunch passes the conventional
beginning of the system z = 0 (or the moment of arrival).
Let vy, > ¢/+/€, where ¢ is the speed of light in vacuum.

The wave equation for the excited field, which follows
from the Maxwell’s system, reads:

e O°E 47 0j

(2)

Determining the Fourier transformation (FT) F for an
arbitrary function F'(z,t) in the form

-~ 1 o0 o0
F= —/ / F(z,t) exp(—ikz +iwt) dz dt ,

for the F'T of the longitudinal component of the E-wave
field E. from (2) with the source (1), we obtain
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The FT of electric and magnetic components of the E-
wave field are connected with each other as follows:
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Let us divide the waveguide’s inner space into three
regions along the radius: 0 < r < 7, r, < r < a,
and a < r < b. We will label the field in each of these
regions with the corresponding indices: I, I, or IT1. At
the boundaries of these regions, the following conditions
must be satisfied:

El(r,) = B () ,
E!(a) = E(a) ,
EM@p) =0,

OEM(r) OEl(ry)
or or o

___ ; L -~ _w
Rl [kexp(zktho) - exp(iwto)| d(k UL),

EIII 1 §E1!
E%Q_:__QQ_ __Q_E_QQ.:(), (5)
k3 or k2 Or
where k2 = k2(w, k) = k* — w?/c?, k2 = ki(w, k) =

=ew?/c? — k%
Due to the form of the left-hand side of (3), E, in
the regions can be presented as follows:

Eg = Cllg(k'vr) 5
Eil = CQIO(]{?UT) + CgK()(k‘U’I“) ,

Eﬁ” = CyJo(kgr) + CsNo(kar) , (6)

where Jy, No, Ip, and K, are the cylindrical
Bessel, Neumann, the modified cylindrical Bessel,
and Macdonald functions of zero order, respectively.
Substituting (6) into (5), we find the expressions for the
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constants C; (i = 1,...,5). Fulfilling the reverse FT
with accounting (4), we obtain the final expressions for
the components of the field of the thin annular bunch
(1) in the vacuum channel:

4 I vsr I kvsr
E.(t,r,z,to,rL,vL) = qz ol 12 (kL)aO)(G )X
0 vs

xO(t — t1,) cos[ws(t —t1)] ,

Er(t,T,Z,to,T‘L,'UL) =

4q’yL i IO (kvsrL)Il (kvsr)

a> = I§(kusa)Gs
xO(t — tr) sinfws(t —tL)] ,
H,(t,r,z,to,rL,v) = BLE(t, 7,2, t0,7L,01) - (7)
Here, k2, = K(wpw,/un) = ?/@222), K, =
= kj(ws,ws/vr) = w3 (eff — 1) /vi, m = (1 /32) 172,

BL = ’UL/C,

Go—c— 4e ‘—ﬁ—l If(kvsa)7
2k2 a?A2 A2 I3 (kysa)

As = A(kgs), Bs = B(kgs), A(kq) = Jo(kqa)No(kgb)—
—No(kqa)Jo(kab),  B(ka) = Ji(kaa)No(kab)—
—Ni(kqa)Jo(kab). The resonance frequencies ws (s =
=1,2,...) must be defined from the dispersion equation
D(ws,ws/vr,) =0, where the dispersion function has the
form:

B(kq)
A(ka)

11 (kva)

D(w, k) = ek, ToUhea)

—ky

The function ©(x) is defined as follows:

i <
Oz) = O?fa:_O,
lifxz>0.

2. The Field of a Train of Bunches

Expressions (7) allow us to find a field of both a finite-
size bunch and a train of such bunches. One should
substitute —q in (7) by dtodry2nryLj.(rL,to), where
Jz(rL,to) is the electrical current density, and integrate
over all values of the ring’s radius and arrival time. If the
distribution of charge density has the rectangular profile
within the bunch boundaries in both longitudinal and
radial directions, then j.(rp,to) = —Qp/(nrity), where
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—Qp, 1, and tp are the charge, radius, and duration
of the bunch, respectively (t, = l;/vL, Iy is the bunch
length). In the case of a regular train of N bunches
with periodicity Ty (Tp = f7ly, fmod is the frequency
of movement of bunches) in the vacuum channel, we
have

8va%7L Il vsrb IO vsr)
Z ]2

E{V t7 ) = —
2 (br2) rplpa? (kysa)w2Gy

N
XY it 2)
i=1

EN(t,r,z) =

8QuuEnt i I (kysro) T (Kusr)
rplpa? I (kysa)w?G

N
XY et 2)
i=1

where

5, (t,2) = Ot — (i — )T, — %]x

x sin{wg[t — (i — 1)Ty — i]}_

L
—O[t -ty — (i — )T} — —]x

L
x sin{ws[t —tp — (1 — 1)Tp — %]} )
Plu(t,2) = Ot = (i = Ty — ]
x (1 = cos{ws[t — (i — )T} — —]})—

UL

—O[t -ty — (i — )T} — =]

L

x (1 — cos{ws[t — tp — (i — 1)Tp — %]}) . (9)
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Fig. 1. Characteristics of the wake field of a solitary bunch. a —
the dependence of the longitudinal electric field at the point z =
100 cm and r = 0.5 cm on time; the black square marks position of
the bunch. b — the frequency spectrum of this pattern; the black
vertical strokes mark the resonance frequencies. Parameters of the
system: ¢ = 1.05 cm, b = 4.23 cm, ¢ = 2.1, Qp = 0.32 nCl, the
energy of the bunch W;, = 2 MeV, I, = 1.7 cm, 7, = 0.5 cm.
At the moment of time ¢ = 0, the head of the bunch passes the

cross-section z = 0

The pattern of field (8) is determined by both the
summation of the infinite number of radial modes (the
sum over s) and the summation over bunches (the
sum over 7). When the amplitudes of several modes
are comparable with that of the first mode, the narrow
spikes of the field, whose intensity is much higher than
the intensity of a single mode, are formed [1]. For the
field represented in Fig. 1,a, the modes with numbers 1,
2, and 3 have the maximal values (see the spectrum in
Fig. 1,b). As Aw,; = ws+1 —ws # const in the considered
case, the periodicity of field spikes from the solitary
bunch changes with time, and this makes the coherent
summation of fields in the regular train of bunches more

difficult. In [3,7], it was proposed to take
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Fig. 2. Characteristics of the wake field of 10 successive bunches.
a — the dependence of the longitudinal electric field at the point
z = 100 cm and r = 0.5 cm on time; the black squares mark
positions of the bunches, the leftmost square denotes the first
bunch of the train. & — the frequency spectrum of the signal
behind the last bunch (part of the pattern denoted by the arrow);
black vertical strokes mark the resonance frequencies. Parameters
of the waveguide and of each bunch are the same as in Fig. 1,
fmod = 2790 MHz. At the moment of time ¢t = 0, the head of the
first bunch passes the cross-section z = 0

fmod & (ws+1 —ws)/(4m) as the frequency of modulation.
But the essential increase of the wake field as a result of
coherent summation of many modes will appear only in
the case of large values of permittivity ¢ > 10, when
ws & wo(s — 1/2). If one uses the dielectric with small
value of ¢ (e.g., fluoroplastic-4, or Teflon, which has
¢ = 2.1), then one must modulate the train of bunches
at the frequency of the first resonance mode. In this case
(see Fig. 2,a), the amplitude of oscillations increases in
direct proportion to the number of injected bunches,
and the pattern of the wake field becomes similar to
that of a single mode field. As seen in Fig. 2,b, the
spectrum of oscillations behind the last bunch has a peak
corresponding to the frequency of train’s modulation
that essentially exceeds the peaks corresponding to the
frequencies of other excited modes.
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3. The Wake Field in a Semiinfinite
Waveguide

We obtained expressions (8), (9) for the wake field
assuming that the waveguide is infinite along its axis.
According to (9), in any cross-section of the waveguide,
after the bunch passes through it, the wake field
oscillations will exist for an infinitely long period (we
neglect the damping). Therefore, it is possible to sum the
fields from a large number of bunches and to obtain the
corresponding high values of the wake field. In reality,
the waveguide has a finite length and this model cannot
be applied to it.

In [8, 9], the problem of excitation of a wake field by
a charged bunch in a semiinfinite waveguide filled with
solid dielectric was solved. It was shown that, in this
structure, the wake field of a solitary charged bunch
has the trailing edge, which follows the bunch with
the velocity equal to the group velocity of resonance
eigenwaves. A transition radiation smoothing the field
envelop at the region of the trailing edge appears as well.
Three main conclusions follow from here [9]. First, the
wake field bulk following the exciting bunch has finite
length; although the length of the field bulk increases
with time, but the wake field will disappear in any
cross-section of the waveguide in certain interval of
time after the bunch passes through it. We call this
phenomenon as the effect of field removal. Secondly,
when the semiinfinite waveguide is excited by the train
of successive bunches, the net field’s amplitude grows
from the beginning of the system to the position of the
trailing edge of the field excited by the first bunch and
decreases from this point to the position of the first
bunch. Thirdly, the field amplitude in some cross-section
experiences a growth while several first bunches passes
through it and the following saturation; the saturated
field does not depend on the total number of bunches
passed through the cross-section, but strongly depends
on the distance to the input end of the system.

The problem statement in [8, 9] is the first
approximation to the description of a finite-length
waveguide without reflections at its ends. If we consider
such a waveguide, the maximal number of bunches
which contribute to the field amplitude in its output
end will be

[ _
Nmax ~ SyS(UL 'Ugr)

+1,
lmodvgr

(10)

where [y is the waveguide length, loq is the spatial
period of movement of bunches, and v, is the group
velocity.
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Let us suppose that, first, our waveguide has finite
length and no reflection at its ends takes place. Secondly,
in a finite-length dielectric waveguide with vacuum drift
channel, the propagation of the wake field occurs in
the above-described way. Thirdly, we can neglect the
transition radiation. That is why, during the calculation
of the wake field (8) excited by the train of identical
finite-size bunches, we suppose that each mode of the
elementary field (7) is nonzero in the region zg , < z <
(t —to)vr, where zg s = (t — to)Ugr,s, Ugr,s is the group
velocity of the mode with number s. The value of vgy .
is defined as follows:

Vgr,s = — D,;C(ws’WS/UL) ) (11)
’ D}, (ws,ws/vL)

where

DL k) = kkya l_ 4e

kq n2k2a? A2 B

kq

B2 kg(l_ff(kva))] 2k<k§

2t a4
2T 12V T B(ka) 2t

v

) e

, _ we k(e —1) @Il(kva)_
Dw(“”k)_kc?{ e | 2By Io(kva)

1% (kya)

—akq(l — = — Di(w, k) p -
a d( Ig(kva))] k(wa )}

The net field is still determined by expressions (8), where

¢;." have the following form:

z

pis(t 2) = {@[t — (i —-1DTy, — =]

UL

Ot — (i — DT — = ]}x
gr,s
x sin{wsg[t — (i — 1)1} — i]}_
L

—{G)[t —ty— (i = V)T — =]

L
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Fig. 3. Longitudinal distribution of electric components of the wake
field excited by the train of 28 bunches in the waveguide of length
lsys = 100 cm at the moment of time ¢ = 10 ns for 7 = 0.5 cm.
o — the fields are calculated without taking the effect of wake field
removal into account. b — the fields are calculated assuming that
the trailing edge follows each bunch with the velocity vg, < vr,.
The black squares mark positions of the bunches. The leftmost
square denotes the last bunch of the train. The solid lines depict
the longitudinal field, and the dashed lines depict the radial field.
Parameters of the system are the same as in Fig. 2
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1 1
X cos|wgz - —]. 12
ey = ) (12)
The difference between the fields, which are

calculated with the help of Egs. (8), (9) and (8), (12),
can be noticed in Fig. 3. The fields are calculated at the
moment of time when 28 bunches have been injected into
the waveguide and 19 of them have left the waveguide
already. One can see that the neglect of the effect
of field removal (Fig. 3,a) results in the considerable
overestimation of the excited wake field intensity and
in a qualitatively different pattern of the wake field
(compare Fig. 3,a and Fig. 3,b). In Fig. 3, the parameters
of the waveguide and of the train of bunches are close
to those of the wake field acceleration experiment which
has been carried out in NSC “KhIPT” [5].
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4. Self-consistent Excitation and Acceleration

The 2D equations of motion of an electron ring in the
field of an E-wave are [10]:

dtr, _ 1 dry, _ UrL
dz B V.1, T dz N V2L ’
dv,r, €

= — X
dz muv.LYL

V2L UrL

< [Br = HH = o 4B
dsz e

= — X
dz MmuLLYL

x [E + UTTLHw - %(UTLET B, (13)
where —e and m are the charge and the mass of
an electron, respectively. We can present finite-size
bunches as a set of many macroparticles (rings) with
corresponding values of charge, radius, and moment of
arrival into the system. The self-consistent excitation
of the wake field is described by the equations of
motion (13) for each macroparticle in conjunction with
the expressions for the field. As the latter, we use
(7) assuming that the velocities of particles and the
resonance frequencies change slowly. The field, which
influences a single particle, is defined as the sum of the
fields of other macroparticles.

In order to investigate the self-consistent dynamics,
we took the train of 10 bunches, each of them was
represented by 50 particles (10 layers along z and 5
layers along ). We restricted ourselves to 10 bunches,
because this number follows from (10) for I5ys = 100 cm,
Imoa = 10.52 cm, B1, = 0.979, vg:/c ~ 0.5. We did not
take into account the effect of field removal, because it
would decrease the field and therefore the probability
of the appearance of nonlinear dynamics. The results
of the numerical simulation are the following. First,
the nonlinear effects (trapping of the particles, etc.)
do not appear under the used parameters. Secondly,
the net field is very similar to the field calculated
by the linear expressions (8), (9). We chose the
kinetic energy distribution function and the transverse
momentum distribution function as the characteristics of
the dynamics of particles forming the train of bunches.
At the input end (z = 0), all particles have the same
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Fig. 4. Characteristics of the self-consistent dynamics of the
leading train of 10 bunches calculated in the cross-section z =
= 100 cm. a — the energy distribution function. b — the transverse
momentum distribution function. Parameters of the system are the
same as in Fig. 2

energy of 2 MeV and zero value of the transverse
momentum. At the output end (2 = 100 cm), the
distribution functions become wider (see Fig. 4) —
a considerable part of the particles decelerates, the
maximal energy losses are near 100 keV, and the
insignificant spread of transverse momentum appears.
But no particle reaches the dielectric wall and we can
consider that the used charge bunches are stable in the
system of 1 m length.

As the accounting of the dynamics of small charge
bunches does not affect the excited field, we examined
the following theoretical model of the dielectric wake
field accelerator of electrons. We supposed that the
wake field is excited in the finite length waveguide by
a regular train of bunches. We neglected the dynamics
of bunches but we took into account the effect of
wake field removal, therefore the accelerating field was
calculated with the help of expressions (8), (12). The
low-current nonmodulated beam of electrons, which
would be accelerated, was injected simultaneously with
the train of bunches. We neglected the influence of these
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Fig. 5. Characteristics of the dynamics of the accelerated low-
current electron beam calculated in the cross-section z = 100 cm.
a — the energy distribution function. b — the transverse
momentum distribution function. Parameters of the waveguide
and of the leading train are the same as in Fig. 2. The energy

of the beam at the input end of the system (z = 0) is 2 MeV

electrons on one another and on the electrodynamics
of the system. The motion of accelerated electrons was
described by system (13).

We took the accelerating train of 50 bunches with
the parameters close to the experimental ones and the
monoenergetic accelerated beam with the initial energy
of 2 MeV and duration of 18 ns. The typical picture
of the longitudinal distribution of the accelerating field
is represented in Fig. 3,b. During the simulation, the
accelerated beam was represented by 2000 particles,
which were uniformly distributed along the phases of
the accelerating field. The results of calculations show
that the energy distribution function of the accelerated
beam become wider (Fig. 5,a) and accelerated electrons
appear. The maximal energy growth does not exceed
50 keV. At the output end of the system, the energy
distribution function of accelerated particles becomes
slightly asymmetric relatively to the initial energy. In
addition, a small spread of radial momenta appears

24
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Fig. 6. a — the energy distribution function of the leading train
of 6 bunches calculated in the cross-section z = 100 cm. b — the
longitudinal distribution of the wake field of the train of 6 bunches
in the semiinfinite waveguide at the moment of time ¢ = 4.5 ns for
r = 0.075 cm. Parameters of the system: ¢ = 0.275 cm, b = 0.5 cm,
e =21, Qp = 1.67 nCl, W, = 250 MeV, frmoq = 2856 MHz,
I, = 0.3 cm, r, = 0.075 cm. The black vertical strokes mark
positions of the bunches. At the moment of time ¢ = 0, the head
of the first bunch passes the cross-section z = 0

(Fig. 5,b), but accelerated electrons do not reach the
dielectric in the 1 m length system.

The obtained analytical results and the numerical
calculations carried out demonstrate the possibility, in
principle, of creation of an accelerator on the basis
of excitation of wake fields by the train of electron
bunches in a dielectric waveguide. At the same time,
several factors, which limit the efficiency of acceleration
under conditions of the carried out [5] and planned
experiments, are found. The major of them is the effect
of wake field removal, which results in the limiting
of the effective number of bunches contributing to
the maximal value of the accelerating field. That is
why, in order to obtain the accelerating fields of high
intensity, it is necessary to use short bunches with
high values of charge density and kinetic energy. To
illustrate such a possibility, we considered the train
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of 6 bunches with the energy of 250 MeV and the
total charge of 10 nCl. The frequency of modulation
of the train of 2856 MHz corresponds to the spatial
interval between the bunches of 10.5 cm. Each bunch
was 3 mm long and 1.5 mm in diameter. This train
was used in the experimental investigations of excitation
of wake fields in plasma, which were carried out in
the NLHEP, Japan. The maximal accelerating field
obtained in this experiment [11] was 60 MV/m at the
length of 30 cm. At the same time, the calculation
with the help of expressions (8), (12) showed that
it is possible to obtain the accelerating field near
18 MV/m in the dielectric waveguide (see Fig. 6).
We chose the parameters of the waveguide in such
a way that fi; = 10fnoq, where f; is the frequency
of the first resonance mode. The investigation of the
self-consistent dynamics of exciting bunches showed
that nonlinear effects do not appear due to the high
initial energy of bunches. That is why it is possible to
use the linear expressions (8), (12) for the calculation
of the accelerating field, as was done before. The
electron with the initial energy of 250 MeV was
accelerated to 262 MeV at the length of 1 m. Despite
the strong defocusing fields (near 3 MV/m), the high
radial stability is inherent in particles with such an
energy.

5. Conclusion

The considered theoretical model of the accelerator of
electrons, which uses the wake field of the regular
train of relativistic bunches in the dielectric waveguide
as the accelerating field, is built on the basis of
the following assumptions. First, we suppose that the
velocity of charged bunches slowly varies during the
time of the flight through the waveguide. This allowed
us to use the linear law of changing 1. Secondly,
we believe that the bunch, which is in the retarding
field of the preceding bunches, excites the same field
as a solitary bunch. This assumption follows from the
previous assumption about the slow changing of the
bunch’s velocity [6] and is confirmed by the results of
numerical simulation of the self-consistent dynamics of
excitation of the wake field carried out in Section 5. It
should be mentioned that the postulate of the identical
radiation of bunches can be violated in some cases
[1]. The assumptions mentioned above simplified the
calculation of the field of the train of bunches reducing
it to the summation of fields of separate bunches.
Thirdly, we took into account the finite length of the
waveguide and the effect of field removal. Neglecting
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the reflection at the output end of the waveguide and
the transition radiation, we modified the expressions
for the field in the infinite waveguide by introducing
the trailing edge, which follows the bunch with the
velocity equal to the group velocity of the resonance
wave [9].

It turned out that the considered model has
the following virtue. The dynamics of small-charge
relativistic bunches or ultrarelativistic dense bunches
scarcely affects the field excited by them. In the
latter case, which is the most interesting, this means
that intense bunches with high initial energy are
“rigidly” anchored to the corresponding phase of the
train’s wake field, hence the accelerating field of
high intensity can be excited in a rather lengthy
system (several meters long). This is one of the

reasons of using the wake field in a dielectric
rather than that in plasma for the purposes of
acceleration.

The experiments [4, 5], which had been carried out,
demonstrated the possibility, in principle, of creation
of a dielectric wake field accelerator. But the results
of the present theoretical investigation show that the
use of a train with the great number of small charge
bunches for excitation of accelerating wake fields in
the dielectric waveguide is complicated. The effect of
wake field removal restricts the accelerating field to
the value, which does not depend on the number
of bunches injected into the waveguide. In order to
illustrate this phenomenon, we considered the system
with parameters close to those of the experiment on
dielectric wake field acceleration [5], where the maximal
number of bunches had run up to 6000. According
to the theoretical calculations, the intensity of the
longitudinal electric field excited by the solitary bunch
in the paraxial region is near 200 V/cm. In the
case of the train of successive bunches, the excited
longitudinal electric field is restricted to the value of
1 kV/cm due to the effect of wake field removal.
At any moment of time, only 10 bunches contribute
to the net accelerating field. Let us notice that the
field of the solitary bunch is amplified less than 10
times, because the applied dielectric with low value
of permittivity did not allow one to implement the
multimode property of the excited field, and the
summation of only the first mode, whose frequency
was equal to that of the train’s modulation, took
place.

In order to increase the intensity of the accelerating
field, it is necessary to increase the charge and the
energy of each bunch. In this case, the maximal
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number of bunches which effectively excite the wake
field is still determined by expression (10). Another
method of increasing the intensity of accelerating fields
lies in the use of a dielectric with a considerably
higher value of permittivity than that of [5]. In this
case, the effective excitation of many eigenwaves of
slow-wave structure takes place and the amplitude
of the net field will be several times as much as
that of the dielectric with a low value of permittivity
[1].

Let us mention that our consideration does not
take into account the reflection of the excited
wave from the output and input ends of the
waveguide. This reflection always takes place because
the matching of the waveguide with the outer
space is imperfect usually. The accounting of this
effect probably will result in an increase of both
the number of bunches, which contribute to the
wake field, and the amplitude of the excited
field.
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[MPUCKOPEHHA EJIEKTPOHIB KIJIBbBATEPHUMU
HOJISAMU PETYJISAPHOL IIOCJ/IIJOBHOCTI 3I'YCTKIB
Y JIEJIEKTPTYHOMY XBUJIEBO/I

CKIHYEHHOT TOBXKHU

M.I. Onuwenko, /I.IO. Cudopenko, I.B. Comnixos
Peszmowme

Hocmimkeno 30ymKeHHs KiJbBATEPHUX IIOJIIB PErysspHOIO MOCIi-
JIOBHICTIO PeISITHBICTCHKHX €JIEKTPOHHUX 3IYCTKIB y IUJIIHIPHI-
HOMY XBHWJIEBO/Ii, YACTKOBO 3AII0BHEHOMY [li€JIEKTPUKOM. VY JIiHii-
HOMY HaOJIM2KeHHI OTPUMAHO BHPA3U /IS YCiX KOMIIOHEHTIB eJeK-
TPOMArHITHOIO 1OJIsi, IO 30YIKYETHCS y JAI€JIeKTPUIHOMY XBHJIE-
Boai. OOMEXKEHICTh XBHJIEBOAY Y IO3/0BXKHBOMY HAIIPSIMKY Bpa-
XOBaHA BBEJEHHAM 33HBOTO (DPOHTY KiJbBaTepHO! XBHJI, AKHi
MOUIUPIOETHCsT 31 MBUAKICTIO, [0 JOPIBHIOE IPYIOBi#l MIBUIKOCTI
pesonancHol xBuii. [IpoBeseHO 4YnCeIbHE MOJEIOBAHHS CAMOY3-
FO/PKEHOI JAMHAMIKM YaCTHHOK 3IYyCTKIB y BJIACHUX KiJbBaTep-
HHAX MOJIAX. [IpOIEMOHCTPOBAHO, IO YV BHIAJKAX DPEISATHBICTCh-
KHX 3TyCTKIB 3 MaJjuM 3apsSA0M Ta YJAbTPAPEeISTHBICTCHKHX iH-
TEHCUBHUX 3TYCTKIB BpaXyBaHHS JUHAMIKH 3TYCTKIiB He BIIJILBAE
CyTTe€BO Ha 30y/2K€He HUMHU IOoJjle. 3HailfleHa BUCOKA pajiajbHa
crifikicts Takux 3rycTKiB. JlOCTim2KeHO HPHUCKOPEHHS eJIeKTPOHIB
Yy KiJIbBaTepHUX MHOJIAX IOCHIZOBHOCTI 3rycTKiB. [IpoBegeHo wm-
CeJIbHI PO3PaxyHKH JJjIs CHCTEM 3 IapaMeTPaMu, OJU3bKHMHU IO
mapaMeTpiB ekcmepuMeHTiB, o nposomunuca y HHIL “X®TI”
(Vkpaira) ta Hanjonanssiit maboparopil ¢disuku BECOKHX eHeprii
(Anouis). Bignosiaui po3paxoBaHi HAIPYKEHOCTI HOMIB AOPIBHIO-
orb 110 k/Bm ta 18 MB/ M.

YCKOPEHUE 9SJIEKTPOHOB KWUJ/JIbBATEPHBIMU
[IOJIAMU PETYJIAPHON IIOCJIEJOBATE/IbHOCTH
CI'YCTKOB B TURJIEKTPUYECKOM BOJIHOBO/IE
KOHEYHOW JIJINHBI

H.U. Onuwenro, /1.FO. Cudopenko, I'.B. Comnukos
Peszmowme

PaccmoTpero BO30y2KaeHHe KHJIBBATEPHOIO IIOJIA PEryIapHOM IO-
CJI€0BATE/IBHOCTBIO DPEIATUBACTCKHAX 3JIEKTPOHHBIX CryCTKOB B
BOJIHOBOZE, YaCTHUYHO 3AIIOJHEHHOM JUIEKTPUKOM. B suHeiHOM
NpUOTHKEHNN IOMydIeHbl AHAJIUTHIECKHE BBIPAKeHHA I KOM-
IIOHEHT 3JIEKTPOMATHUTHOI'O IIOJIA, BO36y)K,ELa.eMOI‘O B JUJIEKTPU-
9ecKOM BOJHOBOZE. KoHedHasd MpPOTAKEHHOCTH BOJHOBOZA B IIPO-
JI0JIbHOM HAIIPABJIEHUH y4YTEHA BBEIEHHEM 3a/Hero (bpOHTA KUJIb-
BaTEPHOTI'O IIOJA, KOTOPLI PAaCIPOCTPAHAETCA CO CKOPOCTBIO, PaB-
HOH IpyNIOBOM CKOPOCTH Pe30HAHCHOI BosHBI. IIpoBemeHo KoM-
NBIOTEPHOE MOJEJHPOBAHAE CAaMOCOITTACOBAHHOM JUHAMHKH Ya-
CTHI] CTYCTKOB B BO30yKIJaeMOM HMH KHIbBaTepHOM mose. ITo-
Ka3aHO, 9YTO B CilIyd4Yae C.TIa.6bIX PeIATUBUCTCKUX HWJIA CUJIBHOTOY-
HBIX YJIBTPAPEIATHBHCTCKUX CIYCTKOB ydeT AWHAMUKH CIyCTKOB
HE OKA3bIBAET CYINECTBEHHOIO BJIASAHUS HA BO30yKJaeMoe IoJie.
ObHapy»KeHa BBICOKAA paJHabHasd YCTOMIHBOCTDH TAKHX CIYCTKOB.
WccnenoBaHO yCKOpEHHE JIEKTPOHOB B IIOJIE IIOC/IEJOBATEILHOCTH
CryCTKOB. UHCIeHHBIe pacdeThl BBIIOTHEHBI JJIA CHCTEM C Iapa-
Merpamu, OJM3KAMEA K DAapaMeTpPaM 3SKCIEPHMEHTOB, IPOBOIUB-
muxcs B XapbKOBCKOM (bH3HMKO-TEXHUIECKOM HHCTHTYTE (YKpa-
una) u B HanmonanpHoil naGoparopun Gbu3MKH BBICOKUX SHED-
ruit (HHOHI/Iﬂ). PacderHble 3Ha4YEHHSI HAIPSI?KEHHOCTH YCKOPSIIO-
mux noneit cocraBunu coorsercTBerHo 100 k/Bm u 18 MB/wM.
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