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Resonant excitation of charge density waves
takes place even without external field (E' = 0) if
properties of the medium change periodically along
beam direction:

1. In the theoretical treatment of the process
of resonant excitation of high amplitude charge den
sity waves, we shall proceed from i) electron motion
equations:
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where E is the total electric field which consists of
the external field E' and the internal field of the
beam E"; and ii) Maxwell equations describing longi
tudinal waves in the beam:

If the medium is uniform, resonant excitation
takes place in an external field:

Here Vo is undisturbed electron velocity.

A corresponding apparatus can be realized by a sys
tem of dielectric disks with central orifice through
which the beam can pass.

Other systems in which the motion of modulated
electron beams is accompanied by high amplitude>longi
tudinal charge density waves are also possible, e.g.
the succession of weakly coupled cavities whose natu
ral frequencies coincide with a natural frequency
of the beam. But it is more convenient to illustrate
the main physical regularities, characterizing reso
nant excitation of oscillations in beams on the two
particular systems mentioned above.

where k = TI/L is the parallel wave number, L is the
period of the structure. In practice, such a field
is realized on the axis of the cylindrical electrodes
system if a constant potential difference ¢o is ap
plied between each pair of electrodes.

2. It is convenient to illustrate the essence
of resonant excitation of oscillations in beams by
the following example. Let an initially uniform
electron beam pass through modUlating grids and ex
perience velocity modulation. The velocity modula
tion transform into density modulation in the drift
space. But space charge effects prevent heavy modu
lation, and to get any considerable effect, high
modulation potential must be applied.

(1)

where no is the undisturbed beam density and
~ = x(t,to) - vo(t- to) is the displacement of
those electrons which started their motion at a
moment to from their initial position,
x - vo(t - to) = const in the beam.

The elementary mechanism responsible for reso
nant excitation of charge density waves is the para
metric Cherenkov effectS). The effective accelera
ting electric field strength is 6 ):

Coherent acceleration of ions by forces orIgI
nating from space charge of a non-compensated elec
tron bunch l ) can be realized in electron beams with
density modulation 2

). But it is known that practi
cal realization of high-level modulation of dense
beams is accompanied by considerable difficulties.
We have found heavy modulation of an electron beam
moving in spatially periodic structures when reso
nant excitation of charge density waves takes place
in the beam 3). It was suggested to use resonant
excitation of large amplitude charge density waves
for coherent ion acceleration4

).

To get some information about the usefulness
of resonant excitation of charge density waves for
coherent ion acceleration, it is necessary to know
the maximum achieved values of ~ and Eeff as func
tions of beam parameters. Note that in the case
considered, the variation of wave phase velocity
synchronously with ion velocity variation is achiev
ed by the use of external state electric fields,
and no principal obstacles arise.

The maximum possible value of ~ is determined
by the solution of the corresponding non-linear pro
blem. In some cases such solutions have been obtain
ed and analysed for an idealized one-dimensional
problem of electron fluid flow. These solutions
confirm the possibility of obtaining in beams very
strong accelerating fields such as 1 to 10 MV/cm.
But some factors such as relativistic effects, final
cross-section of the beam, thermal velocity scatter
of particles, screens in canalization and modulation
system, limit resonant excitation and decrease the
value of ~max'

In the present work we summarize the results of
experiments on resonant excitation of charge density
waves in modulated beams. These experiments were
performed in the Physics-Technical Institute of the
Ukrainian Academy of Science. Some prospects of fur
ther development of this work is discussed together
with all the factors mentioned above.

*) V.I. Panchenko, A.M. Korsunskii and A.F. Suk
have carried out some separate parts of this
work.
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In the case when the drift space is filled with
a stratified medium, and transit time of the period
is comparable with natural oscillation period of the
beam, the situation changes considerably. Under con
ditions which we call resonant ones:

where cos ~ is found from

WQ is electron plasma frequency. The current after
the modulation grid at the start of vth period is
(x = vL):

(8)
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Here Ao and Co are constants which depend on dielec
tric parameters and beam density; L = a + b is the
period of the system; a is the depth of a layer
with dielectric constant £1; b is the depth of a
layer with dielectric constant £2, S = b/L. It is
seen from formula (8) that under resonant conditions
an electron beam with arbitrarily large current den
sity can be deeply modulated by even a small modula
tion potential VI.

The defect of the klystron method of particle
bunching is that the region where an electron bunch
exists is small and localized in the focus of the
klystron. This region can be considerably increased
if a periodic force affects the beam actively over
all its length rather than at some local plane. Such
an effect can be realized, for example, by a succes
sion of electrodes, the potentials on each pair being
antiphased.

3. Some preliminary estimates of ~max in a sys
tem with external modulating field (2) were made in
non-relativistic approximation?). For ~ one obtains
the following equation when relativistic factors are
taken into account:

It is more convenient to consider this equation with
dimensionless variables y = k~, T = wot.

(10)
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where So = vo/c, v = kvo/~o and £ = eEok/mwij.

In general, v should be considered as a para
meter. In non-relativistic approximation integers
v ; 1, 2, ••• give the conditions of resonant exci
tation of the oscillations. An analytical analysis
of Eq. (10) has been made s ) for small values of the
parameter £ «1. The shape of the resonant curve
has been obtained as a function of beam velocity
(Fig. 1), and it has been shown that the curve being
symmetrical in non-relativistic approximation is
distorted when relativistic effects are taken into
account. It is seen from the graphs that the maximal
value of ~max in the centre of resonant region de
creases when So increases. To retain ~max unchanged
when So + 1 it is necessary to alter the parameters
of the system smoothly (see dotted line on Fig. 1).

More detailed information of the behaviour of
~ at arbitrary values of £ can be obtained by numeri
cal methods. Typical curves ~ = ~(T) characterizing
resonant excitation of charge density waves in a beam
are represented on Fig. 2. It is important that re
sonant values of v are not integers in the relativis
tic region. The dependence of the maximal value ~max

on v at various So is represented on Fig. 3. It is
seen from this figure that the maximal value ~max de
creases when So increases. This agrees qualitatively
with data shown in Fig. 1. The physical nature of
this decrease lies in the deformation of the resonant
curve. Together with So increase, not only ~max de
creases but Wo increases, so the effective accelera
ting field calculated in accordance with Eq. (1) in
creases too (see Fig. 4). The data represented by
Fig. 4 confirm the possibility of forming charge den
sity waves with very high Eeff (~ 1 MeV/em) though
the beam is modulated by considerably smaller fields.
It follows from the graph of Fig. 1 that these values
of the accelerating field can be increased several
times if together with excitation of oscillations the
process follows the dotted line on Fig. 1.

Some preliminary study has been made of the in
fluence of· final cross-section of the beam and ther
mal velocity scattering of the particles on resonant
excitation of the oscillations. These factors affect
the shape of the resonant region if a sufficiently
strong longitudinal focusing magnetic field is ap
plied. A metal wall in canalization or modulation sys
tems can also affect the value of ~max considerably,
provided these walls are close to the beam. The ef
fect can be ignored if kR » 1, R/z » 1, where r is
radius of .the beam, R is radius of the screen.

4. The main statements of the theory were veri
fied on an experimental device, with the scheme shown
in Fig. S. A spatially periodic electric field was
produced by an assembly of plates. The radii of the
vacuum chamber R, plates RI , central orifices of the
plates ro, and the beam r were 5, 4.3, 1, and 0.6 em,
respectively, the period of the system being
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L = 3.1 cm, total number of periods = 10. It has
been shown by numerical calculations and experiments
that vacuum potential between the plates in the beam
region is (0.3 to 0.4)Wo, where ~o is a voltage ap
plied to the plates from an external source. A sta
tionary electron beam passed through the central ori
fices of the plates and hit the collector. The lead
ing magnetic field strength was about 800 Oe.

An initial level of HF oscillations was gener
ated by the beam itself. It was checked experimental
ly that at some definite values of current and volt
age, a certain spectrum in the regions 50-200 and
3000-4000 MHz was excited inside the beam when no
plates were present. A relative level of HF oscil
lations and their spectrum at the output were meas
ured with a type C4-5 analyser, whose input was con
nected to a probe located near the surface of the
beam. More than a hundredfold increase of the ini
tial level of the oscillations has been found. At
the present time these results have been confirmed
in a wide band of frequencies with the use of initial
modulation of the beam. It has been shown that the
dependence of oscillation amplitude on current, ac
celerating voltage, and electric field between the
plates has a resonant character. Experimental values
of J cr and Vbeam which correspond to the maximum of
the oscillation amplitude are represented with dots
in Fig. 6. Calculated values Jcr and Vbeam obtained
from resonance conditions are represented with solid
curves. The scatter of points on this figure charac
terizes the reproducibility of the results, the ac
curacy of measurements, and how much a one-dimension
al theoretical model corresponds to real experimental
conditions. We think that the results which have
been obtained agree satisfactorily with theory and
confirm the possibility of resonant excitation of
large amplitude charge density waves.
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Fi g. 1 The shape of a resonant curve for various
relative velocities of the electron beam:
1) S 0, E 0.1; 2) S = 0.25, E = 0.1;
3) S = 0.4, E = 0.1; Z = 1 -(v + ~ S%)/E.

Fig. 2 Typical functions ~(T), characterizing
resonant excitation of charge density
waves in the system: 1) S = 0.4, .v = 0.8;
2) S = 0.5, v = 0.75.
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Fig. 3

Fig. 4

Dependence Ymax on the parameter V for
various values of relative beam velocity
and modulation parameter £ = 0.1.
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Maximal electric field produced by charge
density waves versus relative beam ve
locity atmodulation parameter £ = 0.1.

Fi g. 5

Fig. 6

Diagram of the apparatus and relative
position of the electrodes, producing
spatially periodic field. 1: cathode;
2: anode; 3: plates producing electric
field; 4: vacuum chamber; 5: probes;
6: collector.
Focusing magnetic field distribution
along the axis of the system is shown
below.

3

Experimental and theoretical functions
of beam current versus accelerating
voltage J k = f(Vbeam) in resonance condi
tions. Curves 1, 2, 3 correspond to the
resonance with 1st, 2nd, and 3rd Langmuir
frequency harmonics. The bottom curve
for 2nd harmonic was calculated for a
cathode, whose area is 20 percent less
than the geometrical one.


