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Methods are described of producing regular intense longitudinal electromagnetic waves in vacuum or in
plasma which were reported in individual communications from the Kharkov Physico-Technical Institute.
Such waves are produced in vacuum if beams are passed through spatially-periodic fields of a parametric
resonance region. Slow waves are produced due to the anomalous Doppler effect. When beams are passed
through a region containing plasma, a wave with a broad frequency spectrum is formed due to plasma-
beam instabilities. Such a wave is regularized by the superposition of a small amplitude periodic signal.
Slow waves are produced by subjecting the plasma to an external magnetic field. The possibility is
discussed of utilizing the fields so obtained to accelerate ions to high energies.

PACS numbers: 52.40.Mj, 52.35.Py, 52.35.Hr, 52.75.Di

We shall review new methods for the acceleration of
heavy charged particles, which were proposed and are
currently under development at the Physicotechnical
Institute of the Ukrainian Academy of Sciences. Much
of this effort was stimulated by the work of V. I. Veksler
on collective methods of acceleration.1

It is well known that the collective method of acceler-
ation is based on direct conversion of the energy of a
high-current electron beam into the kinetic energy of
ions injected into the beam. The ions are thus ac-
celerated by the self-consistent electric fields up to
energies much higher than the kinetic energy of the
primary electrons.

The acceleration of ions to high energies by the high-
frequency field of a high-current electron beam must
occur over a large number of cycles of this field, and
this is only possible when the field is sufficiently reg-
ular and the conditions ensuring synchronism between
the accelerated particle and the traveling electromag-
netic wave are satisfied. The maximum strength of the
self-consistent electric field in beams is 2 · 7 Emax

«4πηοβξ (we shall be using the Gaussian system of
units) where n0 is the electron density in the beam, ξ
is a characteristic linear dimension equal to c/Q,p in
the plasma variant and to the beam deformation tm in
the vacuum variant, e is the electron charge, c is the
velocity of light, and Ωρ is the electron plasma fre-
quency of the medium. It is well known that c/Q,p de-
termines the depth of penetration of the high-frequency
field into the plasma, and im is the maximum shift of
an electron from the position which it would have oc-
cupied in a uniformly moving undisturbed beam.7 The
field £ m a x can, theoretically, assume very high values.
When the electron density is varied from 1012 to 10 l e

cm"3, this field varies from 0.1 to 10 GV/m. The
question is how to excite waves of this intensity.

The formation of regular high-frequency fields with
variable phase velocity of the charge-density waves
in high-intensity electron beams is attracting most
attention at present. The physical mechanisms used
to establish the fields are different in the plasma and

vacuum variants. Let us consider them separately.

High-intensity longitudinal waves are excited in the
plasma variant by means of building up beam-plasma
instabilities.2 The particular advantage of this method
is the possibility of very high rates of energy input
into the plasma through the beam. Nonlinear theory of
the phenomenon, and experimental investigations,
have confirmed that 10-40% of the kinetic energy of
the beam is transformed into the energy of the electro-
magnetic oscillations.4 High-frequency power levels
of 5x 108-6x 108 W6·11 have been achieved for beam
power of 1010 W under nonoptimum conditions. These
fields act over distances of 50-60 cm and, if they were
sufficiently monochromatic, they would ensure a
longitudinal electric field of the order of 150-300 kV/
cm.

The present authors have shown, already in 1955,
that acceleration of particles in plasmas is character-
ized by simultaneous radial and phase stability,2 so that
the current density of the accelerated ions may reach
very high values. The ion density nt may be shown to
be n,» no(m /M }Jvvb /v Te, where vpk and ν η are the phase
and thermal velocities of the wave and electrons, re-
spectively. There are well-known methods for con-
trolling the phase velocity of waves in a plasma wave-
guide.5

Despite the clear advantages of the above method of
acceleration, Us implementation was delayed because
nonlinear effects impeded the excitation in plasmas of
regular monochromatic waves, and led to the broaden-
ing of the spectrum. The first step was, therefore,
to develop methods for compressing and stretching the
spectra along the phase velocity and frequency axes,
i.e., to develop effective methods for controlling beam-
plasma instabilities. It was also essential to prevent
heating of the plasma and its diffusion due to growing
instabilities.

A method for controlling instabilities was proposed,
theoretically investigated, and experimentally con-
firmed. It is based on applying a regular signal at
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the input of the beam-plasma system, which exceeds
the level of fluctuations, or on producing an initial
beam modulation which leads to the excitation of waves
at the signal or the modulation frequency and to the
suppression of all other waves. The wave energy is
thus transferred to a narrow spectral region, or into
a single monochromatic wave. The nonlinear theory
that has been developed, and the subsequent experi-
ments, have shown that the power necessary for this
control procedure is only ΚΓ'-ΙΟ"6 of the power carried
by the excited oscillations.6 The next problem is to
extend these instability control methods to much larger
installations.

The transition to much higher levels of hf oscillations
has its own particular features. OB the one hand, when
large-amplitude waves are excited, the precision of
maintaining the frequency and the degree of monochro-
maticity of the wave, which are necessary for stable
particle acceleration, can be substantially reduced.
However, as the wave amplitude grows, there is an
increase in its reaction on the plasma which is sub-
jected to density modulation. In addition, other con-
ditions are established under which it becomes essen-
tial to ensure the stability of the waves against decay,
modulation, and parametric and other types of in-
stability, so that measures have to be taken to avoid
effects leading to the saturation of the amplitude of the
excited oscillations. Some of these problems have
already been solved; others are being successfully
tackled.

Figure 1 shows some of the results of experiments
on the compression of the spectrum of oscillations
excited in the plasma by a beam to a single frequency.
It also shows calculated correlation functions demon-
strating the regularity of the excited signal.

In the vacuum variant, parametric instability is used
to excite the large-amplitude charge-density wires
in powerful electron beams. The elementary process
in this instability is the parametric Cherenkov effect,6

and the phase velocity of the waves is controlled by
the anomalous Doppler effect.

It is known that the initial velocity modulation of the
beam in the drift space leads to deep density modula-
tion (klystron particle buncher), but Coulomb forces
tend to prevent this. The demodulating effect of Cou-
lomb forces can be substantially reduced if the electron
beam is allowed to pass through a drift space loaded
with spatially inhomogeneous static fields. When the
natural frequency of the beam is equal to a load transit
frequency, parametric instabilities are excited in the
beam at the frequency equal to the modulation fre-
quency and reduce or even totally compensate the de-
modulating effects of the Coulomb forces.7 It is im-
portant to emphasize that deep modulation of the high-
current electron beam is then produced by a relatively
weak modulating signal. Parametric excitation of high-
intensity charge-density waves has been investigated
theoretically7 and also experimentally8 for low current
electron beams. The problem now is to extend the suc-
cesses achieved so far to high-current electron beams.

FIG. 1. Oscillograms of oscillations, their autocorrelation
functions ΛΒ(τ), and frequency spectra S(/) for different in-
stants of time during the interaction between a modulated elec-
tron beam and plasma.10 The parameters of the beam and
plasma were as follows: beam energy 25 keV; current 25 A;
current pulse length 4. 5 μββο. Power of initial modulation
6. 5 kW; frequency of modulating signal 291 MHz; output signal
power 100-150 kW.

There is no doubt that the demands on the beam
will be much greater than in the plasma variant, so
that the transition to high-current beams will be sub-
ject to greater difficulties. However, the attractive
feature is that a large fraction of the beam energy (up
to 35%) can be transformed in the vacuum variant into
the energy of the first field harmonic which takes the
form of a regular monochromatic wave.

The phase velocity of the charge-density waves in the
electron beam is equal to the electron velocity v0, so
that these waves are not directly useful for the ac-
celeration of ions. However, when the field potential
on the beam axis is modulated with a certain spatial
period L, the anomalous Doppler effect produces waves
with phase velocity vtb = v0A 1 + (TVO/U)L )], which can
be equal to the velocity of the ions.

It has now been experimentally confirmed that it is
possible to produce low phase-velocity charge-density
waves in fast electron beams, and that ions are indeed
trapped into the acceleration process.9 A tube with a
periodically varying radius was used as the spatially
inhomogeneous system. Since the radial profile of the
potential in the beam depends on the distance between
the beam boundary and the wall, periodic variation in
the wall radius leads to the appearance of a longitudinal
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TABLE I.

Energy of
beam elec-
trons, keV

100
200
300

Beam
cunent,/!

200
560

1020

Effective accel-
crating field
£,cc,kV/cm

80
160
240

Focusing mag-
netic field,
teda

4
5.7
7.0

modulating field on the beam axis. Moreover, the
tube segments with the larger radius may be looked
upon as cavity resonators producing the parametric
excitation of large-amplitude charge-density waves.
The combination of these two functions in a single per-
iodic structure gives rise to no fundamental difficulties
because the beam modulation depth is essentially de-
termined by the smaller radius of the apertures, where-
as the resonance frequencies of the cavities are deter-
mined by the larger radius of the tube. To illustrate
the possibilities of the vacuum variant, we list (see
Table I) the necessary beam parameters and the para-
meters of the focusing magnetic field (the transverse
linear dimensions of the electron beam are of the order
of 1 mm).

We note in conclusion that these experimental results
are in good agreement with the theoretical predictions,
which leads us to hope that the collective method of
acceleration that we have been describing will achieve
a practical realization. Preliminary work in this direc-
tion (theory of parametric Cherenkov effect and stud-
ies of the dynamics of charged particles in plasma

waveguides) has been carried out jointly by the present
authors. Subsequent development of plasma methods
of acceleration was carried out by Ya. B. Fainberg,
A. K. Berezin, Yu. V. Tkach, V. D. Shapiro, V. I.
Kurilko, V. I. Shevchenko, L. I. Bolotin, A. I. Ego-
rov, and others. The vacuum variant was investi-
gated by N. A. Khizhnyak, A. G. Lymar', V. V. Beli-
kov, N. S. Repalov, V. F. Tyrnov, A. I. Pasynok, and
others.

V . I. Veksler, At. Energ. 2, 427 (1957).
2Ya. B. Fainberg, At. Energ. 6, 431 (1959).
'Ya. B. Fainberg and N. A. Khizhnyak, Zh. Eksp. Teor. Fiz.

32, 883 (1957) tSov. Phys. JETP 5, 720 (1957)].
4V. D. Shapiro, Zh. Eksp. Teor. Fiz. 44, 613 (1963) [Sov.

Phys. JETP 17, 416 (1963)].
sYa. B. Fainberg, At. Energ. 11, 313 (1961).
6J. B. Fainberg, Particle Accelerator 6, 95 (1975).
7N. S. Repalov and N. A. Khizhnyak, Radiotekh. Elektron. 10,

334 (1965).
8G. G. Aeeev, N. A. Khizhnjak, G. G. Kuznetsova, and N. S.

Repalov, in: Proc. Eighth Intern. Conf. on High-Energy
Accelerators, CERN, 1971, p. 583.

V . V. Belikov, A. G. Lymar', and N. A. Khizhnyak, Pis'ma
Zh. Tekh. Fiz. 1, 615 (1975) ISov. Tech. Phys. Lett. 1, 276
(1975)].

10A. K. Berezin, Ya. B. Fainberg, and I. A. Bez"yazychnyi,
Pis'ma Zh. Eksp. Teor. Fiz. 7, 156 (1968) [JETP Lett. 7,
119 (1968)].

uYu. V. Tkach, Ya. B. Fainberg, et e l . , Fiz. Plazmy 1, 81
(1975) [Sov. J. Plasma Phys. 1, 43 (1975)].

Translated by S. Chomet

118 Sov. Phys. Usp. 22(2), Feb. 1979
Ya. B. Fainberg and N. S. Khizhnyak 118


