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A. A. Kolomenakii, Collective Methods for the
Acceleration of Particles. Over the last few years, the
Laboratory for New Accelerators of the Lebedev Phys-
ics Institute has proposed and investigated, both theo-
retically and experimentally, various methods for the
collective acceleration of ions and electrons, based on
the use of high-current relativistic electron beams
(HCB). These methods include the following:

1. Acceleration of ions during transverse or longitu-
dinal scanning of an HCB or its focus. t 1 3

2. Acceleration of particles by fields excited during
the passage of an HCB through resonating or waveguide
structures, including self-acceleration of electrons'2 '3 3

and acceleration of ions.1 4 3
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FIG. 2. Absorption curves for the high-current electron beam:
1—passage through a tube in the waveguide; 2—passage through
a waveguide, 80 cm long (self-focusing effect).

3. Acceleration of ions by the collective fields of a
closed HCB during its rotation as a whole (the gyrotron
accelerator1 5 3).

4. Acceleration of ions during the passage of an HCB
through a low-pressure gas, or through a vacuum during
the irradiation of solid targets . t e :

All the experiments have been based on the high-cur-
rent pulsed electron generators Impul's-1 and Impul's-

is it

FIG. 1. Experiment on the self-acceleration of a high-current
electron beam: 1—cathode; 2—anode; 3—waveguide; 4—
vacuum chamber; 5—wave-mode converter; 6—shunt; 7—
magnetic analyzer; 8—oscillograph; 9—calibrated detector;
10—calibrated attenuator; 11—extraction of microwave power;
12—calibrated coupler; 13—load; 14—solenoid coil; 15—total
current shunt; 16—foil; 17—Faraday cup; 18—shunt for
Faraday cup.

2, developed and built in the Laboratory, and producing
0.5-1.0 MeV electrons at about 30 kA and pulse lengths
of 30-50 nsec.

Owing to a number of serious difficulties, the electron
energy in modern high-current pulsed accelerators is
usually restricted to values of the order of 1 MeV. Re-
search on the self-acceleration of electrons aims to
raise this energy to 10-100 MeV or more at about 10 kA.
This problem must be solved through a redistribution
of particle energies in the high-current beam by the
collective fields appearing during the interaction between
the beam and special electrodynamic structures. A def-
inite fraction of the particles can then be accelerated by
the field generated by the beam itself up to energies
much higher than the initial value. Our experiments
with continuous and tubular beams1 3 3 passing through
diaphragmed waveguides (Fig. 1) have shown that the
spectrum of electrons with initial maximum energy of
about 0.5 MeV is substantially shifted toward higher
energies. Approximately 10% of the electrons double
their energy as compared with the initial value, and 2%
triple it (Fig. 2). When the shape of the initial voltage
pulse is taken into account, it is found that electrons
on the trailing edge of the pulse increase their energy
by factors of 4-6. The self-acceleration process is
accompanied by emission of strong microwave radia-
tion, and the total measured intensity is 0.4-0.5 GW,
which corresponds to about 20% of the beam power at
entrance to the waveguide. The microwave radiation
is of independent interest, and is also used for the di-

87 Sov. Phys. Usp. 21(1), Jan. 1978 Meetings and Conferences 87



FIG. 3. Experiment an the acceleration of ions out of a gas
during passage of a high-current electron beam: 1—flat
graphite cathode; 2—current measuring shunt; 3—titanium
foil anode (50 μτη); 4—accelerating section of the drift cham-
ber; 5—aluminized mylar wall; 6—magnet for deflecting elec-
trons; 7—diagnostic section of drift chamber; 8—collector
grid; 9—graphite target; 10—paraffin block with geiger coun-
ters; 11—collimators; 12—magnetic analyzer; 13—x-ray
film; 14—capacitative probe used to measure the voltage
across the diode gap; 15—gas leak and pressure gauges.

agnostics of the various phenomena taking place.

These and other results show that the self-accelera-
tion mechanism can, in fact, be used within sufficiently
broad limits to vary the spectrum, the pulsed power,
and the maximum energy of the electrons. Further
improvements in the efficiency of this mechanism will
depend on further work on the optimization of the shape
of the initial beam pulse and the configuration of the
resonating structure.

We note that theory shows that the transmission of a
high-intensity tubular beam through a smooth waveguide
can be used to achieve sufficient acceleration of a suffi-
ciently dense ion bunch by a mechanism such as the in-
verse Vavilov-Cerenkov effect.c4] However, this re-
quires detailed experimental verification.

A number of our experimental and theoretical investi-
gations has been devoted to the collective acceleration
of ions out of a gas through which the HCB has been
passed. The parameters of the HCB at entry to the
drift chamber were: 0.6-0.8 MeV, 15-20 kA, 40-50
nsec. The experimental setup is illustrated schemati-
cally in Fig. 3. Even with these modest values of the
HCB parameters, it has been possible to produce pro-
ton and deuteron beams of considerable energy and in-
tensity. The maximum number of particles per pulse
was 8xlOu for deuterons and 1012 for protons, and these
figures were achieved at a pressure of 0.12 Torr. Most
of the ions had energies of about 2 MeV, but the maxi-
mum energy was up to 4-8 MeV. The effective accel-
erating field was 0.1-0.3 MV/cm. In experiments with
other gases (helium, nitrogen, argon, and xenon) the
energy of the accelerated ions was proportional to the
charge, but the intensity was found to be much lower
than for protons, especially for the heavier ions (up to
109 per pulse for argon).

The passage of the HCB through the gas is a compli-
cated process accompanied by a number of elementary
and collective effects. Under certain definite conditions,
this process is accompanied by the formation of an ef-
fective potential well capable of trapping ions for certain
intervals of time. The problem is to find reliable ways
of controlling the velocity of the well so that the ions
contained in it could be displaced as far as possible to-
gether with the well. This will enable us to extend the

proton energies to values of the order of some tens or
hundreds of MeV. In particular, in our experiments,
we used a special drift chamber consisting of individual
sections with length and pressure independently variable.
We have also investigated a specific phenomenon which
we have called "selective acceleration": for example,
protons are preferentially accelerated out of a hydro-
gen-deuterium mixture even if the mixture consists al-
most entirely of deuterium. Experiments have demon-
strated that it is possible to control the rate of displace-
ment of the well and, at the same time, have shown that
the quality of the HCB must satisfy certain special con-
ditions. More direct control methods have also been
considered, for example, programmed scanning of the
HCB crossing drift chamber.

Accelerated ions have also been produced during the
interaction between a high-current electron beam and a
localized source (target) placed in its path (in a gas or
vacuum). Appropriate experiments with solid hydro-
gen-containing targets"3 have resulted in energies and
intensities of protons comparable with those obtained
during the interaction between the high-current electron
beam and the gas.

Another way of controlling the motion of the potential
well is to use a "gas lens," i. e., a limited layer of gas
through which the high-current electronbeam is passed.'"
Because of gas ionization, the successively arriving
portions of the electron beam become more compressed
and the focus of the beam moves through the vacuum in
the longitudinal direction. The focus forms a potential
well for ions and, by suitably choosing the parameters
of the lens, it is possible to achieve synchronism be-
tween the motion of the well and the motion of the ions.

The most important feature of the results obtained in
these experiments is that it is possible to produce col-
lective fields of the order of fractions of MV/cm, and
that there is complete agreement between experimental
and theoretical data obtained by different methods. This
provides the foundation for the development of special-
ized installations based on the collective acceleration
principle.
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V. P. Saranteev, Acceleration of Ions in Electron
Storage Rings. The collective heavy-ion accelerator at
the Joint Institute for Nuclear Research is based on the
traditional scheme of ion acceleration in an electron
ring proposed by V. I. Veksler et al. The prototype
accelerator consists of two main elements, namely,
the electron-beam injector and the compressor, i .e . ,
the system used to shape and accelerate the electron
rings.

The injector is the SILUND linear accelerator. m

The parameters of the electron beam injected into the
compressor chamber are as follows:

electron energy 2-2.4 MeV
current pulse length 20 nsec
electron energy spread in the pulse 1-3%
beam diameter at the point of injection 40 mm
beam emittance less than 30 mrad/cm
maximum injection current 600 A.

The main experiments were performed at injection cur-
rents of 300 A.

The compressor, or the adiabatic generator of charged
toroids (the ADGEZATOR), consists of a vacuum cham-
ber, a magnetic system, and systems for the injection
and correction of the beam trajectory. The vacuum
chamber of the ADGEZATOR is a welded stainless-steel
configuration with wall thickness of 0. 5 mm and spheri-
cal side walls approaching the axis of the system. The
chamber walls can act as elements reducing the azi-
muthal component of the electric field of the beam in
case azimuthal instability develops. This enables us to
increase the maximum stable ring current.C2:I

In the prototype accelerator, a magnetic method of
compressing and accelerating the rings is used. The
magnetic system of the ADGEZATOR (Fig. 1) consists
of four pairs of coils in the compression stages and an
extraction solenoid supplied with pulsed current. The
magnetic system operates in two modes, namely, the
compression mode and the extraction mode. In the com-
pression mode, the ADGEZATOR operates as a ring ac-
celerator with weak focusing and the betatron condition
unsatisfied/33

In the extraction mode, the magnetic well holding the
ring is shifted away from the median plane and is made
flat in the direction of extraction by shunting one of the
coils in stage IV and turning on the solenoid. The elec-
tron ring moves together with the well and, when the
well is completely removed, the ring begins to acceler-
ate in the field of the solenoid which falls off linearly
along the axis.

Experiments on the capture of the ring into a closed
orbit have shown that the capture efficiency is about

FIG. 1. Magnetic system of the ADGEZATOR.

50-70%. The captured current is 200-300 A, i .e . ,
1013 - 1. 5X 1013 particles. The lifetime of the ring is
comparable with the time of operation of stage /, i. e.,
5 msec.

By removing azimuthal magnetic field inhomogeneities
and by correcting the parameters of the magnetic sys-
tem, it has been possible to produce an electron ring
with a maximum radius of 3 cm and transverse half-
size at~ar~ 1.5-2 mm (Fig. 2) which ensures an elec-
tric field of 50 MV/m in the ring.

After optimization of the extraction conditions, the
electron ring was extracted through the port of the
ADGEZATOR chamber. The measured half-size of the
ring in the ζ direction in the extraction region (2 cm
« ζ « 6 cm) was 4-5 mm.

When the region from which the magnetic well was
removed was traversed by the ring at 5-7 cm from the
median plane, we found a radial displacement of the
ring as a whole. The maximum displacement was 15 mm.
Additional experiments showed that the presence of 0.1%
of the first harmonic of the field of stage IV, which
appeared due to overlapping of turns in the coil windings
in making the transitions from layer to layer, could pro-
duce a drift of the ring during passage through the in-

FIG. 2. Photograph of the elec-
tron ring cross section recorded
in synchrotron radiation at a
radius of 3 cm.
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