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Abstract
An intense ion accelerator has been proposed and now is being developed in which

accelerating and focusing electric fields in a slow wave structure are excited by an intense
electron beam using anomalous and normal Doppler effect. The results of theoretical studies
and computer simulations show the advantage of this acceleration method that will allow to
obtain acceleration rate of order of 10 - 100 MeV/m, ion beam energy and current of order of
10-100 MeV, 1-10 A A project and technical documentation of an experimental accelerating
installation are worked out. At the moment the accelerator-injector "URAJL-5" of energy 5
MeV is in operation; preliminary experiments on a small installation have been carried out,
experimental investigations of an accelerating RF resonator model (in 1/2 scaling) are
performed, the accelerating test installation is being manufactured

Introduction
In a two-beam electron-ion accelerator it is possible for the driver electron beam to excite

RF fields in an ion linear accelerator that are accelerating and focusing at the same time. A
considerable gain may be obtained in the current of accelerated ions and in the acceleration
rate Refs. [1,2] outlines the concept and theory studies of a two-beam high current ion
accelerator based on the Doppler effect According to this concept an intense electron beam
injected along the accelerator axis together with the accelerated ion beam generates
accelerating and focusing RF fields in the spatially periodic accelerating structure of a linear
accelerator RF fields are excited by the interaction of E-beam with transverse fields of any
spatial harmonic due to cyclotron instability under anomalous Doppler effect (ADE) or normal
Doppler effect (NDE) whereas the ions are accelerated by the longitudinal field of the same
harmonics or another one corresponding Cherenkov resonance.

Such acceleration schemes are the intermediate or hybrid ones between convential and
collective accelerators (e.g., [3,4]) using well investigated and technologically elaborated
electrodynamic structures of the former and accelerating/focusing high gradient RF fields of
the latter The preliminary calculations [1] show the new type of accelerators to be promising
due to expected considerable accelerating fields (105-106 V/cm) and simultaneous phase and
radial stability of accelerated ions. (Fields of order of 105 V/cm were obtained in suitable
experiments [5]) This concept may perhaps provide the ground for creation of ion accelerators
with 10-100 MeV energy and 1-10 A current The tolerance system for them may be
conceptually similar to one for classic accelerators and powerful electron RF devices (i.e.,
practically feasible) To begin the realization of such accelerators we provide research and
development activities including theoretical and experimental investigations, and construction
of an accelerating installation.
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Project of the Experimental Accelerating Stand (EAS)
The Experimental Accelerating Stand (EAS) is intended to prove the workability of a new

promising type of ion accelerators and to optimize their parameters. The intense electron beam
propagating along the system axis in the resonant magnetic field with the given value and
distribution over the length will excite focusing and accelerating fields in EAS due to the
anomalous Doppler effect. To save money one intends to use the operating linear proton
accelerator (e.g. the "Ural-5" accelerator of 5 MeV energy and 30 mA current) as an injector.
If a more powerful injector is available the current in EAS may exceed 1 A. Table 1 gives the
main EAS parameters calculated to accelerate protons from 5 MeV initial energy to 8 MeV
final energy. Fig. 1 shows the EAS scheme. The accelerating section is designed on the basis of
the H-type resonator with drift tubes on meeting suspenders (such accelerators are designed
successfully at the KFTI) Electron injector utilizes the electron gun with the transverse

1 } 1 1 6 7 FIGURE 1. The EAS setup. 1-
accelerator-injector, 2- vacuum chamber,
3- electron gun, 4, 5- magnetic coils, 6-
vacuum chamber, 1- H-type resonator, 8-
support "combs" with drift tubes, 9-
electron collector, 10- ion collector, 11-
collector bottom, 12- high-voltage input,
13- high-voltage pulse transformer, 14,
15-vacuum pumping, 16-ion outlet.

TABLE 1. The Main Parameters of the Experimental Accelerating Stand (preliminary data)

1
2

3
4
5
6
7

8
9

Input proton energy
Output proton energy
Proton current
Electron beam energy
Electron beam current
Pulse duration
Pulse frequency
Electron beam initial radius
Electron beam final radius

5 Mev
8 MeV
30 mA
350 keV
150 A
2.5 mksec
1 pps
1.3 cm
2.4 cm

10

11
12
13
14
15

Magnetic field intensity
for EAS input
for EAS output

Resonator length
Operating frequency
Accelerating field intensity
Synchronous phase
Shunt impedance

609 Oe
439 Oe
161 cm
148.5 MHz
56 kV/cm
60°
35 MOhms/m

compression of the beam and the supply unit of a powerful clystron of industrial production.
The H-type resonator 7 is excited by an electron beam created by the electron gun 3. The
electron beam is focused by the magnetic coils 4 and the solenoid 5. The electron gun is
supplied by high-voltage pulse transformer 13. A proton beam from accelerator 1 is injected
along the axis through a central hole in a cathode of the electron gun 3, and pass in the H-type
resonator 7 to have an additional acceleration. Accelerating and focusing RF fields are excited
by the electron beam upon the anomalous Doppler resonance conditions. The solenoid 5
(consisted of 15 coils) creates a resonance space-changed magnetic field. Vacuum in chambers
2 and 6 is provided by magneto-discharge and turbomolecular pumps at the level of 10" mm
Hg On the output end of chamber 9 there are located the electron collector 9, the ion collector
10 with a moving bottom 11, and branch pipes 15 for vacuum line coupling.
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Energy and current of the electron beam are chosen to be sufficiently large (up to 350 keV and
200 A respectively) to prevent excessive longitudinal deceleration and beam radius increase
(due to longitudinal-transverse momentum transformation of beam electrons that is inherent in
RF generation due to anomalous Doppler effect [6]). At this stage of research the conditions
are chosen when energy losses of the electron beam are small in order to simplify calculations
and increase their reliability as well as to simplify the experimental adjustment of the
accelerator. Because of that the efficiency of the energy transfer from the electron beam to the
ion one is small (<1%). Ref [1] discusses the ways enhance the efficiency considerably and they
will be studied in later developments. The magnitude of the resonant magnetic field H(z) was
determined from the conditions of RF fields excitation due to anomalous Doppler effect [1].

Results of research and development
The following results are obtained.
1. The physical concept of the two-beam high-current ion accelerator based on Doppler

effect is well grounded This concept may provide the ground for creation of ion accelerators
with 10 - 100 MeV energy, 1 - 10 A current, and 10 - 100 MeV/m rate of acceleration

2 The project of the EAS is developed. The EAS is intended to prove the workability of
this type of ion accelerators and to optimize their parameters. The main EAS parameters are
calculated to accelerate protons from 5 MeV initial energy to 8 MeV final energy. The
accelerating section is designed on the basis of the H-type resonator with drift tubes on
meeting suspenders. The operating linear proton accelerator will be used as an injector.

3. The set of nonlinear self-consistent equations has been elaborated for wave excitation by
an electron beam in case of anomalous and normal Doppler effects in a H-type accelerating
structure both for amplification and generation regimes.

4 The theoretical investigation and computer simulation in the bounds of the obtained set of
equations have been fulfilled It has been shown that for the experimental setup the planned
accelerating gradient of order of 60 kV/cm can be achieved. Initial efficiency of order of 1%
will become higher with growing phase velocity and keeping resonance by means of specially
profiled magnetic field

5. The method o'l stationary magnetic field synthesis with required dependence on
longitudinal coordinate was realized. Thus it is used the regularization method developed by
Acad AN Tikhonov for solution of (so named) incorrect inverse problems. By this method
the calculation of a solenoid for creation of a non-uniform resonant magnetic field in the EAS
is accomplished

6. Theoretical investigations and computer simulations of ion acceleration in a two-beam
electron-ion accelerator were curried out Detailed studies of ion acceleration dynamics and its
radial focusing have been realized Computer simulations of ion acceleration and focusing have
been accomplished for wide set of parameters including the main EAS parameters. Coulomb
interaction of accelerated ions is taking into account by "large particle" simulation method.
In this approximation an ion beam (or a bunch) is presented as a set of particles ("clouds")
in a form of infinitely thing rings with variable radii and longitudinal positions: the axis of
each ring is aligned with the RF structure (main) axis. As a result, we have derived the
motion equations for these "clouds" with taking into account all electric fields in a two-
beam electron-ion accelerator: electromagnetic wave fields, RF and DC space charge fields
of a driving electron beam, space charge fields of accelerating ions. In our studies we use
main limitations adopted for linac simulation codes as follows: for describing of beam
average properties, including second moments of distribution function and rms emittance.
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about one thousand macro-particles are adequate for obtaining reproducible and accurate
results with account of space-charge effects; furthermore, ion-ion and ion-neutral collisions
can not taken into consideration. It ought to note that unlike analytical considerations
longitudinal and transverse motions do not separate in this case, and one does no
assumption about form of the ion bunches.

The feature of radial motion of the particles near the synchronous phase is as follows: the
bunch collapses here both in radial and phase directions (that corresponds in this case to
simultaneous radial and phase focusing), and as a result a part of the ions leave in radial
direction to the drift tube. This is explained by that the concentration of the ions increases
so much that the radial focusing field can not compensate the Coulomb field of bunch, and
a part of the ions is "thrown off". This instability of the accelerated bunch (which can be
called as the collective longitudinal-transverse one) did not consider by analytical methods.
We found that the collective longitudinal-transverse instability defines the upper limit of ion
current to be accelerated. For the parameters of the EAS the ion limit current of order of
3 - 4 A have been determined.

7. We have investigated the problem of field excitation in two sections of a two-beam
ion accelerator under consecutive anomalous and normal Doppler effect conditions. It seems
reasonable to use an energy stored in electron transverse motion in a first accelerator section
excited at anomalous Doppler effect for wave excitation at normal Doppler effect in a
second (next) section. We have accounted correlation between sections by solution of a self-
consisted equations for consecutive excitation by an electron beam of a first section at ADE,
and further excitation of a second one at NDE. For the EAS parameters in the case of two
sections we obtain in the 1-st one (at ADE) E, — 60 kV/cm and in the 2-nd one (at NDE):
£',=40 kV/cm. Thus these estimations demonstrate the opportunity of using of the 2-nd
section for the further acceleration of ions in two-beam ion acceleration.

8. The investigations carried out show this acceleration method to advantage and lead to the
expediency of the research and development continuation. At the present the Experimental
Accelerating Stand is being manufactured at the KFTI
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