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A theory is constructed for resonant acceleration of ions by a negative-energy wave propagating in a

relativistic electron beam.

The recent progress in the production of strong-
current relativistic beams and the generation of high-
power monochromatic microwave oscillations with their
aid have uncovered new possibilities for the realization
of the collective method proposed by Fainberg for the
acceleration of charged particles in a plasma, £*!

One such possibility was considered by Sloan and
Drummond® and consists in resonantly accelerating the
ions by using a negative-energy wave propagating in a
magnetized beam. Such a wave can be simultaneously at
resonance with an electron beam at the frequency of the
anomalous Doppler effect w==~%,v,~ wy, and at Cerenkov
resonance with the ions (w=#,u). Ion acceleration by a
negative-energy wave should lead to an increase of the
wave amplitude, i.e., to instability.®! The present
paper is devoted to the development of a theory of this
acceleration method.

In the electrostatic approximation (w < k,c) the in-
stability produced when the electron-beam space-charge
wave interacts with the accelerated ions is described
by the dispersion equation
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ny, and ny; are respectively the densities of the electron
and ion beams, 7 is the relativistic factor, and a is the
radius of the ion beam; the latter is assumed to move
along the axis of the electron beam (in view of the
weakness of the transverse fields at the axis, we con-
sider only the longitudinal motion of the ions).

The solution of (1) for the case of a strong magnetic
field, wy,> w,,, is
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1t follows from (2), in particular, that the phase velocity
of the wave excited in the instability exceeds the ion
velocity, and the ion flux should become accelerated by
the instability. At a constant phase velocity of the wave,
this acceleration amounts to Au~ulx|/k,, after which
the capture of the ions by the wave field prevents them
from becoming further accelerated.

To ensure continuous ion acceleration it is necessary,
as in ordinary accelerators, to increase the phase velo-
city in synchronism with the velocity of the accelerated
particles. It follows from (2) that at v, > u this can be
done by varying the magnetic field like H~1/u, (u, is
the velocity of the ions that move in synchronism with
the wave). Since the magnetic flux through the beam
cross section should be conserved, the density in the
beam varies like n ~H for motion in a decreasing
magnetic field.

The nonlinear instability dynamics leading to the ion
acceleration can be investigated by a method of partial
numerical simulation, *+*! wherein the electron beam is
regarded as a medium with specified dielectric constant
€(w, k), and the motion of the resonant ions in the wave
field is essentially nonlinear.

In this approximation, the electric potential of the
accelerating wave is expressed in the form

dlt,r)=¢ @) (kr)cos ( [k dz -wt +afz)).

The system of equations for the variation of the ampli-
tude and phase ¢(z) and a(z) of the field and the ion
velocity u(z), when expressed in terms of the dimen-
sionless variables
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FIG, 1. Dependence of the ion velocity and of the potential
amplitude on the distance under conditions of synchronous
interaction.
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_Here p=Fk3(0)/k2(0) and v = 2mx,/%,(0) are parameters of
the problem, C(¢£)=[(1+u)/(1+p+vx(()/2mE, ¢=a

— 277 + [AdE, and A= [k,(2) - £,(0)]/%,. The variation of
the wave number along the system is determined from
the synchronism condition [the last equation of (5)]~ the
phase of the field acting on the synchronous particle re-
mains constant at ¢, used in the integration of the equa-
tions in (5) was chosen to satisfy the condition that the
maximal number of ions be captured in the synchronous
motion.,

The results of the numerical integration of Eqs. (5)
are given in Figs. 1 and 2. At <1 the field amplitude
has an exponential increase with ¢, in accord with the
linear theory. In the case of a constant phase velocity
of the wave stabilization of the instability should occur
at ¥ ~1. In the presence of synchronism, the amplitude
continues to increase monotonically with £, and at suffi-
ciently large ¢ both ¢ and u, are proportional to vZ. On
the phase plane (see Fig. 2), the instability leads to a
breakup of the ion beam into particle bunches that
oscillate relative to the synchronous phase &,~0, 8"’
and are accelerated by the wavefield. Up to 80% of the
beam particles are then set to move in synchronism. As
is usual in linear accelerators, the acceleration of a
synchronous particle is accompanied by damping of the
phase oscillations and by contraction of the bunch. Under
these conditions, the single-~-mode regime produced as
usual by x preliminary modulation of the electron beam
turns out to be stable, since no satellite instability'"
develops and the only amplitude that increases is that of
the wave for which the synchronism condition is
satisfied.?’
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FIG. 2. Phase plane of ion beam.

At sufficiently large £, when most ions are captured
into synchronous bunches, the law governing their
acceleration can be obtained by integrating the simple
equations that describe the synchronous ion motion and
the conservation of the energy flux in the ion beam +
wave system in a medium with a dielectric constant
€,(w,k):
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It follows therefore that at u, < ¢ the ion energy in-
creases like
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Here 71 is the ion capture coefficient. Stabilization sets
in and the acceleration stops because the electron beam
goes out of synchronism with the wave at a deceleration
Ay, ~ = wi,/wyk,. The maximum power transferred to the
ion component is given by
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It follows from (8) and (9) that using an electron beam
with parameters I,=10° A and E,=3%10° eV and with a
pulse duration 7=10"® sec it is possible to develop a
proton accelerator with an output energy E,=3% 10% eV
and with N, =2X 10" particles per pulse, at an accerator
length L= 5 m over which the magnetic field varies from
10° to 3x10% Oe. We note that this method can acceler-
ate protons and multiply-charge ions with equal
efficiency.

The authors thank Ya. B. Fainberg for a useful dis-
cussion of the results.

DAt the chosen form of the field, the accelerated particles
have phase and radial stability at n/2 <& <.

DThe condition for synchronism with the ions is likewise not
satisfied for the Cerenkov harmonic of the space-charge wave
wrkpy— w,e/’y, so that this wave does not affect significantly
the acceleration process.
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