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A new method is proposed for collectively accelerating bunches of ions with an intense
relativistic-electron beam. By varying the beam energy in time, acceleration of a slow
Doppler-shifted cyclotron wave can be accomplished, without accompanying degradation
of the beam equilibrium. Test-particle calculations employing this acceleration scheme
indicate performance which is highly competitive with other collective-ion-acceleration
mechanisms.

The possibility of using relativistic electron
beams to collectively accelerate ions has sparked
considerable interest recently. ' ' Among the
most promising concepts is that of a traveling-
wave accelerator employing the self-fields of the
beam itself." In previous proposals, wave ac-
celeration was induced by a weak spatial inhomo-
geneity in either the external guide fields or the
geometry, with time-independent beam and field
conditions. In contrast we propose to accelerate
a slow Doppler-shifted cyclotron wave by tem-
porally varying the beam energy in an axially
homogeneous vacuum drift tube. The cyclotron
wave is deemed most appropriate of the eight
beam eigenmodes because its phase velocity can
be varied from near zero to almost the speed of
light and because of its moderately strong depen-
dence on beam energy. Among the advantages
for this type of acceleration are that it leads to
less attenuation of the wave fields during the ac-
celeration process, that the beam equilibrium is
altered less by energy change than by either field
or geometry variations, and that only simple cy-
lindrical geometry is required.

All accelerator configurations must possess
two general characteristics: large fields and the
ability to move the fields so that synchronism
with the particles is maintained. Conventional
accelerators are limited to fields on the order
(4-5)&& 104 V/cm. Fields of 10' V/cm or better,
however, appear accessible with present rela-
tivistic electron beams. Development of higher-
energy beams, moreover, will facilitate genera-
tion of even stronger fields. Limitations at these
very high field strengths may come from field-
induced breakdown of chamber materials rather
than plasma phenomena. The central problem in
using intense relativistic beams, therefore, is
in devising controllable methods for moving the
field.

Eigenmodes of the electron beam are particu-

larly attractive for collective ion acceleration be-
cause of their known propagation characteristics,
stability, and periodic field structure. The last
of these tends to enforce synchronism of jons.
Schemes which use zeroth-order fields, such as
virtual cathodes"' or localized pinches, ' pro-
duce strong fields but are difficult to control.
Previous traveling-wave collective- acceleration
schemes" do employ eigenmodes, but have re-
lied on weak spatial inhomogeneities to increase
the phase velocity of the waves. Weak inhomo-
geneity is required so that the homogeneous dis-
persion relation is valid locally. The mathemati-
cal description of the waves is therefore derived
from a WEB analysis. Since the conditions are
all steady, the frequency is invariant. Wave-
length variations are thus responsible for the in-
crease in phase velocity, V „=~/k. The wave
fields must remain large enough to trap the ions,
however, and this field varies as E,™(k —co/c)cp.
Hence, the trapping field is decreased during the
acceleration. To avoid losing ions from the po-
tential well, the wave acceleration must be de-
creased and the length of the accelerator in-
creased. Since the main economics from collec-
tive ion acceleration come from reductions in ac-
celerator length, this is not desirable.

A conceptually different means of inducing wave
acceleration is to modulate the beam energy tem-
porally. If the modulation is introduced at the
diode —the simplest way —the perturbations prop-
agate with the beam at v, = c (y' —1)'~'/y. The
wave phase velocity is usually much less than
v„however, so the wave "sees" an almost uni-
form change in the medium. For example, a,

plane-wave phase function is g, =k, z —&u, t. An

infinitesimal variation of the wave number, k
= ko 5k, can give an arbitrarily large phase
change as z -~. The entire wave train has sim-
ply dilated. Near the front edge of the modula, -
tion, the phase velocity, which is the trajectory
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of a point of constant phase, can then approach
arbitrarily close to v„as z- ~. The rate at
which this wave velocity increases is governed
by the rate of change of the beam energy, e
=m~'(y —1), and not by the magnitude of the
change. Thus, in a sufficiently long system, one
can envision ion acceleration to very high ener-
gies with only modest variations in y.

The goal of collective ion acceleration is to re-
duce accelerator length, of course, and not to
make it arbitrarily long. To quantify the above
concepts, we must first derive an appropriate
phase function. The main characteristics of the
beam cyclotron wave can be derived by consider-
ing the y and 8 components of the cold-fluid equa-
tions. The properties of cyclotron-wave propa-
gation are easily calculated from the phase func-
tion.

Consider a cold cylindrical electron beam prop-
agating along the z axis. For an axisymmetric
wave (m =0), neglect of diamagnetic effects leads
to a suitable set of model equations for small-
amplitude cyclotron waves,

Bp.+v Bp. vepo
&t ' Bz

where the assumption that y» 1 makes vp such a
weak function of y that we treat it as a constant.
For homogeneous steady conditions, (3) gives
the dispersion relation

(do=&ovo+ ~o/yo. (4)

A more accurate electromagnetic analysis gives'

'""
y, (u, '+u, ')c'+~p'/y o

'

but when y, »(d~'/2A'c' (4) is an excellent approx-
imation. Equation (3) is, therefore, a reason-
ably accurate equation for describing cyclotron-
wave propagation. If we now express pr in terms
of amplitude and phase functions such that

p A( t)8)g{s,t)

we can derive a simple equation for g in the slow-
ly-varying- amplitude approximation

(
9 8 0—+v, —g(z, f) =+~,
~t 08z '

y
'

where the + sign is appropriate here. (This cor-
responds to & =cavo —Oo/y. ) If y is a function only
of q =t -z/v„ the transformation to (q, g) vari-
ables, g =f +z/ vopermits a general solution to
(6),

Bt az x icy (1b)

2+2v0 +v0 2 + = 0

where P, =yv&, V„=0 and y = [I —(vo/c)'] ' '.
Since we expect an equilibrium rotation, let v6
= V&" +v~. The average rotational velocity is

0 2 1/2

V,"=—-~ 1+ 1-22y- y00

where &,=eB, /mc, (d~'=4vn, e'/m, and n, =f, n,
xdv/R In the slow. rotation mode with y»1, the
rotation frequency, cu„= V8 "/r, is small com-
pared to the relativistic gyrofrequency, 0Jy.
It furthermore becomes proportionately smaller
with increasing y. Its neglect makes the key
physics more transparent without seriously af-
fecting any results. Combining the remainder of
(1a) and (1b) gives

provided that B, is independent of $. To evaluate
the function C(q) we need boundary conditions
based on physical considerations.

A particularly interesting boundary condition
arises if a monochromatic wave of frequency +0
is launched at z = 0. This might be accomplished
with a simple loop antenna. , well removed from
the beam diode. Then the condition at z = 0 is
simply

q(0, t) = -(u, t, .
Without specifying y(t -z/v, ), we can evaluate
(7), which leads to

where we have used (4) as a formal definition of
The phase velocity corresponds to a point of

constant phase (dg/dt =0). Thus the general ex-
pression for phase velocity, with condition (6),
is

(10)
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For By '/Bt) &0, (10) indicates that the phase ve-
locity of a cyclotron wave can be increased, at a
rate dependent on the pulse shape of the beam-
energy modulation and the distance from the emit-
ter.

The wave acceleration described by (10) differs
fundamentally from that induced by spatial modu-
lation. With the latter, the wavelength of a con-
stant frequency disturbance dilates as a function
of axial displacement. Since V „=~/k, the phase
velocity increases proportionately, but the trap-
ping field, E„o:k—&u/c, suffers a corresponding
decrease. By energy modulating the electron
beam, on the other hand, phase changes propa-
gated down the wave train at vp alter both the lo-
cal wavelength and frequency. This ameliorates
the degradation of the trapping fields. So long as
vp && Vph the result is a nearly uniform wave-
train dilation. Although a lag exists because of
the finite propagation velocity of the modulations,
the basic picture remains valid. A small change
in beam energy can result in a very large veloc-
ity change at large displacements. In both spa-
tial and temporal modulation, self-consistent ac-
celeration of traveling waves must degrade the
trapping fields. By increasing the frequency as
well as the wavelength, however, it is easy to
show that temporal modulation leads to less deg-
radation.

The requirement that particles remain trapped
implies that the trapping field must be at least
as large as the accelerating field. This criteri-
on can be translated into a condition for maximiz-
ing. the effective acceleration,

laI = ~ (a-—)q. , (11)

where k =—B(/Bz, ~ —= —B (/B t, and a, the wave ac-
celeration, is derived from the condition d'g/dt'
= 0. The functional dependence of y for maximum
average acceleration comes from the solution of
(11), which, however, is an exceedingly nonlin-
ear equation. Numerical solutions corresponding
to (11), to constant acceleration, and to various
analytic forms for y will be presented in a more
complete article. For the present purposes, we
will exhibit only a simple numerical example to
illustrate the parameters one might expect in an
accelerator based on this method.

Despite arguments based on comparison of wave
field to wave acceleration, one must ultimately
solve the ion equation of motion,

dp;
Eo sing, (12)
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F&G. &. Velocity distributions of 400 test particles
initial1y at v = 0.13e. Beam energy was varied as y= po
&&[1+ (t —z/v„)/w]. Distributions plotted at (a) t = 0,
(b) t = g, (e) t = 57., with &v = 400. Peak energy at
t = 5y was 164 MeV.

where p, = y, V, , and E,= (k —tu/c)y, . We have
solved (12) numerically for an ensemble of test
ions. The test particles were given the same ini-
tial velocity and uniformly spaced over one cyclo-
tron wavelength. The wave was assumed to main-
tain a constant potential, although there is uncer-
tainty about this point. Higher beam energy would
facilitate growth to larger potential, but there is
at present no good method for gauging the magni-
tude of potential change with y variation. For an
initial wave field of 10' V/cm, and a linear mod-
ulation of the energy, y =yo(1+@/7), protons ini-
tially at 8.5 MeV were accelerated to over 150
MeV in a distance of 380 cm when the beam ener-
gy was increased from 3 to 18 MeV. This corre-
sponds to an average accelerating field of over
3.8x 10' V/cm, which is comparable with the ex-
pectations of other traveling-wave schemes and
almost an order of magnitude better than conven-
tional accelerators. Velocity distributions of the
test particles at t =0, &, and 57 are shown in Fig.
1. Although significant detrapping has occurred
by t =5~, most particles with v&0.5c were accel-
erated later to v & 0.60c. Optimized energy forms
will permit further reductions in accelerator
length.

Most of the requirements needed for this meth-
od of ion acceleration are either within current
technology or within foreseeable extensions of it.
Intense relativistic electron beams of 3-5 MeV,
for instance, are commonplace, while intense
beams of 30-50 MeV are not. The fact that y
= 20 machines have been built, however, suggests
that higher-energy machines might be feasible,
if sufficient incentive were available. The abil-
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ity to control the energy of the beam in time is
not the simplest requirement on an electron-
beam machine, but may be feasible through de-
sign of a multielement accelerator or decelera-
tor downstream from the ordinary diode. "

A more fundamental limitation of this method
concerns acceleration to velocities close to g.
As mentioned above, there is a lag between in-
troduction of a modulation and the time it reach-
es the particles, because of finite propagation
speed. For V h~0. 5c, one can imagine the waves
almost outrunning the modulation. Of course,
the "kick" from the modulation eventually does
catch up, but the additional distance traversed by
the particles in the interim has the effect of weak-
ening the average accelerating fieM. For these
high velocities, therefore, it may be more effi-
cient to use other collective-acceleration schemes,
some of which, in fact, are inefficient at low ve-
locity. " In other applications, ion energies of
100-200 MeV may be acceptable as they are. Fi-
nally, even though high velocities may be inac-
cessible, the use of higher-atomic-number ions,
such as in heavy-ion fusion, would still permit
generation of significant ion energies, 10-20 GeV
for A = 200, in very-modest-length accelerators.

There are still many unanswered questions con-
cerning the effect of energy modulations on col-
lective plasma effects. Preliminary studies in-
dicate that the eigenmodes of the cyclotron waves

are not seriously affected by this, but these mat-
ters require more detailed analytic and numeri-
cal studies, These studies are in progress, as
well as studies into the effect of energy modula-
tion on other beam modes.

We would like to thank Dr. B. S. Newberger for
useful discussions on this subject.
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Stabilization of drift waves by external rf fields at frequencies near the lower-hybrid
frequency has been observed experimentally in a Q machine in the collisionless regime
with (&u& /~ ) «1. Stabilization is due to a resonant ponderomotive force which increases
the drift frequency, thus enhancing the electron Landau damping. The observations are
in general accord with analyses- in the literature when finite-geometry effects appropriate
to the present experiment are taken into account.

The use of rf power at the lower-hybrid fre-
quency has frequently been considered as a means
of supplementary plasma heating for fusion pur-
poses. ' It is therefore of interest to examine the
effect of lower-hybrid fields on low-frequency
modes such as the drift instabilities, which are
sometimes thought to play an undesirable role in
experimental plasma devices.

In this Letter we present experimental results
which indicate that the drift instability in a eol-
lisionless plasma can be stabilized by the appli-
cation of rf fields near the lower-hybrid frequen-
cy. A novel feature of the work is the experimen-
tal demonstration of the effect of a resonant pon-
deromotive force which is amplified and changes
sign when the frequency of the applied field is
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