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COLLECTIVE AND COHERENT METHODS OF PARTICLE
ACCELERATION

J. D. LAWSON
Rutherford Laboratory, Chilton, Berkshire, England

The essential characteristics of conventional accelerators, and the constraints within which they operate, are
outlined. Methods by which these constraints can in principle be overcome are indicated, and this leads to a discussion
of the concepts of collective and coherent acceleration. A survey is then given of a variety of forms of both the
collective and coherent acceleration mechanisms, which have been studied experimentally, or proposed as the
basis for accelerators. Emphasis is given to schemes less well known than the electron ring accelerator, not
because this lacks interest, but rather because it has been extensively described elsewhere.

1. INTRODUCTION. LIMITATIONS OF
EXISTING TYPES OF ACCELERATOR,
AND FUTURE NEEDS

The limitations and possibilities of conventional
accelerators are reasonably well understood. Syn
chrotrons, and linear accelerators, like motor cars,
are by now in a highly developed state, and it is
unlikely that order of magnitude decreases in cost,
or increases in performance for a given cost, will
occur. It is important therefore to see just how
these limitations arise, and whether by going out
side the normal framework of constraints which
define the accelerator, some new method of
approach can be found. Before doing this, we
should see what our objectives are.

First, we should like to obtain an order of magni
tude increase in energy without an order of magni
tude increase in cost. Colliding beams in storage
rings of course provide a good example of a concept
which effectively does this, though with some
notable disadvantages.

Secondly, for many applications, very intense
beams of intermediate energy are required. For
example a cheap beam consisting of 100 rnA of
protons at 600 MeV could form the basis of a very
attractive neutron source; such a beam would not
need to have a small energy spread, nor a low
emittance. Much could also be done with beams
of very heavy ions; a few microamperes at
10 MeV/nucleon would enable the 'superheavy'
element field to be explored, even if the beam
quality were far inferior to that normally obtained
in linear accelerators and heavy ion cyclotrons.

Thirdly, very cheap sources of ion beams or

electrons in the 1-100 MeV region would un~

doubtedly have many uses in industry and medicine.
A review of accelerator applications in the second
and third of these categories has recently been given
by Rosen.(l)

Conventional accelerators have two essential
components; a driving field to accelerate the
particles, and a guiding field to keep them focused
in suitable orbits. In circular machines the nlost
expensive component is theguiding field; in linear
machines on the other hal1:d the guiding field is
relatively easy to provide, and the money goes into
the driving field. The guiding field is either mag
netic, provided by fixed electromagnets, or (in
some smaller machines) electric, generated by
voltages across fixed gaps. The driving field is
electric; at low energies it can be a steady field
between electrodes (Van de Graaff nlachines) or an
inductive field (betatrons). For large machines, on
the other hand, this field is developed across gaps
in cavities or periodic structures. For particles
with a dipole moment, a nonuniform magnetic
accelerating field can in principle be used. One
could thus make a direct neutron accelerator,
though the acceleration rate would be uselessly
small. This method is used however in the
'expansion' acceleration of electron rings.

The form of these fields, both magnetic and
electric, is restricted by the condition that their
divergence and curl must be zero; their strength is
limited by iron saturation, power dissipation, and
voltage breakdown. The nature and extent of
these limitations is by now fairly well understood.
The advent of superconductivity has extended
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2. EARLY SUGGESTIONS FOR
UNCONVENTIONAL ACCELERATORS

An early suggestion for making use of an electron
beam was made in 1952 by Alfven and Wernholm.(2)

This depends on the transverse motion of a cross
over in an electron beam. The diagram from their
original paper outlining the scheme is reproduced as
Fig. 1. A curtain of electrons is fornled, and a

travelling focusing field between the anode A and
a plate A I behind it is guided by loaded transmission
lines L 1 L 2 and L 3 L 4 • This produces a beam
crossover which can be made to move with any
desired velocity, as indicated in the figure. Ions
are dragged along in the moving field associated
with the high charge density at the crossover. A
more sophisticated version of essentially the same

idea has recently been independently proposed by
Johnson.(3) Alfven and Wernholm suggest a field
of 250 kVjcnl, but Johnson writes hopefully of
100 GeV in 1000 m. This scheme breaks the con
ventional constraints in that the fields are associated
with free charges rather than charges bound in a
metal. Alfven and Wernholm quote earlier un
published experimental work by Ahlstrom, Brunberg
and Heiberg using a trochoidal beam in crossed
fields. The idea was to drag ions in the bunches
formed by modulating the beam, but the experi
ments were terminated before any definite results
were obtained. Another early proposal to use
bunches of free charges for acceleration is that of
Harvie,(4) put forward in an unpublished Harwell
memorandum in 1951. He states that 'it is pro
posed that protons should be accelerated along a
straight line by the electrostatic Coulomb force
associated with bunches of electrons which are
themselves accelerated along the same line by an
externally applied electric field'. The application
in mind at that time was to boost a proposed
125 MeV proton accelerator by another 100 MeV!
Further studies showed up the difficulties, and in the
excitement following the possibilities opened up
by the strong focusing principle, the idea was
forgotten.

A further suggestion, dating from 1951, but more
fully described in 1954(5) is Raudorf's 'electronic
ram'. The idea is that 'the sudden stopping of an
electron beam on entering a region of rapidly
increasing magnetic field intensity transfers the
magnetic energy associated with the whole beam
to the electrons at the front of the beam'. Experi
ments giving evidence of the effect are described.

A more widespread interest in unconventional
accelerators arose after the 1956 CERN Symposium
on High Energy Accelerators. At this meeting,
work which had been going on for some time in the
Soviet Union was published for the first time.
Three inlportant papers were presented, 'Coherent
Principles of Acceleration of Charged Particles' by
Veksler,(6) in which the coherent principle was
first described; 'Relativistic Stabilized Electron
Beam' by Budker,(7) in which the field associate'd
with an intense relativistic ring beam was suggested
as a possible high intensity guide field, and 'The
Use of Plasma Waveguides as Accelerating
Structures' by Fainberg(8) in which the use of
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FIG. 1. Accelerating system proposed by Alfven
and Wernholm in 1952. (Reproduced from their
original paper(2) by kind permission of the authors.)
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some of these limits, for example the radius of syn..
chrotrons can be reduced by a factor of order 3-5,
and higher voltages with negligible power loss
promise substantial improvements in linear accele
rator performance. Nevertheless, it is clear that
superconducting devices are by no means cheap,
and though important improvements may be made,
superconductivity does not represent the order of
magnitude breakthrough that we are looking for.

In this paper we examine how we might step
outside the limitations imposed by conventional
constraints. For acceleration, an electric field is
still needed; this could however be produced in a
plasma or beam in which the particles to be
accelerated are embedded. In the same way a
guiding magnetic field might be provided by currents
associated with an electron beam, or produced in a
plasma.
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(1)

waveguides containing magneticallyconfined plasma
columns, capable of simultaneous radial and phase
focusing, was suggested. Before discussing these
in detail we distinguish the essential features of the
collective and coherent principles.

3. COLLECTIVE AND COHERENT
ACCELERATION PRINCIPLES DEFINED

Collective acceleration may be defined as any
scheme whereby the accelerating or guide field is
produced by charges in a plasma or electron beam
rather than across a metal gap. It is of course
possible to regard metals as a rather special plasma
where the ions form a rigid lattice, so the difference
may not appear fundamental. There is an essential
difference however that the particles to be accele
rated or guided are in 'general embedded in the
plasma. All the schemes described in the last
section are examples of collective accelerators.
They differ however in the following respect. In
most of them the electrons providing the accele
rating field are continuously replenished, whereas
in Harvie's proposal it is the same electrons which
are used throughout the acceleration process. In the
latter a cluster of ions and electrons form a bunch
with charge-to-mass ratio

qb e(Ne-ZNi)

M b NeMe+NiMi

where Z is the charge state of the ion, equal to the
atomic number if it is completely stripped. Assum
ing that the cluster can be made to cohere as a single
object, then if it is accelerated in a field" E, the ions
will be accelerated at a rate equal to qbMi/eMbZ
times greater than they would be if acted on directly
by the field E; for N i ~ N c this approaches a limit
of Mi/MeZ. This hopeful result assumes that the
bunch is not torn apart by its self-field or the
external field, a problem discussed in more detail
later.

Two classes of collective accelerator have been
distinguished, those involving continuous replenish
ment of the electrons providing the accelerating
field and those making use of bunches or clusters.
Most other proposals, such as acceleration of
single particles in intense relativistic plasma
waves, (9,10) or by relativistic solitons(1O) belong to
the first class.

Coherent acceleration (which in practice would
only be useful when combined with a bunch of the
type described above) has two very distinct
characteristics which distinguish it fronl collective
acceleration. First, the accelerating force on the
bunch is proportional to the square of the charge,
and second, when the accelerating field is a
harmonic wave, synchronism between the charge
velocity and the phase velocity of the wave is -not
essential. Indeed, when exact synchronism is
achieved the accelerating force vanishes. A well
known example of coherent acceleration is radia
tion pressure. The way in which this acts may be
seen in the following way. Consider a plane wave
in free space moving in the z direction, with field
components Ex and By; a particle originally at
rest starts to move in the x direction, and, on
account of the presence of By acquires a component
of velocity in the z direction. Assuming the
motion to be nonrelativistic, IzI~ 1YI, the
equation of motion in the x direction for a charge
Ne of mass Nn10 is

2N2 e2
...

Fx = Nmox = NeEocoswt-3~x (2)

where the last term represents the radiation reac
tion, and in the z direction

NexB NexEoFz = -- =-- coswt. (3)
c c

With the approximation that the radiation reaction
term is small, x may readily be found as

. eEo . 2NEoe3

x ~-- slnwt+ 3 coswt
mow 3moc

whence

NeEo .
<Fz>= -- <x coswt)

c

NeEo / eEo . 2e3 EoN 2 )= --\--slnwtcoswt+ 2 3 cos wt
c ,mow 3mo c

(5)

where <>denotes time averaged values. Since

<cos esin e) = 0 and <cos2e) = -!-,

Eq. (5) reduces to

(6)

where Yo = e2/n10c2 = the classical electron radius.
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The acceleration is proportional to the square
of both Nand E, and furthermore some dissipation,
in this case radiation, is essential for acceleration.

It is not suggested that one uses a plane wave for
accelerating particles, the above calculation is
illustrative only. It is interesting nevertheless to
find out roughly how large N must be for <F) to be
equal Eo e. Equating them gives

N 2 = 3ejr0
2 Eo. (7)

For Eo = 40 kVjcm, N = 107. For the arguments
above to apply the bunch must be rigid, and also
small compared with a wavelength of the radiation.
A simple macroscopic example of coherent accele
ration, which is analogous to radiation pressure,
is provided by a long bar magnet which is threaded
through a metal ring. As the magnet approaches
the ring it is repelled by virtue of the induced
current; as the magnet passes into the ring the
force is reduced, changing sign (for a lossless ring)
when the centre of the magnet passes through the
centre of the ring; as the magnet passes out the
other side the current falls to zero and a force is
exerted on the ring which just brings it to rest. No
net acceleration is produced. If on the other hand
the ring is lossy, the current in it decays; the
impulse received when the magnet leaves the ring is
reduced, or even reversed in sign so that a net
acceleration is produced. The acceleration is pro
portional to the product of the magnetic pole
strength and the current, and thus to the square of
either.

It is interesting to note also an analogy with
electrical machines, which in the early years of this
century were being analysed as intensively as
accelerators are today. A synchronous motor
corresponds to a conventional accelerator (phase
oscillations, 'trapping' etc.), whereas an induction
motor represents a coherent accelerator (requiring
a resistance in the rotor to give a finite starting
torque).

A further type of coherent acceleration is pro
vided by a 'charged wind'. If a charged particle is
exposed to such a wind, by being immersed in a
very intense electron beam for example, it will
experience an accelerating force proportional to
Z2. This may be seen immediately by choosing a
frame of reference in which the wind is at rest. The
charge will then be slowed down according to the

standard 'stopping power' formula in which
(dEjdx) oc Z2. We consider this quantitatively
later. As with schemes using harmonic waves, the
accelerating force becomes zero when synchronism
is achieved. The use of coherent mechanisms for
producing very high energy particles is remote at
the present time. A more immediate application
is in the acceleration of quasi-neutral plasma
bunches to moderate (nonrelativistic) energies.
This application, related to the rf confinement
problem in plasma physics, has been extensively
reviewed by Motz and Watson.(ll)

4. SOME PROPERTIES OF ELECTRON
RINGS

Quantitative arguments show that for coherent
acceleration a large compact charged bunch is
necessary. Such a bunch can also form the basis
of a collective accelerator, as explained in Sec. 2.
An obvious problem with such a bunch is that of
how to hold it together against the electrostatic
repulsion of the charges which constitute it. The
solution is provided by the concept of a partly
neutralized relativistic ring beam, introduced by
Budker(7) in 1956 in connection with another
suggestion which we discuss later.

The essential properties of these rings are by now
well known, since they have been studied exten
sively in recent work on the electron ring accele
rator. The electrons in an electron beam exhibit
electric repulsion but magnetic attraction. These
forces are in the ratio 1: 132 where 13 = vjc, so
that in an un-neutralized beam the electric force
always predominates. If however the beam is
partly neutralized, the electric field is weakened,
becoming less than the magnetic pinching force
if f> 1-p2 = Ijy2, where f is the ratio of ion to
electron charge in the beam, and '}' is the ratio of
total energy to rest energy of the electrons. Under
these circumstances both ions and electrons
oscillate about the beam axis. Such a beam can be
bent into a circle with the aid of a betatron field;
self-fields and trajectories in such a ring beam are
illustrated in Fig. 2.

An important number characterizing the ring is
Budker's parameter v = Ne2 jmoc2 where N is the
number of electrons per unit length (measured
circumferentially) and e2 /mo c2 is the classical
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published in the Proceedings of the 1971 Chicago
Accelerator Conference by the groups men
tioned,(19) or for a more compact review giving
basic principles and some design goals, the paper
by Laslett and Sessler.(20») Before discussing the
techniques for producing rings, we comment on
some of their physical properties.

First, it is necessary to ensure that the rings are
sufficiently compact that a high enough electric
field is obtained at their surface. For rings
of a few centimetres in diameter containing of
order 1013 particles this implies a < 1 mm for
interesting rates of acceleration; for example a
maximum electric field of 10 MeV/cm is obtained
in a ring with N = 3 x 1013 electrons, R = 5 cm,
a = 0.5 mm. This will be difficult to achieve, but
may be possible without any radically new tech
niques. Discussions of the problems involved,
including difficulties with various potential in
stabilities, may be found in the literature quoted.
One of these rings constitutes a material 'object'
with properties rather different from conventional
'matt~r'. It is interesting to consider what it looks
like when travelling at relativistic speeds, where
111 ~ 1. The quantities 1311 and 111 refer to the r~ng

as a whole, and f3.L and 1.L refer to transverse motIon
of the individual electrons in the frame of reference
in which the ring is at rest. When the ring as a
whole moves, a simple application of the laws of
addition of relativistic velocities shows that the
value of y for an electron measured in the laboratory
frame is Y.L Y1\ and the apparent angular velocity
decreases to 13.L/y II. The rotating electron, re.garded
as a clock, slows down in accordance WIth the
relativistic tim.e dilation. Such a ring, sent along
an accelerating tube and then reflected back to the
starting point illustrates the clock paradox, the
electrons in the 'travelling' ring having made
revolutions and thus aged less than those in a ring
which 'stayed at home'.

Another relativistic property exhibited by the
ring is Lorentz contraction. This can be seen in
terms familiar to accelerator physicists as adiabatic
damping of the particle motion in the potential
well associated with the ring. Damping may be
expected to occur when the fractional change of
1 in one oscillation cycle is small, this condition

II ·d· , S··l d· b fcbeing a criterion for 'rigI Ity. ImI ar a Ia a ~

damping of individual atomic oscillators occurs In

Electron Trajectory
Q ..

.--L-_ -1

[1 +(v/y){I +(1 - 1)2/p2} In (R/a)]

FIG. 2. Partly neutralized electron ring. The right
hand diagram illustrates the Lorentz contraction of
a moving ring.

where R and a are the major and minor radii of the
rings.(13)t Such rings, typically containing
5 x 1012 electrons with R ~ 5 cm and a ~ 1 mnl
have been produced in the USSR(14) (Dubna) and
the USA(15) (Berkeley) and more recently at the
Kernforschungszentrum, Karlsruhe, and the Max

. M· h (16)Planck Institute for Plasma PhYSICS at unlC.
In the USSR they have furthermore been accele
rated to a value of 1311 = 0.12 where 1311 is the velocity
in a direction perpendicular to the plane of the ring.

The techniques for producing and accelerating
. h·· (17)these rings, first proposed by SOVIet p ySICIStS,

have been extensively discussed in the literature,
and the possibilities of producing a useful accele
rator analysed.(18) (See for example several papers

t This formula differs slightly from that quoted in Ref. 13.
I am grateful to Dr. J. G. Linhart for pointing out the ~rror,

which arises from not including the ions in a self-conSIstent
manner.

electron radius. For a fully relativistic beam,
v = 1 corresponds to 17,000 A; this current,
multiplied by f3y is sometimes called the 'Alfven
current' since it was first identified by him in 1939
in a paper dealing with cosmic ray streams.(12) For
a current stream to retain its form as a beam, in
which the longitudinal velocity exceeds the trans
verse velocity, and also avoid 'kink' instability, it
is necessary that v ~ y. The radius of curvature
of a rela~ivistic beam in a given magnetic field
exceeds that of a single particle by a factor



26 J.D. LAWSON

normal matter moving at relativistic speeds when
viewed in the laboratory reference frame.

Some of the simpler properties of relativistic
rings have now been outlined. A great deal of
theoretical and experimental work is in progress
at the present time, aimed at producing such rings
and elucidating their detailed properties; it is
likely that both negative mass instability and 'ion
sloshing instability' , in which multiples of the
betatron oscillation frequency of the electrons and
the traverse oscillation frequency of ions couple,(21)
will be troublesome.

The extent to which the ultimate quality and
intensity of rings depends on the way that they are
formed is not yet known.' Several different methods
of ring formation have been proposed, though all
experimental results obtained so far have been
obtained by means of one fof these, the 'dynamic'
method. Typically electrons are injected into a
cylindrical chamber from a relativistic beam
generator at an energy of a few MeV to produce a
ring of a few hundred amperes in a betatron type
field of order 1 kG. The field is then rapidly
increased by a factor of about 25; this increases the
particle momentum and decreases the ring radius
according to the relation

/31 1'1 = R2= (B1)1/2 .
/32 Y2 R 1 B2

The contraction time is of order 500/lsec in the
Berkeley experiments, but only 15/lsec at Munich.
Details of the technique, and some discussion of
the care needed to avoid troubles with resonances,
are given by Keefe.(22)

The other methods of injection that have been
tried are 'static' in the sense that the main magnetic
field does not change with time. The rings are
formed by spatial compression without change of
electron energy. Several schemes have been
proposed, and a comprehensive view of earlier
ideas is given in Ref. 22. None of these methods is
at present being tried, but a development arising
out of one of them(23) forms the basis of a project
now under way at the University of Maryland. (24)
In this scheme a hollow beam, from an intense
relativistic beam generator of the type to be
described in Sec. 7, is injected along a uniform Bz

field from an immersed ring cathode. If the sign
of Bz is reversed within a distance small compared

with the beam radius, then a () component ofvelocity
is created from the radial flux at the transition
region which produces a spiral motion of the
particles about the axis. The pitch of the spiral
may be controlled by adjusting Bz- By making Bz

such that the pitch is small, and then increasing Bz

with z a dense ring may be formed. A method of
'catching' it is now being investigated, making use
of resistive loops of wire which couple to the ring
and damp its longitudinal component of velocity.

Before leaving the subject of rings, we make a
brief comment, mainly perhaps ofhistorical interest,
on Budker's 'Relativistic Stabilized Electron Beam'.
For short times the rings discussed so far may be
considered as stable steady-state structures. Over
longer periods however, in the absence, of more
violent instabilities, they become degraded by
synchrotron radiation and scattering ofthe electrons
on the ions. Budker considered an ultimate
steady state, in which synchrotron radiation losses
are supplied by a circumferential electric field. He
found that a balance could be obtained between
increase of the minor radius a due to scattering and
decrease due to damping of the orbits by syn
chrotron radiation. By equating the energy gained
by an electron from the field E to that radiated, and
the momentum gained from the field to that lost
in Coulomb collisions with the ions plus that carried
away as momentum of the radiation field, he
obtained two remarkably simple equations between
1', v, a and E (in V/cm). These are

YV = 1.7 (or 1= 3 x 104 /y A)

a = 3.6 x 10- 3 /E 1
/
2 cm.

(Other authors have obtained different values for
the constants, the values depend on the detailed
assumptions in the definition of y.)

Substitution in these formulae leads to the follow
ing sets of possible parameters

E, V/cm 1 5.3
y 30 3
I,A 1,000 10,000
a,cm 0.036 0.016
B, G at r = a 56 x ]03 1.25xl06

These figures suggested to Budker that such a beam,
held in a modest betatron field, kept in equilibrium
by a modest accelerating field, would provide a
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suitable guide field for a strongly focusing compact
high energy accelerator. Unfortunately there are
several snags which prevent this ingenious idea from
being realized. The first is that the beam is un
stable (since vly is not small compared with unity);
Budker recognized this and hoped that some external
stabilization could be applied, though it now seems
that this is unlikely to be possible. Secondly, even
if the beam were stable it is not clear how the
equilibrium can be achieved, the relaxation time
from any reasonable size down to the thread re
quired is extremely long. Thirdly, the equilibrium
postulated is not a true one, since the 'stationary'
ions would in fact rapidly gain momentum in the
direction opposite to the electrons and expand the
ring. Other problems can easily be found, but the
three quoted are perhaps the most fundamental.

Despite the ultimate difficulties with this proposal,
it stimulated a great deal of work which produced
greater understanding of the properties of ring
beams. Experiments led to the concept of the
'Plasma Betatron', in which the traditional space
charge limit is overcome by accelerating electrons
in a neutral plasma rather than from an injector
gun. Although a number of such betatrons have
been made, none has come up to expectations.
Recent work(25,26) has isolated some of the diffi-
culties, and the device may yet emerge as cheaper
and capable of higher output than a conventional
betatron.

5. COHERENT ACCELERATION OF
ELECTRON RINGS

The coherent acceleration of electron rings is
obviously a long way from being realized; accelera
tion in conventional fields must be established first.
Acceleration in a magnetic field gradient has
already been demonstrated; the more difficult
task of accelerating in a radiofrequency electric
field will probably be attempted within the next
year or two.

An important factor, to be taken into account
in all schemes involving rings, is the extent to which
the ring can be considered to be a rigid body. It
represents an unusual state of matter; besides the
danger from instabilities there is a possibility that
if it is treated 'roughly' it will expand from 'fric
tional' heating. In more familiar accelerator

language one might say that noisy oscillations are
induced which reduce the longitudinal damping
of the oscillations in the bunch; (in the rest frame
of the bunch it would of course appear to expand).

Some suggestions, for example the idea of
'coherent impact' acceleration in Veksler's original
paper, in which a light bunch is given an 'enormous'
energy (1013 eV per proton) by collision with a
heavy bunch moving at a relativistic energy,
depend on a very high degree of rigidity of the
bunch. A number of interesting calculations
relating to the collision of a light ring with a heavy
ring have been made by Bonch-Osmolovskii.(27)
For rigid bodies Veksler showed that a heavy body
of energy yM1 colliding with a light stationary
body of mass M 2 imparts to it an energy of
approximately 2M2 C

2y2. Bonch-Osmolovskii con
siders a heavy and a light ring in collision. If the
rings approach too closely, or if the acceleration
during the collisions is excessive, the following
things can happen. First, the Inutual inductive
coupling of the two currents can change both the
energy of the electrons in the light ring and its
radius; secondly, the radiation of energy associated
with the acceleration can be very large, and thirdly,
the trapped ions can fail to follow the motion of the
electrons. Criteria that these effects should be
unimportant are derived, and found to impose very
severe restrictions. The author concludes that to be
useful, light rings containing 1014 to 1016 electrons
are required, with two orders of magnitude
difference between the masses of the light and heavy
rings.

In order to accelerate rings by interaction with a
stream of electrons, some coherent mechanism is
necessary unless the fields associated with the ring
are sufficiently high to turn back the electrons by
Coulomb repulsion. The magnetic field needed to
maintain the ring will confine the electrons to
almost straight trajectories so that unless the
electrons are reflected the ring will appear trans
parent. Nevertheless, it is worth calculating the
order of magnitude drag appropriate to a point
charge Ze. The energy loss in ordinary matter for a
relativistic particle is typically of order 1 MeV per
g cm2. This density contains about 1024 particles
per cm3; for a relativistic electron beam of
density 5000 A per cm2 the corresponding density
is only 1012 per cm3. For an acceleration rate of
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1 MeV/cm per charge a value of Z = (1024/1012)1/2
= 106 is therefore needed. This is large, but much
smaller than the value for a typical electron ring.
The degree of coherence to be expected from an
essentially transparent charge of finite size is at
first sight likely to be negligibly small. Some
enhancement occurs however if the loss mechanism
(in the frame where the electrons are at rest) is
caused by some coherent radiative process with a
wavelength long compared with the longitudinal ring
dinlensions. This mechanism is not of course
confined to the acceleration of rings; bunches of
protons held together in some way by longitudinal
electric fields can in principle be accelerated also.
Preliminary estimates by Doggett for example,(28)
based on the classical Bohr 'stopping power'
theory(29) 'indicate that it may be possible to
accelerate an effective bunch of 1013 protons to a
kinetic energy equal to their rest mass energy in a
distance of one meter with a 10 MeV electron beam
with a current density of 105 amperes/cm2 and pulse
duration of 2.5 nanoseconds' and experiments are
planned to demonstrate the effect. Current densities
exceeding 107 A/cm2havealreadybeen achieved.(30)

Order of magnitude estimates of the appropriate
coherent processes, namely, coherent Cherenkov
radiation with wavelength c/wp , (made possible by
the magnetic field), and, closely related to it, a
form of 'transition' radiation with broader fre
quency spectrum, are given by Tsytovich.(31)

More recently Krasovitskii(32) has considered
nonlinear effects in the acceleration of a periodic
array of· bunches by this mechanism; expressions
are given for the energy acquired by the ions, the
acceleration time, and the minimum density of the
accelerated ion beam.

6. PLASMA WAVEGUIDES, OSCILLATIONS
IN PLASMAS EXCITED BY ELECTRON
BEAMS

The use of plasma columns and intense electron
beams for collective particle accelerators has been
advocated by Fainberg for many years.(8,9) The
original idea of using plasma waveguides as linear
low loss structures does not now look very
attractive (especially with the advent of super
conducting cavities), and will not be discussed
further. If very intense waves are produced,

however, nonlinearities develop. Fainberg suggests
that these can give rise to very large fields; under
transient conditions the normal instabilities do not
have time to develop. He suggests that the best
way to produce these waves, which of course must
have a controllable phase velocity ultimately of
order c, is to excite them by beam-plasma inter
action. Since under these conditions many fre
quencies tend to be present at once a small signal
at the required frequency is injected also, by modulat
ing the electron beam, in the hope that the plasma
will oscillate at the injected frequency only.
Experjments, described in Ref. 9, illustrate a fair
degree of success in regularizing the oscillations.
Spectral distributions of the oscillation and the
corresponding correlation functions with and
without the initial modulation of the electron beam
are shown. Although no particles have yet been
accelerated in these waves, it is anticipated that a
useful system can be made provided that the results
obtained so far can be extended to somewhat higher
powers. More details (and some other ideas) will
be found in Fainberg's paper, and some of the 60
references quoted therein.

7. ACCELERATION IN INTENSE
TRANSIENT ELECTRON BEAMS

The production of a small number of particles
with anomalously high energies in gas discharges
has been known for a number of years. (They
caused great confusion in the early stages ofthermo
nuclear research.) More recently, bursts of carbon
ions up to 20 MeV, and pulses of 1011 to 1012

protons or deuterons of 5 MeV have been obtained
by Plyutto and co-workers from a vacuum spark
plasma across which a voltage of only 300 kV was
applied.(33) In a series of experiments conducted
in 1960-61 (but reported later)<34) a transient
electron beam of some hundreds of amperes at
1 MeV was obtained from a 100 kV spark source,
and associated with it a pulsed beam of 1011 to 1012

protons of energy 2.5 MeV was found. The ratio
of proton energy to electron energy to source
voltage remained constant down to much lower
voltages. Heavy ions, carbon and copper, were
also found with an energy independent of charge
state. A more recent paper by Karop and Plyutto(3S)
discusses acceleration of ions of cathode material
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FIG. 3. Schematic diagram of a typical relativistic
electron beam generator.

cathode have been tried; needles, knobs, honey
combs filled with epoxy resin etc., the technology
will not be further discussed here. The beam
behaviour on emerging through the hole or foil
depends strongly on the pressure in the drift space,
and the properties of the walls. (See pictures in

(AI, Mg, Cu, Fe, W) in a 300 kV arc discharge to
energies of 10-15 MeV. In all these experiments
the ions were accelerated in the same direction as
the electrons, and are evidently produced in a mov
ing retarding field. The mechanism will be discussed
further after considering a related phenomenon, the
acceleration of ions in relativistic pulsed beams.

The techniques for producing electron beams of
duration some tens of nanoseconds with energies a
few MeV and currents of tens or even hundreds of
kiloamperes have been developed intensively over
the last 5 years since Graybill and Nablo(36) first
produced a beam containing 17,000 A at 2.5 MeV.
Numerous descriptions of such beams have been
given; good accounts of the basic components are
given in early papers by Graybill and Nablo,(37)
and Link,<38) and further references may be found
in a recent review by Graybill.(39) Essentially, a
coaxial line is charged up to the required potential
difference by a Van de Graaff machine or by a
Marx generator. A spark gap then connects the
inner conductor to a cathode, and a current flows,
with impedance determined by the line impedance,
for a time determined by the line length. The
electrons flow from the cathode through a hole in
the anode, or through a thin foil (which lasts for
the very short pulse duration). A typical system
is shown schematically in Fig. 3. Many types of

Refs. 38 and 39.) For a sufficient current, the beam
blows up immediately due to space charge if the
pressure is zero, or collapses down to a pinch if the
pressure is high enough to provide enough ions
to neutralize sufficiently the electric field (c.f. the
behaviour of electron rings, Sec. 4). The behaviour
of these beams is extremely complex, and shows a
great variety of forms. Many aspects of this
behaviour are still poorly understood, and time
resolved measurement of the various parameters,
particularly of the formation of the beam front in
its early stages, is difficult. Many of the observa
tions and explanations are still in a tentative stage.
We make no attempt at a general review of the
present situation, but concentrate rather on the
observation of particular interest in this paper, the
acceleration of heavy ions.

The presence of energetic heavy ions in these
beams, moving in the same direction as the
electrons, was found by Graybill and Uglum(40) of
Ion Physics Corporation, using time-of-flight
techniques, and later by Rander and co-workers(41)
of the Physics International Conlpany with the aid
of magnetic analysis and nuclear emulsions.
Before discussing the acceleration mechanism, we
set out the essential experimental findings of both
groups; first, the Ion Physics Group, using a
1.7 MeV 30 kA beam, report the following
findings.(39,40)

1. Energies of order 5 MeV (protons and
deuterons), 9MeV (He++) and 20MeV
(N2iv-vi).

2. Currents of order 100 A of protons and 10 A
of nitrogen ions of duration 3-10 nsec.

3. Energy spread not more than 10-20 per cent.
4. Ion energy pressure dependent over range

0.1-0.3 torr for H and He, but not for heavier
ions.

5. Arrival time of ions only very slightly de
pendent on pressure.

6. Ion pulse moves behind beam front.

The Physics International Group findings may be
summarized thUS.(41-43)

1. Peak ion energies oc Z, the charge number of
the ion (as in a steady field).

2. Energy/charge oc In, i < n < -f.
3. Ion energy nearly independent of pressure

over 6:1 range (for protons 0.05-0.3 torr).

-v
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4. Ion pulses formed after f exceeds y-2, that is,
when beam can pinch.

5. Proton energy spread < 20 per cent FWHM
(limit of resolution).

6. Number of ions per pulse 1012 to 1015, pulse
width 3.5 nsec (protons) to 10 nsec (deuterons
and nitrogen).

7. Multiple ion pulses occur, with pulse separa
tion inversely dependent on filling gas pressure.

8. First ion pulse moves with beam front.

The detailed mechanism of the acceleration is
complicated, and further work is needed to
elucidate it. An early model, attractive though
perhaps oversimplified, was put forward by
Rostoker in 1969.(44) The treatment is essentially
one dimensional, and may be simply explained.
Planar geometry is assumed, the anode being a
transparent foil. If there is a vacuum beyond the
anode, then a virtual cathode is forIned at a
distance of order c/OJp beyond the anode; this
produces a retarding field and electrons are
reflected back towards the cathode. If on the other
hand some gas is present, this will be ionized by the
beam, the electrons formed will be expelled radially
(this of course assumes that the beam is in fact
finite in cross section) and the space-charge force
reduced, so that the virtual cathode advances from
the anode. This advance will be continuous, at a
rate depending on pressure, and ionization cross
sections. Rostoker postulates that ions are
accelerated in the advancing beanl front, in the
field which slows down the electrons. Clearly the
value of JE dz associated with the motion of this
front greatly exceeds the electron energy, so that a
large energy could be gained by ions moving at the
correct velocity.

A more sophisticated model has been proposed
by Putnam.(42,33) This incorporates measurements
of Rander(45) on the velocity of the beam front;
Rander found that this moves slowly for a few
centimetres beyond the anode, and then undergoes
a rapid acceleration to a uniform velocity of
typically pc ~ 0.06 c. This is much smaller than
the value of 0.94 c for the injected electrons, but
corresponds to the velocity of the accelerated ions.
Putnam's model, called the 'localized pinch model'
recognizes that the dynamics of the pinching plays
an essential role, and takes account of the associated

electrostatic and '[dL/dt' fields which retard the
electrons and accelerate the ions. The transient
nature of the ion pulse is accounted for, and a
criterion found for ions to be accelerated away
from the active region more rapidly than they are
formed; when this happens the depletion of ions
gives rise to bunching, and a repeating cycle of ion
pulses with time separation increasing as the
background pressure is decreased. The acceleration
region is confined to the early part of the beam,
before the point where the front attains a uniform
velocity. Confirmation of this latter point is
given by the experiments of Korop and Plyutto,(35)
where they comment on the similarity of these
phenomena with those occurring in the shorter
beam associated with a vacuum arc.

This summary conveys a rather inadequate
picture of what is evidently a fairly complex
phenomenon. More details, with quantitative
support, will be found in the references quoted.

The general field of relativistic pulsed electron
beams is at present very active experimentally;
theoretical understanding of the very varied
phenomena which they exhibit is as yet, however,
rather patchy. What use can be made of this
mechanism of ion acceleration remains to be seen.
The acceleration of ions in these electron beams is
accidental, in the sense that it was observed and then
explained, rather than deliberately engineered. The
transient electric fields which develop are evidently
very large, when they are better understood and
more readily controlled other possibilities may
emerge.

8. METHODS USING BUNCHES IN A
MIRROR FIELD

The motion of bunches or rings in an axially
symmetric magnetic field which varies in the z
direction has been studied in connection with
static compressors for the ERA.(22) Related ideas
for the acceleration of bunches injected axially have
also been described(46). For example a local
increase of axial field produces a constriction which
converts longitudinal into transverse motion and
slows the bunch (hopefully) to a velocity suitable
for dragging ions. Furthermore, a longitudinal
compression of charge density also occurs, in
creasing the available field. Kovrizhnykh, quoted
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by Rabinovich,(46) has suggested a continuous
beam which provides a local increase of charge
density at a moving constriction; some analysis is
given which indicates the difficulty of producing
fields high enough to be useful.

Lewis, whose ultimate goal is to produce intense
currents ofenergetic protons for neutron production,
has suggested the use of a train of electron pulses,
formed by modulating the beam of an intense beam
generator, to trap the protons and drag them to
high energies.(47) A later modification is based on
injection at an angle of 70° to the field, as is done
for example in an experiment of Trivelpiece,
Pechacek and Kapetanokos(48); ions are to be
injected from a slow hydrogen gas stream at the
magnetic field constriction to form rings which are
reflected back from the constriction. The target is
800,000 rings per second to accelerate 65 rnA of
protons to about 1 GeV.(49)

9. THE HIPAC

An interesting suggestion for producing a deep
negative potential well, into which ions could fall
and thereby acquire high energies has been studied
both theoretically and experimentally by Levy and
others at Avco Everett.(SO) The original intention
to produce energies of some tens of MeV per
nucleon by this method are now accepted as too
ambitious, but the device could perhaps be used as
an ion source for heavily strippedions.(Sl) Basically
it consists of a hollow torus with a planar azimuthal
slot at radius R-r, where Rand r are the major
and minor radii. Situated in the slot, and insulated
from it, is a tungsten wire, heated to such a tem
perature that electron emission occurs. A cir
cumferential magnetic field is suddenly created in
the torus by pulsing a toroidal winding round the
tube. Because of the conductivity of the tube the
field lines enter through the slot, dragging electrons
from the filament with them. The electrons
acquire energy of the order of 10 keV and remain
'tied' to the circumferential field lines, and provide
a strong negative space-charge well into which the
ions can be 'dropped'. Because of their greater
mass the ions are barely affected by the magnetic
field lines, and oscillate to and fro in the well,
becoming more highly stripped in the process.

The stripped ions, which are confined to the central
region of the torus, are released by gradually
lowering the field and providing a local potential
'spout' through which they can flow.

The project has now been terminated for financial
reasons; when work stopped an electron density
of order 3 x 109 cm- 3 had been confined for about
3 msec. These figures were factors of 10 and
100 respectively less than required for a useful ion
source, but no insuperable obstacles to attaining
them were seen.(S2)

10. SOME OTHER SUGGESTIONS

Many other schemes for collective accelerators
have been suggested, mostly in outline only.
Though they demonstrate interesting methods of
acceleration, it is often not clear how these could
be used in practice to produce useful devices. It is
pointed out by Fainberg(9) and Tsytovich(lO) for
example that very large fields indeed are associated
with large amplitude nonlinear plasma oscillations,
though how such oscillations are to be generated
in a suitably controlled manner is far from evident.
Tsytovich suggests acceleration in the fields
associated with relativistic solitons, and states that
in an external magnetic field, the electric field
associated with transverse solitons moving at
about the speed of light can be equal to the
magnetic field, giving thereby 3 MeV/cm for a
10 kG field. (Solitons are nonlinear pulses, related
to sonle types of shock wave, which move through
the medium with rather slow change of form, and
retain their identity when colliding with one another.
The form is oscillatory, or sometinles consists of a
train of pulses. They were first encountered in
shallow water waves. An account of their properties
in a plasma is given in Ref. 53.)

Not all the possibilities for collective and
coherent acceleration have been discussed in this
paper. The literature on the subject is large, and
at times vague. A comprehensive, readable, review
of the Soviet work has been giyen by Rabinovich,(46)
shorter reviews, containing also some critical
appraisal have been given by Sessler.(S4,SS) The
examples covered in the present paper suffice
however to indicate the scope and extent of this
very extensive but rather ill-defined field.
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11. CONCLUSIONS

Many ideas exist for collective and coherent
accelerators, and some of these have been backed
by a considerable body of theoretical and experi
mental work. It is too early to say which, if any,
will come to fruition as devices which make a
significant impact on science or technology. To
be worth developing they must offer substantial
improvements over what can be at present achieved
by conventional methods, or else substantial
economies. Whatever the outcome, there is no
doubt that they will add to our understanding of
that shadowy region between what are normally
understood as 'beams' and 'plasmas'.
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