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ADVANCED CONCEPTS FOR ACCELERATION*

Denis Keefe
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720 USA

1. INTRODUCTION

The study of advanced methods of .acceleration has been largely
concentrated on two quite different areas of applicability -- first, the
acceleration of electrons and positrons to ultra—relafivistic energies
(> 1 Tev) and second, the acceleration of protons and ions from rest
or very low energies to a speed that is a significant fraction of the
speed of 1light. Botﬁ”applications'share the common goal of seeking to
achieve accelerating gradients far in excess of those obtainable with
conventional accelerating structures, e.g. E >> 10 MV/m.

The energy frontier in high-enefgy physics has advanced
exponentially with time simply because new dinventions have been
successively developed that have "kept the accelerator costs within
bounds. The largest accelerator under serious consideration to-day is
the Superconducting Super-Collider (SSC) which will accelerate protons
by the traditional synchrotron method to 20 TeV, and then act in the
storage ring mode to collide two such beams together. It seems likely
that the next step in energy beyond the SSC will employ the Linear
Collider technology now being deVe]oped at SLAC, and will use
electron-positron collisions in the multi-TeVv range ("Equivalent"
physics can be accomplished with electrons at about one-fifth the energy
of protons). Electron linacs at such energies if based on today's
technology would be prohibitive in cost, size and power consumption. If
the message of the Livingstone Chart of exponential growth continues to
hold, i
adVdﬁté in center of mass energy.

new accelerating concepts must be developed to enable us to

In contfa§t to electrons, which are relativistic (y > 2) when
they leave a typical electron gqun and can be accelerated with high
gradient, ions gain velocity at a much lower rate. After the 500 m of
linac in LAMPF, the prdtons have attained only a y of 1.8. Hence
much work has centered on collective methods of ion acceleration in
which the charge density of an intense electron-beam (IREB) is modulated

*This work was supported by the Office of Energy Research, Office of
Basic Energy Sciences, U.S. Department of Energy, under Contract No.

DE-AC03-76SF00098.



to produce very high fields within the beam that can then be used to
accelerate ions embedded in the beam. These fields must be programmed
to have a phase-velocity that varies in Synchronism with the changing
speed of the ions; the problems of creating slow-moving modulations and
controlling their speed are indeed severe. The IREB sources are of two
typés. pulse-power single-gap diodes driven by a Marx denerator and
pulse-forming-line (PFL), or mu]tigap induction lipacs. The latter have
the advantage of offering high repetition rate, high efficiency, and
excellent beam quality.

Advanced concepts have been the subject of several recent
conferences and workshops [Corbett et al. (1983), Bryant and Mulvey
(1985), Channell (1982), Joshi & Katsouleas (1985)] in the hope that
some might provide promising breakthroughs in technology, decades in the
_ future. It has become customary to categorize advanced concepts in the

following way:

Table 1: A Classification of Accelerator Schemes

Medium . Comment Examplie Accelerators

Vacuum Tuned EM Wave -~ Advanced Linac Structures powered by
(Near Field) : microwave tube, free-electron laser,
or optical laser

Vacuum EM Pulse ~ Wakefield Transformer,
{(Near Field) Autoaccelerator, Switched power
Vacuum Inverse Free Electron Laser (IFEL)

(Far Field)

E (Electron)-beam Auto-resonant (ARA)
. » Ionization Front (IFA)
Waves (e.g. space-charge)
*Electron Ring (ERA)

Gas . Inverse Cerenkov (ICA)

Plasma ~ Laser Beat Wave (LBW)
Plasma Wake Field (PWF)

* ERA is fundamentally different from other E-beam devices in that the
electrons providing the field remain in the frame of the ions rather
than flowing through the region of charge modulation; the
electron ring behaves more as a vehicle than a medium.

For relativistic electrons, the c¢.w. Near-Field devices offer the
opportunity of moving continuously up in frequency from the conventional
linac structures for which a highly sophisticated data-base of

experience exists; calculations of expected beam quality and behavior,
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and parameters such as projected efficiency, can be on more or less firm
ground depending on how far one extrapolates downward in wavelength.
For other entries in the. Table, answers to sdch questions are much more
speculative; laboratory demonstrations of the physics concepts do not,
indeed, exist in many areas.

The accelerator examples 1listed in the Table offer, to varying
degrees, the promise of controlled or staged écce]eration in which the
phase velocity of the field can be kept in synchronism (or nearly so)
with the beam. (Acceleration by uncontrolled virtual cathode formation

is not listed, for example).

Only selected exampies will be reviewed in this paper; other
reports at this meeting by Wilson, Cooper, Jameson and Neil will cover
some of the topics in greater detail.

2. METHODS FOR RELATIVISTIC ELECTRONS/POSITQONS

2.1. Approach

Obtaining high gradients in near-field vacuum structures is limited
by the surface breakdown field. This limit is increased by using higher
frequencies than today (SLAC operates at 3 GHz), hence the interest in
pushing to shorter wave]engfh microwaves and, ultimately, lasers.
Unconventional linac structures for very éhort wavelength excitation are
discussed by Palmer (1985). See Fig. 1. We address ‘below advanced
concepts that seek to achieve fields beyond those attainable in

microwave structures by use of two approaches:

i) Develop the fields within a plasma either neutral or
non-neutral; such fields can be local and need never

appear near the structure walls (Sections 2.2.1-2.2.4).

ii) Take advantage of the fact that the surface breakdown
fie]d in vacuum can be very large for extremely short
pulses [Vb scaling roughly as (T)_ /4]. Very large
fields on axis can be produced by radial 1line

transformers (Section 2.3).

2.2. Plasma Accelerators

The last few years hdve seen a rapid expansion of interest in
devising ways of controlling large-amplitude waves in plasmas to make
them useful for the acceleration of electrons to high energies. Some
twenty-five years ago, the invention of the 1laser caused much
speculation on whether the very large coherent electric fields it can

3
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Fig. 1: Some wunusual RF near-field structures discussed by Palmer
(1985).

produce might be useful for acceleration. . Unfortunately, the 1laser
fields are transversely polarized and so could not be wused for
acceleration over long distances in vacuum. In a neutral plasma,
however, the intense radiation from a laser can modulate the plasma to
produce plasma waves (Langmuir waves) with longitudinal electric fields
of enormous magnitude. These fields can accelerate particles - as
witnessed in laser fusion experiments, where the effect is undesired -
and, if the mechanism is controllable over significqnt distances, might
offer for the future a compact way of producing very high energy
electron beams. The interest in the use of plasma waves that followed
the Tajima-Dawson (1979) proposal of the Beat-Wave Accelerator has led
to several other suggestions for plasma acce]érators, including the
substitution .of a particle beam for the laser to excite the waves.
Several typical schemes are summarized brief]y below.
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2.2.1. Plasma Beat Wave Accelerator (PBwA)

Two coherent 1laser beams, with freduencies ) add Wy
are injected into an underdense plasma with plasma frequency, o .
If the difference frequency (m]—wz) matches the p]as;a
freqpency, wp, forward Raman ;cattering of the higher frequency
beam (m]) gives rise to a photon of the 1lower frequency beam
(mz) and a forward-going plasmon (wp). A very large electric
field due to the temporary charge separation in the plasma can be built
up resonantly and can propagate forward with a phase velocity Vp =

C(]-wp/mz)]/z where © O o>2>> wp. (See Fig. 2.) The group

TUBULENT PLASMA SER PULSE | FRESH PLASMA
PLASMA WAVE LA |
\,9
| |
I~ ' I
1 | |
I L 1 xpy 865-1857

Fig. 2: Build up of accelerating field which moves forward in beat-wave
excitation method. :

velocity of the 1light pulse is also équa] to vp; thus the 1laser
pulse and the wake of excited plasma waves move forward as a unit into
the as-yet undisturbed piasma downstream.

For electrons moving in synchronism with the plasma wave the

accelerating gradient (proportional to wp) can be very large, i.e.,

172
E(volts per cm) = [no (particles/cm ]
or, for a plasma density of ]Olacm—s, some 100 GeV/m. For the
accelerated particle to remain synchronous, it should travel at a
speed, v=v ; v is, however, less than ¢, and the accelerated
particle will move forward out of synchronism at some limiting kinetic

energy which is proportional to 1/w2, or 1/no. Thus there

'is a competition between the desires for high gradient (large no) and

long accelerating distance (small no).



The surfatron coﬁcept is a proposal to circumvent this difficulty
by application of a magnetic field at right angles to the direction of
propagation of the beat wave. The accelerated particles thereby acquire
a small transverse component of velocity with respect to the direction
of light propagation and can thus keep in step with the wave even when
their speed exceeds vp. (See Fig. 3.) This technique can be shown

.

B, 2

XBL 665-1860

Fig. 3: A magnetic field gives sideways motion to keep the particles in
phase with the wave.

to have the desirable property of phase-stability.. The laser beams in a
surfatron must, of course, vhave significant lateral extent to
accommodate the sideways motion of the accelerated particles. An
alternative scheme proposed by Katsouleas et al. (1983) called "optical
mixing"® results in significantly iess width; here the two laser beams
are tilted at a slight angle to each other and the plasma wavefronts
move at an angle to the direction of the accelerated beam.

While extensive work with computer simulation has taken place, much
more needs to be done to sort out the compiicated physics of wave-wave
and wave-particle interactions when a high-power laser interacts with a
plasma. Instabilities can occur and ultimately, very short laser pulses
(10-50 psec) must be employed to avoid such unwanted waves. Initial
experiments on exciting plasma waves have taken place at UCLA, RAL, and
LANL. The most successful of -these, by Joshi et al. (1985) at UCLA,
using two laser beams at A =-10.6 ym and 9.6 u, has demonstrated
the generation of the fast plasma beat-wave in a plasma of the right
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density (10]7cm“3) for resonance.  The scale -length of the wave
region was about 1 mm and a field of some 500 MV/m has been inferred.

" The beat wave accelerator is unique among advanced concepté in the
magnitude of the accelerating fields it --could perhaps achieve. A vast
amount of theory and simulation 1is still needed to sort out the
extraordinarily complex physics of the interaction of 1intense laser
beams with plasma. In addition, a succession of scaled experiments,
beginning with a demonstration of modest acceleration, will be needed
over many years to establish whether :a viable accelerator system is
possible and, if so, what its limitations are. Developments in
'high—power laser technology will also be needed.

2.2.2. Plasma Wake Field Accelerator (PWFA)

Excitation of intense Langmuir waves in a plasma can alternatively
be achieved by use of small, intense bunches of relativistic electrons
rather than by laser light. There is already a substantial technology
base for the production of such bunches by electron linacs; by contrast,
technology advances are needed for "lasers (e.g., pulse length ~ 10
picoseconds, higher wall-plug efficiency) ©before an attractive

laser-plasma accelerator system might be proposed.

In the plasma wake-field accelerator (PWFA) proposed by P. Chen
et al. (1984), the driving stream of electron bunches, with dimensions
less than a plasma wavelength, excite plasma waves by virtue of a
two-stream instability -- as opposed to the ponderomotive force.in the
laser case. The plasma waves growing in the wake of each driving bunch
to large amplitude (and eventually becoming turbulent) can produce a
very high gradient and so accelerate a second driven bunch travelling in
phase with the wave. The attainable gradients, and the phase—s]ip
problem are the same as for the PBWA.

The energetics governing the acceleration of the driven bunches at
the expense of the acceleration of the driving bunches (assumed to be
much higher in intensity) was quickly perceived for the PWFA as related
to the «classic beam-loading probiem in conventional accelerators,
namely, the maximum kinetic energy gain per driven particle will not
exceed twice the kinetic energy of a driving particle. Thus, a driving
beam of 1 GeV electrons could add nearly 2 GeV to the high-energy
particles, meaning that acceleration to the TeV range would require many
stages. (In- principle, if the charge profile within the already tiny
drive bunch could be tapered, the “transformer ratio" could be increased
above two; this seems, however, difficult to achieve in practice.)
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Use of an electron beam rather than laser 1light to excite
accelerating plasma waves seems to offer some practical advantages. As
mentioned, the technology 15 largely 1n‘ hand, and the wall-plug
efficiency could be significantly greater. Unless laser self-focussing
is found to be realizable in a controlled and reproducible way, the
laser beam divergence sets a 1limit to the 1length of the acceleration
region (Rayleigh length) obtainable with a laser. Wave excitation by an
electron beam can be maintained over a longer distance, first because of
the very small emittance and, second, because the electrons can be
confined by magnetic quadrupoles (i.e., non-material lenses) exterior to
the plasma.

An  interesting proof-of-principle experiment with a 22 MeV
short-pulse 1inac (now 30 psec; being modified for 5 psec operation) is
in the planning stage at ANL, by Rosenzweig et al. (1985).

2.2.3. Plasma "Grating" Accelerator

’Simu]ation studies - of the surfatron indicate that particle energy
gain is limited by wave dynamics rather than by particle dynamics.
While most of the laser energy is transferred to plasma wave energy, the
plasma wave group velocity is very small, and the energy that can be
'transferred to the driven beam diminishes with distance. Important
consequences of this pump energy depletion are reflected in limitations
on the acceleration distance and in the overall electrical efficiency.

In an effort to circumvent pump depletion, Katsouleas et al. (1985)
have explored the possibility of injecting laser light'from the side,
along the length of the accelerating region. In this case, therefore,
one can choose the laser beam (one frequency only) to be po]ariied
paralilel to the direction of acceleration. Creating a periodic density
modulation in the same direction along the plasma then leads to a
beat-wave between the laser light-wave and the zero-frequency density
wave, which is analogous to the two-laser beat-wave in the PBWA. Thus a
propagating accelerating plasma wave can be set up with analogous
properties but in a different —- and presumably more favorable --
geometry. Work on this approach has consisted, so far, of some
simulation studies.

2.3. Pulsed E-beam, Pulsed Laser Accelerator

Following the very successful demonstration that an intense
relativistic electron beam (IREB) of 10 kA, 3-50 MeV, can be guided in a
straight line over a long length (50 m) by a laser beam, Briggs (1985)

8



proposed that ‘'such a beam might be helpful 1in creating the rapid
acceleration of a small bunch of very high energy electrons following
several centimeters behind the tail of the drive beam. While transient
low density plasmas are involved, extended plasma wave phenomena, which
can often lead to uncontrolled and undesired effects, are not invoked.
Two lasers are used (one long pulse, one short pulse) to control the
sequence of events, but these are used basically to cause ionization in
gas and are of modest intensity. High-gradient acceleration of the
driven beam is envisaged to take place as a result of.four steps (see
Fig. 4): '

fon column Ejuction of secondary electrons

High energy electron
puise being accelerated
“‘wake’ by E, field of beam

¢ -2

f—p

|

od
Y
= |
o V|
+ \\\i'

A/ el £ |
T DT B e R L R
T .= //7 "

VA y'om

Electron flow in/A’icosecond Z'Charning" electron beam

photoionization laser pulse
plasma made
by laser

Fig. 4: Schematic of the Electron Beam/Laser accelerator

i) A uv laser photo-ionizes a narrow column of gas along
-the axis of the drive-beam accelerator. The gas
(benzene) density needed 1is 1in the range of 1013
—10]4cm— -- orders of magnitude 1less than the
plasma densities referred to in earlier sections.

iji) The electron beam 'is 1injected on axis. As it

propagates, it rapidly expels the cold electrons created
during Step (i) leaving an ion column about a millimeter
across on axis, and furthermore, creates additional
ionization thus enhancing the density of positive ions
on axis. (Note that Step (i), 1in fact, 1is not
absolutely necessary as the ion-beam will propagate
stably down the tube by virtue of creation of the
pulses, the ion column remains on axis for some
nanoseconds before dispersing. Steps (i) and (ii) have



been demonstrated at the Advanced Technology Accelerator
at LLNL, with a 10 kA 50 nsec long beam. '

iii) Next, a one picosecond laser pulse (a few .Joules) is
injected in coincidence with the high-energy beam bunch
to be accelerated. In time it should follow the
driving beam tail by about one nanosecond, creating a
broad plasma column whose head follows closely behind
the drive pulse tail. Transversely, the 1light pulse
should-be larger than either the driving or driven beam.

iv) Finally, cold electrons c¢reated off axis by the
picosecond laser pulse rush radially inward towards the
residual positive ion column on axis. Briggs has shown
that this inward flow of electrons can create a large
electric field on axis that could accelerate the
high-energy bunch with a field of perhaps 250 MV/m or
more. Also, transverse focussing of the driven
high-energy beam is taken care of automatica]]y'by the
presence of the on-axis positive-ion column.

Special attention has to be paid to generating and maintaining a
sharp edge on the tail of the drive beam; this requirement, together
with the dispersion of the laser light and the energy depletion of the
charging Eeam, will result in the need for multiple stages to reach the
TeV region. The 1length per stage, however, ~could be substantially
greater than in the PBWA and PWFA. It is especially noteworthy that
this concept is not a wakefield accelerator, the function of the leading
beam simply being to create enhanced ionization on axis and to eject the
cold electrons (in the process, of course, acting as an energy source).
Thus, the system is not subject to the transformer ratio limit of two
referred to in 2.2.2 for the PWFA; instead, the ratio of kinetic energy
gain (driven) to kinetic energy loss (drive) can be of order 10,000.

The applicability of the scheme to the acce]ération of positrons
has not been considered in any detail. Both an accelerating and a
focussing field suitable for positrons will occur some distance behind
the optimum location for electrons, corresponding to about a half a
plasma oscillation period. Simulation studies are needed to determine
the quality and reproducibility of this field.

Because of the multi-stage nature of the process envisionéd, a
sequence of experiments will probably be needed to establish whether the
concept works or not, and to determine how reliable and reproducible it
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could be. An encouraging technological aspect is that an induction
Tinac drivenvby_magnet1c modulators ba#ed'on new ferromagnetic materials
has recently been operated at LLNL at a repetition rate of 10 kHz;
extension of this pulsing technique well into the nkgahertz range seems
to be straightforward.

2.4. Inverse Cerenkov Accelerator.

A relativistic particle (B= 1) travelling through a refractive
medium produces Cerenkov radiation continuously along its path at a cone
angle 6 , where

Cos 6 = 1/Bn,

and n is the refractive index of the medium. In the limit of large
v and small angles, this can be rewritten:

2(n-1) =g2 + 15
Y .

so that 6 = constant if 0 >> 1/y. In the 1inverse process,
coherent laser 1ight is brought in with a corresponding conical geometry
and a particle on axis sees a continuous accelerating field E Sin o
Cosy, where E and ¢ are the laser field and phase. Such an
interaction over a distance of a few centimeters has been experimentally
observed By fontana and Pantell (1983) at Stanford. An interesting
feature of this mechanism is that the slipping out of phase of the
particle with the accelerating fie]d'frequent1y noted earlier need not
occur. If Y  lies between w/2 and , particles are both
focussed to the axis and accelerated; furthermore, the motion is
phase-stable.

To ‘use this mechanism to accelerate electrons (or positrons) to
high energy requires an index of refraction corresponding to about 1
atmosphere of hydrogen gas. To mfnimize multiple scattering, one would
1ike to choose as low a gas pressure as possible; this, however, would
decrease the accelerating component of the electric field by decreasing
©. Conical illumination over significant distances can be accomplished
by containing the laser light within a reflecting cylinder.

In this scheme, the usable laser intensity is limited by ionization
breakdown 1in the gas. More damaging, however, for high-energy
applications is multiple scattering in the hydrogen gas which produces
an ‘intolerable increase in beam emittance for acceleration to energies

in excess of a few tens of GeV.
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2.5. Inverse Free-Electron Laser

This concept falls within thevfaerield vacuum category in that no
medium is used and the laser accelerating field is many wavelengths away
from neighboring surfaces. Neil will later discuss the free-electron
laser in which a fast-electron beam 1is wiggled in a spatially
reciprocating magnetic field and emits synchrotron radiation in the
forward direction with a wavelength A= L/ZY2 where L 1is the
magnetic-field periodicity. The electrons lose energy while the photon
field is ampfified by coherent lasing action.

In the inverse device, the electrons are injected into a wiggler
field and irradiated in the direction of motion with an intense laser
beam, which can give energy to the electrons in a resonant way, by the
inverse process. Since the laser light is of fixed wavelength, A, a
transverse magnetic field is added to maintain the condition

2 . . . :
A = L/2y as acceleration proceeds and vy 1increases.

Pellegrini (1982)'has presented a design for an IFEL for 300 GeV

electrons. The synchrotron radiation . loss (which increases as
8272 -- just as 1in a storage ring) becomes intolerable at higher
energies. '

2.6. Switched Radial-Line Accelerators

The field that «can be sustained without breakdown by an
accelerating gap in vacuum depends -upon the pulse duration for pulses
shorter than, say, one nﬁcrbsecond; For nanosecond and subnanosecond
durations the field can be many times the static breakdown field. This
concept relies on supplying a very short voltage pulse to the periphery
of a pair of parallel discs which have a small hole on-axis through
which the accelerated beam passeé. As the pulse travels inwards to the
axis of the radial transmission line it becomes amplified exactly in the
fashion Wilson has described earlier for the Wake-field Accelerator
(WFA). Indeed the disc structures when stacked together very much
resemble the WFA structure except for details at the periphery, where
the drive electron beam is replaced by a sequence of suitably phased,
independent switches. ' '

This method was proposed in 1968 for the acceleration of
electron-rings (containing ions; see Section 3) from low energies to
high energies. Hartwig (1968) has reported results for a copper disc
structure fed at 16 points on the periphery (to simulate an approach to
ideal symmetry) and indeed he observed the expected voltage

12



amplification (about x2.5) for pulses in the 1-3 ns range. The
transformer ratio was qgt large for this application because the hole 1in
the plates had to be several centimeters in diameter to allow for
passage of the electron rings.

Interest in the method was renewed when Wiliis (1985) pointed out
the possible advantages for ultra-high energy electron 1inacs. Here the
pulse-length could be vastly shorter (~ 10 psec) and the .hole size
much smaller (~ 1 mm) leading to a much higher breakdown 1limit and a
larger transformer ratio. He estimated that accelerating gradients of
1 GV/m might be achieved. The need for switching times of order 1 psec
has stimulated studies of .laser-switched ga]]ium—afsenide switches. The
amount of laser energy needed to accomplish the switching at a kilohertz
rate may be very large, however.

2.7.  Two-Beam Accelerator

Hopkins et al. (1984) have proposed using the immense power
(~ 1000 MW) available in the 30 GHz range from free electron lasers to
power an ultra-short-wave linac structure (X =1 cm). The concept is
shown in Fig. 5. The low energy beam -- a few MeV -- has thousands of
amperes and as it loses energy to the microwave radiation 1in the
wigglers it is ~periodically rejuvenated by further induction
acceleration modules. Gradients of 200 MeV/m and more have been
observed in test structures. The Livermore FEL work will be discussed

later by Neil.

3.0. Advanced Concepts for Ion Acceleration

In the past twenty years, several avenues have been explored in an
attempt to harness the collective fields of intense electron beams to
accelerate ions from low to high energies. Some of these methods could
also be used, in principle, to acce1erate high energy electrons or
positrons. To date, only tﬁree methods have been successful in
accelerating ions in a moderately orderly way, and then only to modest

energies of the order of tens of MeV/amu.

tarly observations of collective idon acceleration were with
disorderly processes in which an intense electron beam formed a virtual
cathode which halted the propagstion of the beam by the large space
charge potential at its head. When jons were formed -- either from a
background low-pressure gas or surface flashover of an insulator (Luce
diode) -- the virtual cathode became neutralized and the beam front
propagated forward. 1In the process of dynamic relaxation of the virtual

13
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Fig. 5: The two-beam accelerator concept showing (a) the power
generating (LEB) and high gradient structures (HEB)
side-by-side and (b) the low energy beam in the wiggler
structure. :

cathode, ions were accelerated with a broad energy spectrum centered
about two to three times the electron kinetic energy. While these
results were interesting, this so-called “"natural" acceleration process
is basically uncontrollable and incapable of significant extension.

A degree of control proposed by 0lson (1974) was to use a laser
beam to produce a shatia]]y narrow region of ionization of the
background gas just in front of the virtual cathode; by programming the
motion forward of the laser beam, the virtual cathode (and the large
accelerating field at its head) could be dragged along in synchronism
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with the acce]erating ions. (See Fig. 6.) This method has recently
been shown to work (Olson 1985); a modest number of protons and
deuterons were accelerated to an energy of 10 MeV over a distance of

0.3 m.
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Fig. 6: Ionization Front Accelerator

A unique method proposed by Veksler (1968) -- the electron ring
accelerator .(ERA) -- uses acceleration of a ring of relativistic
electrons seeded with a small number of positive ions. The detailed
principles of the method are discussed by Keefe (1970). Multigap
acceleration of rings holding xenon ions has been achieved by Sarantsev
et al. (1986) through a sequence of induction acceleration units at
Dubna. Experiments on formation of suitable rings (major radius
~ 30 mm, minor radius ® 2 mm, number of electrons = 10]3) have been
also carried out at LBL, Garching and Maryland but these efforts were
not continued long enough to achieve controlled acceleration of ions.
Figure 7 is a picture of the ring-forming apparatus at LBL. A 4-MeV
electron beam of hundreds of amperes from an induction linac injector is
injected on an orbit near the outside radius. Pulsed coils apply a
magnetic field transversely to the ring and cause simultaneous
acceleration (to 20 MeV) and compression of the ring (to R = 30 mm). If
ions are added in an amount of about 1% of the electrons they provide
enough focussing to cancel the residual electrostatic self-defocusing
and render the ring stable. When accelerated in an axial field the ring
electrons respond with a transverse mass L 40 me i.e. about
50 times 1lighter than a proton. Thus the ijons trapped in the ring
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Fig. 7: The ring-forming chamber at LBL (1970). The rapidly pulsed
inflection field can be seen at the outer radius. The injected
beam enters from the top left.

experience an accelerating gradient very much larger than the externally

applied field.

Excitation of waves on intense electron beams (i.e., dense
non-neutral plasmas) has been explored in an effort to develop an
orderly method of ion acceleration with a tailored velocity increase
with distance [see Keefe (1981)]. The charge density modulations in the
wave act as accelerating buckets. Efforts to grow cyclotron waves
(E-beam in axial magnetic field) were never successful, but growth of a
slow space-charge wave (E-beam in a disc-loaded wave guide) has been
achieved at Cornell by Nation (1985). Reproducibility of the

space-charge wave at low phase-velocity, however, is poor.

The most promising approach to wave acceleration on electron beams
would seem to involve combining two waves, one of which is usually a

zero-frequency wave provided, for example, by a rippled magnetic
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solenoid field along the axis. Adjustments can be made easily to the
periodicity of the magnetic field or to the ripple amplitude to allow
one a number of external degrees of control. 1In experiments at NRL,
Friedman (1979) has used a -sequence of electron Eings (formed by
longitudinal chopping of a hollow beam) to inject a high-speed space
charge wave of a somewhat unusual character. Space-charge waves of the
conventional kind grown in a disc-loaded structure have been used by
Nation at Cornell and have delivered some modest energy gain to low

enerqgy protons.

While such two-wave schemes are still 1in an infant stage of
development, it is to be noted that, besides slow waves (of interest
initially for slow ion acceleration), these systems can support fast
waves with vphase = ¢ and hence, in the future, offer (in principle
at least) the possibility of accelerating relativistic electrons or

positrons in a collider.

In summary, most of the research on these other concepts has been

with the aim of accelerating ions to intermediate energies and some,
such as ERA, are of interest exclusively for 1ons. The physical

‘mechanisms -involved are very complicated and take years of study to

understand. With the exception of the ERA, where acceleration (of ions)
has been sucpessfu]]y extended to a multigap structure, the research has
been mbst valuable in weeding out the less promising candidates and in
identifying others (and there is no shortage of them) that seem worthy
of pursuit. Major questions of interest such as available fldx and beam

quality (emittance, energy spread) remain to be addressed.
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