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ABSTRACT 

Modern synchrotrons and storage rings are based upon the electrical technology of the 1900s 
boosted by the microwave radar techniques of World War II. This method of acceleration now seems 
to be approaching its practical limit. It is high time that we seek a new physical acceleration 
mechanism to provide the higher energies and luminosities needed to continue particle physics 
beyond the machines now on the stocks. Twenty years is a short time in which to invent, develop, and 
construct such a device. Without it, high-energy physics may well come to an end. 

Particle physicists and astrophysicists are invited to join accelerator specialists in the hunt for 
this new principle. This report analyses the present limitations of colliders and explores some of the 
directions in which one might look to find a new principle. Chapters cover proton colliders, 
electron-positron colliders, linear colliders, and two-beam accelerators; transverse fields, wake-field 
and beat-wave accelerators, ferroelectric crystals, and acceleration in astrophysics. 
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1. INTRODUCTION 
In Fig. 1 we see how synchrotrons and, latterly, storage rings have developed during the last few 

decades. They are compared in terms of an effective beam energy. 
The centre-of-mass energy W, made available when a synchrotron beam of energy E b , hits a 

fixed target, is 

W = ( 2 m 0 c 2 E b ) W 2 (1) 

and that from colliding two beams of energy E c is 

W = 2 E c . (2) 

In order to plot different kinds of machines on the same graph, we have defined the effective energy 
for the colliders as the energy we would need from a synchrotron to give the same value of W: 

E c 
Eeff = E b = 2 y . (3) m 0c z 

This method of comparison is often used by accelerator builders to sell their wares, since the 
equivalent energy of a collider then looks most impressive. 

The ever-increasing size of accelerators has now reached the practical physical and financial 
limits. The 20 TeV Superconducting Super Collider, shown in outline in Fig. 2 [1], is as large on the 
map of Texas (Fig. 3) as nearby Dallas and is equally conspicuous as a line in the Federal Budget of 
the USA. If, as we hope and as now seems certain, it goes ahead, it will already have made its main 
contribution to discovery by the middle of the first decade of the twenty-first century. The same is 
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Fig. 3 The favoured site in Texas for the SSC 
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undoubtedly true for the 3 TeV UNK at Serpukhov in the USSR, for the Large Hadron Collider 
(LHC), an 8 TeV proton storage ring in the LEP tunnel at CERN [2] (Fig. 4). This leaves only the 
ambitious ELOISATRON storage ring proposed as a world machine. 

Electron-positron storage rings will probably also have reached their practical limit with the 
completion of LEP at CERN (Fig. 5). Plans to build 1 TeV linear electron-positron colliders based 
on the SLC at SLAC (see Fig. 10)—such as the CERN Linear Collider (CLIC)—use the 

Fig. 5 The LEP storage ring 
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conventional technology of accelerating cavities and are unlikely to add more than a decade to the 
energy scale. Such colliders will require incredibly precise tolerances, and will have a power bill close 
to that of a medium-size city. 

It is difficult to imagine how this branch of science can remain as healthy and vigorous as it is 
now without the increased energies and the higher luminosities that are necessary to discern new 
particles. It is therefore high time that the physics community made its own contribution to the 
applied science of accelerators. Engineering, however ingenious and however precise, has come to the 
end of the road. To find a solution, one must look to the developments in technology, lasers, 
plasmas, and solid-state physics which have grown up since the synchrotron was born. The ground 
rules for the search are clear enough: we aim to accelerate to 100 TeV or more within the space of a 
few kilometres, and with a power bill that is no more than that of a modern accelerator. 

In this review of the situation, I will first describe some of the accelerators that are expected to 
be in operation before the turn of the century, and then introduce some of the existing candidates for 
a new acceleration principle. A word of caution: none of these candidates has yet reached the stage 
where it might be called a sound scheme. 

2. PROTON COLLIDERS 
One of the challenges posed by experiments with proton storage rings is the need to increase the 

luminosity by the square of the centre-of-mass energy. This is necessary in order to keep abreast of 
the cross-section for the interactions that are of interest to high-energy physicists, which falls as 
1/M2, where M is the mass of the particle one wishes to discover [3] (see the line labelled a ; e t in 
Fig. 6). The luminosity of a proton-proton collider is 

N2fb 

L = —± , (4) 

where N is the number of particles per bunch, fb is the bunch frequency, and A is the transverse beam 
area at the crossing point. A luminosity of 10 
process for which the cross-section is 10 

3 3 cm 2 s 1 will produce one event per second from a 
3 3 cm2. 

LHC 

1 mb 

Fig. 6 Proton-proton cross-sections as a 
function of centre-of-mass energy (from 
Ref. [3]) 
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In a proton storage ring, the transverse beam area A shrinks as 1/7 owing to conservation of 
transverse momentum. As we can see from Eq. (4), this implies that the luminosity, which is inversely 
proportional to A, will increase with 7. This is not enough in itself, but increasing also the bunch 
intensity N would help boost the luminosity to follow the I / 7 2 fall in cross-section. 

The choice of parameters must fall within the constraints of the beam-beam tune shift per 
crossing given by 

d Q = < 0.003 , (5) 
7A 

and the synchrotron radiation power per metre of circumference must not be too large in a 
superconducting ring or it may cause magnets to quench: 

where Q is the bending radius, 7 is the usual relativistic factor, rp is the classical proton radius, R is 
the machine radius, and ß* is the betatron function at crossing. 

This route may be followed up to the point where the source of particles is exhausted or some 
other beam instability breaks out, but there is an independent limit imposed by the mean number of 
interactions per crossing, 

There should not be more than one or at most two events per crossing, as it is then difficult to 
disentangle tracks on line. 

To enhance the luminosity further at high energy, it is possible to increase the bunch frequency, 
but the bunches should be far enough apart so that only one pair of bunches collide within the 
detector. 

The designers of the LHC initially chose their parameters to give a luminosity of 10 3 3, which 
results in one jet per second with X T > 0.06 at 10 TeV. This is about the rate at which events may be 
written on tape at present. Advances in detector methods will be needed to overcome this limit and to 
keep pace with the y 2 luminosity requirement above LHC energies. 

An even greater challenge to the technology of detectors is to find a means of rejecting the 
unwanted background. The difficulty arises because, as we see in Fig. 6, the total cross-section does 
not fall with y~ 2 but is essentially constant at about 100 mb. Already at the energy of the LHC, the 
rejection needed is at least a factor of 108 against background events. The problem of rejection is not 
made any easier by the fact that the background event rate has already been pushed to 2.5 events per 
bunch crossing. 

A higher luminosity version of the LHC is now foreseen, which has a smaller bunch spacing 
(15 ns) and three times the number of particles per bunch. The detectors for this luminosity, 4 x 
10 3 4, cannot cover the whole range of particles produced but will record only the high-pT particles 
penetrating a muon shield. 

At these high intensities the beams in the LHC and the SSC will radiate a significant flux of 
synchrotron light. The power that loads the refrigerator for the whole ring is 

The extra power is expensive to remove at superconducting temperatures. 
Yet another limit may be the elastically scattered protons from the interaction point, which are 

slowly expelled as a halo around the beam. When absorbed in the superconducting magnets, this too 
can cause a quench. In general, the need to keep beam losses to a fraction of a per cent will cause 
considerable design headaches. The total number of joules of energy stored in the beam is 

(6) 

(8) 

W = 1.5 x 10"1 0kbN7 . (9) 

Here kD is the number of bunches. 
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3. E L E C T R O N - P O S I T R O N C O L L I D E R S 

Turning to the electron-positron colliders, we find that the falling cross-sections (Fig. 7 ) are very 
similar to p on p, and the same arguments of beam-beam limit and the constraints on the 
performance of the detector apply. Of course, collisions in electron-positron storage rings offer 
cleaner physics, but such machines are severely limited in energy owing to synchrotron radiation, 
which is many orders of magnitude stronger for these light particles with a high 7 . For example, at 
the LEP 1 energy of 56 GeV seen in Fig. 8, the particles lose 260 MeV per turn, so that the LEP ring 
contains enough RF accelerating cavities to make quite a respectable electron linac [4]. The cavities 
must feed this energy back into the beam, using energy from the mains. 

Fig. 7 Electron-positron cross-sections as a 
function of centre-of-mass energy (from 
Ref. [3]) 

Fig. 8 Luminosity as a function of energy 
for LEP 1 

The energy loss per turn which must be provided by the RF just to keep the beam circulating is 

At 100 GeV this becomes 2.6 GeV, and the LEP beam dissipates 16 MW of synchrotron radiation for 
the same intensity compared with 1.6 MW at 56 GeV. 

This calculation does not take into account the inefficiency of klystrons and the losses in the 
copper accelerating cavities which they drive. The LEP klystrons must deliver 16 MW of power at 
56 GeV, and most of this is dissipated as waste heat, leaving only about 10% to be transferred to the 
beam. This would become an enormous loss at 100 GeV even if the ring is crammed with RF cavities 
to spread the load. It is therefore planned to use superconducting cavities to reduce the losses in the 
cavity walls. The top energy of LEP will be somewhat below 100 GeV. 

If we were to try to scale up LEP to be a 500 GeV electron synchrotron, we would need at least 
10 times the circumference of LEP in order to stand a chance. But even then, particles would lose 
30% of their energy per turn and the beam would radiate 100 MW of power. Taking into account the 
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inevitable losses in applying this power to the beam, it would be wise to foresee a dedicated 500 MW 
power station to feed it. Obviously there is little point in making the particles follow the circular path 
of a synchrotron if they lose all their energy every three turns, and the idea of placing the same RF 
cavities in a straight line, thus avoiding radiation losses, begins to make sense. The linear collider, in 
which two linacs fire particles at each other, becomes an obvious alternative. One linac accelerates 
electrons and the other positrons. 

4. LINEAR COLLIDERS 
The handicap of a linear collider is that the particles are never re-used once they pass the 

interaction point, and the power needed to accelerate a continuous supply of new particles is 
comparable to that needed to make up for synchrotron radiation in a large circular machine. 
However, we have little alternative but to proceed in this direction. At least we can hope that the 
accelerator will be smaller than the post-LEP dinosaur we have just described. There will be no need 
for bending magnets and we can miniaturize the accelerating cavities. This makes it possible to run 
them at a higher voltage gradient. Figure 9 shows how almost two orders of magnitude in GV/m are 
to be gained by reducing the RF wavelength, which fixes the scale of the cavity dimensions [5]. In the 
next generation of linear colliders, the wavelength will be reduced from the 10 cm of present linear 
accelerators to 1 cm. 

The first linear collider to be built is the SLC at SLAC. Figure 10 shows how the existing 
two-mile-long electron accelerator is used to accelerate alternate packets of positrons and electrons, 
which are then brought around two arcs to meet head-on at the detectors [6]. These are placed at the 
point called 'final focus' on the diagram. 

The positrons are generated by colliding electrons on a target near the end of the linac; they are 
then led back to the low-energy end of the linac by a positron return line. One third of the way down 
the linac there are two damping rings; one of these is for electrons, the other for positrons. As the 
particles circulate in these rings, they radiate some of their energy in the transverse direction in such a 
way that their energy spread and their angles of divergence shrink. This shrinkage is essential in order 
to make the colliding beams dense enough to give the luminosity needed when they collide. 

At the SLC energy of 50 GeV it is much cheaper to use the arcs to bring the two beams into 
collision, than to build a second linac to accelerate an opposing beam. If we were to design a new 
machine of several hundred GeV, the arcs would cost more than the linac and would radiate much of 
the energy. It would then be cheaper to build two linacs, and this would avoid the very tricky 
problem of setting up the optics in the arcs. Linear colliders are not easy to build, and SLAC is to be 
congratulated on having pioneered an untested technique. Now that the observation of Z° events is 
an hourly occurrence at SLAC, we can say with confidence that the technique will work — and think 
about the next step. In choosing the parameters for a new machine from scratch, we could make the 
frequency and repetition rate of the linac much higher than at the SLC, and aim for a luminosity that 
can compete with that of circular machines. But we must not forget how much we still have to learn 
in order to extend such a device, and how long it will take for the ideas of today to become the 
accelerators of tomorrow. 

Since it is very likely that any new-found acceleration technique will first be used in a linear 
collider configuration, it is worth our while to take a look at how accelerator physicists approach the 
design of the next generation of colliders. We take most of our expressions from two leading 
references [7, 8]. 

It is not sufficient just to design an accelerating structure with maximum MeV per metre. The 
beam should sweep up as much as possible of the electrical energy stored in the cavity, otherwise the 
residual energy is wasted on warming the copper walls of the cavity. If the cavity contains W' J/m, 
and if N electrons of charge e are accelerated by a field E when passing through the cavity, this 
sweeping efficiency is 

(») 

and the RF power needed is related to the power of the beam: 

0 Pbeam NfeU 
P R F = = , (12) 

V V 
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Fig. 9 Maximum allowable fields on a copper surface (from Ref. [5]) 
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where the U is the energy gain of the particles and f is the repetition rate of the device. We 
immediately see that small high-frequency cavities are likely to be a good idea because the number of 
joules (W) needed to fill the interior of the cavity is minimized. This is in addition to the arguments 
for high frequency, based on reducing the overall length of the device. 

If we try to sweep too much energy from the cavity, the energy loss between the head and the tail 
of the bunch will be large. This may be compensated to some extent by splitting the bunch into a train 
of bunches and filling the cavity with energy as they pass. 
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The parameters f and N are important in determining the luminosity of the device: 

fN 2 (13) 
L = H 4irffxO"y ' 

where H is the enhancement of the luminosity due to the electromagnetic forces in the collision. This 
effect, which is unity at low intensity, is considered later. Comparing Eqs. (12) and (13), it looks as if 
we are free to reach any luminosity by increasing N and reducing f in proportion. This results in a 
constant RF power but an increased L. However, there is a limit to this, because N 2 also appears in 
an equation that describes the energy spread in the electrons as they radiate photons when they meet 
the bunch of positrons coming the other way. This beamstrahlung—as it is called—is caused by the 
acceleration due to the electromagnetic field of the oncoming bunch. If the fractional energy spread 
is greater than 20% to 30%, it will be impossible to define the energy of the incoming particles with 
the precision needed to interpret the event. The beamstrahlung expression is very similar to Eq. (13) 
but is independent of f: 

AE 8 r | 7 N 2 

The a's refer to the Gaussian beam profiles in the horizontal, vertical, and longitudinal beam 
directions, x, y, and z, respectively. The quantity A is unity for round beams, but it becomes smaller 
if they are flat at the collision point. 

There is another effect that occurs as the beams encounter each other; this is called disruption. It 
is the purely optical effect of one beam's field acting on the oncoming particles. It is rather like the 
beam-beam effect in a storage ring. At first it was thought of as an effect to be avoided (hence its 
name). Later, simulations showed that the principal effect is that the oncoming beams squeeze each 
other into smaller sigmas and enhance the luminosity. This enhancement, or pinch, is a factor 

H = 1.6 + 0.43 Dn (D/A)] 2 , (15) 

where D is the disruption factor (valid in the range 2 to 100) given by 

= reNo-z 

~yoJ * (16) 

The effects of a longer bunch length a z are to increase the intensity N allowed by the 
beamstrahlung energy-spread [expression (14)], and to increase both D and the enhancement H, thus 
contributing to a higher luminosity. Note that D should not be too large. We can also see that we may 
hope to achieve the best luminosity by increasing one transverse sigma at the expense of the other. 

The bunch length a z does not appear in the expression for L [Eq. (13)], but is in the denominator 
in the energy spread from beamstrahlung [Eq. (14)]. It might be thought that the best way to avoid 
the beamstrahlung is to make the bunch as long as possible. But we must not forget that if we focus 
the beam down to small a x and a y we form a waist that is short, and that the sharper the focus, the 
shorter the waist. There is not much point in making the bunch longer than the waist, for then many 
particles will only meet each other outside the waist and the effective luminosity will be reduced. The 
bunch should be no longer than ß* in this final focus. 

If we count up the number of constraints and free parameters in expressions (11) to (16), we find 
that there is little freedom of choice. We choose the highest RF frequency at which it seems possible 
to build a structure, and which is consistent with the bunch length. We then choose the highest 
repetition rate (usually limited by the extraction of pulses from the damping rings). The smallest 
possible final focus is designed according to how small you believe quadrupoles may be built. Once 
these parameters are fixed, the luminosity is determined. There remain a few contentious points to be 
argued out amongst experts, who have their own preferences for choosing the ratio of the sigmas or 
for deciding how far one can go without running into incredible alignment tolerances. But apart from 
this, all parameters are rigidly constrained. It is not surprising, then, that the two teams—at CERN 
and at SLAC—have arrived at essentially similar conclusions for a collider in the 0.5 to 1 TeV per 
beam range. 
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Fig. 11 The proposed CERN Linear Collider (CLIC) (from Ref. [3]) 

Both teams consider the power source for the RF to be a crucial question. You cannot buy, off 
the shelf, a tube that will power a 30 GHz linac (or even specify one). In CLIC [9], the main linac 
receives its power from an intense low-energy driver linac operating at the LEP RF frequency at 
which klystrons are available. The drive linac beam consists of very short, intense, electron bunches. 
They must be only a few millimetres long, for they transfer power to the main linac by virtue of their 
strong Fourier component at 30 GHz, which excites waves in a set of transfer structures bridging the 
two linacs (see Fig. 11, which also shows the general layout with damping rings). 

The big headaches for the designers come from the physics requirements for luminosity. The 
designs would be much easier and quite different if the phenomena of interest did not follow the 
falling sigmas of Fig. 7. The other major concern is the incredibly tight tolerances that are needed on 
all cavities and other accelerator components in order to ensure that the beams actually meet head 
on. All cavities and steering elements will be servo controlled to tolerances that are an order of 
magnitude tighter than has been previously achieved. Table 1 compares the main parameters of CLIC 
with those of the SLC. 

Table 1 
Parameters of the SLC and of CLIC (from Ref. [3]) 

Quantity Value With respect to SLC 

Centre-of-mass energy, E c m 2 TeV SLC x 20 
Luminosity, L 10 3 3 c m - 2 s _ 1 SLC x 150 
Number of interaction regions 1 SLC X 1 
Repetition frequency, fr 5.8 kHz SLC x 35 
RF frequency, fRF 30 GHz SLC x 10 
r.m.s. bunch length, <JZ 0.5 mm SLC: 2 
Number of particles per bunch, N 5.4 x 10 9 SLC: 10 
ß-value at the collision, ß* 3 mm SLC: 2 
Invariant emittance, en 2 x 1 0 _ 6 m SLC: 10 
r.m.s. final spot radius, a 65 x 10" 9 m SLC: 25 
Power per beam, P 5 MW SLC x 50 
Disruption parameter, D 0.9 SLC x 1 
Average energy of beamstrahlung y's 45 GeV 
Beamstrahlung power per beam, P y 0.5 MW 
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Fig. 12 A 'nutty' idea for a collider 

In spite of these difficulties, there is no reason to believe that good professional accelerator 
engineers will not be able to rise to this challenge by the end of this century, and the first decade of 
the next century will probably see both a 20 TeV proton-proton collider and 1 TeV linear collider for 
electrons and positrons. The big question is: How can we continue to build accelerators for even 
higher energies? Figure 12 shows the artist's (Georges Boixader) solution to the collider of the future, 
and there is a kernel of truth in this 'nutty' idea. 

Now that the extrapolation of conventional machines by feats of engineering has come to an 
end, it is time to prepare the next step in the physics laboratory and to engage physicists to find new 
acceleration principles. If a new principle of acceleration is to be found, it is unlikely to be in the 
well-tilled ground of electromagnetic engineering, and we should first ask whether the relatively new 
techniques associated with lasers and plasma devices are promising. Perhaps the high-energy 
physicists themselves may devote some of their creativity to reviving this science of Acceleration 
Physics? But it will take time, and the work must start now. Let us review what is known about the 
problem. Our approach will be to point out some of the more obvious pitfalls and some possible 
ways around them, rather than to describe the principles. 

It seems that everyone who sets aside established technology and looks for new solutions must 
first think his way through some of the ideas that others have studied and found unfruitful. This is 
not a waste of time, for if there is a new idea to be found it is quite probable that it will come from a 
fresh mind looking at an old problem. In the rest of this report, I make no apology for describing 
ideas which others have 'proved' are useless. They are all that we have, and who knows if the 
solution is to be found among them or beyond them. 

I shall mention only a few of the many technical innovations that are being studied in the 
engineering world. These are exciting and may help in making a more efficient machine; but, to solve 
the problem that is facing us, we probably need to apply an original piece of physics rather than an 
ingenious piece of engineering. 
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5. TWO-BEAM ACCELERATORS 
The CLIC proposal, in which an intense linac gives energy to the cavities of another linac that 

finally does the acceleration to high energy, is typical of a two-beam accelerator. A number of such 
schemes have been proposed, and in each case the dense low-energy beam acts as a source of energy 
for a much less intense but higher-energy beam. The energy gain is sometimes likened to the turns 
ratio of a transformer. The simplest of these schemes is the wake-field idea described in detail later. 
In this the two beams pass through the same set of cavities, and the fields excited by one beam are 
used to accelerate the other. However, unless the initial driving bunch is specially shaped, the energy 
gain by a particle in the second beam can be no greater than the loss experienced by each individual in 
the drive bunch. 

In another kind of two-beam device, called the 'Wake-Field Transformer' by its inventors Voss 
and Weiland [10] (Fig. 13), the driving beam is in the form of a ring and is accelerated in the direction 
of its axis through an annular slot surrounding an array of disks. The wake of the bunch excites an 
inward-going wave between the disks. As the diameter of this shock front becomes smaller, the field 
strength is amplified. When it reaches the small hole at the centre of the disks it has been increased by 
a transformer ratio comparable to the radial compression ratio. 

In a variation of this device called the 'Switched Power Linac', the wave is initiated not by a 
particle beam but by a ring of laser-triggered spark gaps whose hold-off energy transforms into an 
imploding shock wave [11] (Fig. 14). Of course this is not strictly a two-beam device . 

Fig. 13 Principle of a wake-field transformer 

P h o t o c a t h o d e E l e c t r o n s 

Fig. 14 Switched power linac 
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Finally, and completing this list of devices that have been tried experimentally, there is the 
Electron Ring Accelerator (ERA) or 'Smokatron' in California, which attracted much attention in 
the late 60s. In this scheme an electron ring was formed by injecting an intense current at a few MeV 
into a specially shaped axial field. Ions (protons) collect in the ring as a result of the ionization of 
background gas. The ring was first compressed by increasing the field and then accelerated along its 
axis in a tapered solenoidal field (Fig. 15). Such a field has the property of converting angular energy 
into the axial direction. The electron ring energy in the axial direction was only a few MeV, but 
protons, trapped in the potential well of the ring, are accelerated with the electrons to the same 
velocity. The protons, being 2000 times heavier, then have an energy of many GeV. Many 
experiments were carried out [12] before it was concluded that to accelerate to very high energy 
would require electron ring currents beyond the limit of coupled instability between the two species. 

6. TRANSVERSE FIELDS—LONGITUDINAL ACCELERATION 
6.1 Acceleration in free space 

It is perhaps just as well that electromagnetic waves in vacuo do not accelerate particles directly, 
or the cosmic-ray flux would be many orders of magnitude more intense and energetic than it is. Life, 
as we know it, would be impossible unless natural selection had provided us with lead underwear. 

There are two important reasons for this. The first is that the E vector of plane waves in free 
space is normal to the direction of propagation. Consequently, the particles are not accelerated in the 
direction of the wave but merely oscillate transversely in the field of the wave. Secondly, the wave 
travels with a phase velocity equal to the velocity of light, and even if we find a way to turn the E 
vector in the right direction the particles could not remain in phase with the wave. The wave changes 
its phase as it overtakes the electron and the net effect is zero. These limitations have been extensively 
analysed by Lawson [13]. 

We can also express this second difficulty in the language of quantum mechanics with the aid of 
the diagram in Fig. 16. Here we have plotted the energy y and momentum ß y for an electron and for 
a photon representing the wave in free space. The same diagram shows the variation of frequency 
and wave number for these particles considered as waves. We use the Compton wavelength 
Xc = ñ/moc in order to normalize. 

We can look at this diagram in a number of ways. The electron's classical velocity and the phase 
velocity of the photon differ. In Fig. 16 we can equate E with hw, and p with ftE. If the particle 
absorbs or emits a photon, AE/Ap for the particle must equal the slope, E/p, of the photon line. 
Therefore the slope of the two lines must be equal. This is clearly equivalent to our statement that the 
wave must not overtake the electron. In order to sustain acceleration, we must find a way to reduce 
the slope of the photon line. If the phase velocities could be made equal we could sustain 
acceleration, but the slope of the photon line is determined by the equality of energy and momentum, 
and is an inevitable consequence of its zero mass. 
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Fig. 16 Diagram of energy versus momentum 

6.2 Reducing the phase velocity of the wave 
On the other hand, a plane wave with the same frequency passing through a medium with 

refractive index n will have a shorter wavelength. Its wave number k is larger, and hence a phase 
velocity c/n is smaller. Such a wave can remain in phase with a moving particle. Of course it would 
still accelerate in a direction normal to its path, but there is even a way around this. If the wave is 
reflected back and forth between two parallel conducting walls, there will be a resultant in a useful 
direction parallel to the walls. Reflecting in this way tends to increase the phase velocity again, but 
this may be offset by a high enough value of n. This is the principle of the so-called inverse 
Cherenkov accelerator (Fig. 17). The resultant of two reflected waves at angle 6 is along the axis. In 
vacuo the velocity would exceed c, but in a medium it may equal that of the particle. 

Fig. 17 Cherenkov accelerator 

Such an accelerator might be troubled by scattering as the electron passes through the medium, 
but there are also ways of slowing down the wave in free space. A wave incident on a dielectric 
boundary at an angle 8i emerges at 0, and the two angles would be related by Snell's law (Fig. 18a) 
and 

COS0 

cos Ö] = n, (17) 

where n is the refractive index. If we decrease 0i to less than the critical reflection angle, cos0 
becomes greater than 1 and sin0 is imaginary. There is still an electromagnetic field in the vacuum but 
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it decays exponentially as we move away from the boundary (Fig. 18b). The shape of this field may 
be described by treating the sin and cos in the expressions for the field, for larger angles of incidence, 

E y = - Eo cos 6 exp [ - i(z cos $ + y sin 0)/X + iwt], 

E z = Eo sin 0 exp [ - i(z cos 6 + y sin 0)/X + iwt], 

Z o H x = Eo exp [ - i(z cos 6 + y sin 0)/X + icot] , 

v z = c/cos 0 > c , 

as complex numbers. This evanescent wave, 

Ey = ̂  CXP fe W " ' " / 4 ) ' 
Ez = i f CXP ( A ) ( " * - ' 
Z o H * = E ° 6 X P fe) C O S ( W t - » ) • 
Phase velocity v z = c/cos 0 = 0wc < c , 

consists of wave fronts normal to the surface travelling parallel to it with a phase velocity equal to 
that of the wave in the medium, i.e. cos0i/n. Although the evanescent wave is in vacuo, we can 
arrange for it to match the velocity of the particle. 

This is really the essential mechanism of all conventional accelerators, and is a good introduction 
to the concept of the phase velocity of waves in a disk-loaded waveguide. The evanescent wave has E 
and H components parallel to the surface that are w/2 out of phase. The impedance in the direction 
away from the surface is just the ratio of these components and is imaginary (with the same sign as a 
capacitive impedance). Seen in the opposing direction, this is an inductive impedance. An array of 
ridges forming a grating, as in Fig. 19, has exactly the same impedance and will support an 

Fig. 19 Fields close to a grating 
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Fig. 20 A cavity as a rolled-up grating 

evanescent wave. If we roll such a grating to form a tube, as in Fig. 20, we have an RF cavity. We 
should not be surprised to learn that the fields inside such a waveguide are identical to those in a 
dielectric guide narrower than X, and their phase velocity down the axis is less than c. 

6.3 Conservation of energy and momentum 
Before we go too far along this path, we should see how this can be reconciled with the quantum 

mechanical picture of the waves as particles. The second way to think of Fig. 16 is to consider a 
photon interacting with the electron—which could, of course, be any other particle with mass. 
Applying the quantum mechanical operators for energy and momentum 

E = i Ä 6 V 

p = - i h v , 

to the electromagnetic wave 

E y = Eo sin(kx - art) , 

we remind ourselves that the energy and momentum of a real photon are equal: 

pc = hkc = E = hw . 

(18) 

(19) 

(20) 

(21) 
If we assume that the photon gives up all its momentum pc to the electron, then the electron, which 
was initially at rest, must have an energy given by 

[(m0c2)2 + (pc) 2] 1 7 2 = [(m„c2)2 + (hco)2] \ 2 i l / 2 (22) 

This is not commensurate with the energy calculated by assuming that all the photon's energy must 
be added to the electron, which would give an electron energy, 

moc + h«, (23) 

Conservation of energy and momenta cannot be respected and the imbalance can be seen from the 
Cartesian increments in Fig. 21. 

Ï 

2 Backward // 
photonA/ / 

—i 

1 y \ 7 
/ Forward 

i i ^ 

photon 

-1 1 
P i or Fig. 21 A two-photon process 
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Earlier we found two examples of how slowing down the wave seems to satisfy conservation, but 
in these examples we can no longer describe the wave by a photon in which energy and momentum 
are equal and the invariant mass is zero. In quantum mechanics the field can be represented only by a 
virtual photon that has mass. For our example of a plane wave in a dielectric, this mass is 

- T T T i 1 » 2 " 1 ) - ( 2 4 ) 

We shall return to virtual photons later. 

6.4 Compton scattering 
Figure 21 seems to offer a convincing argument against the direct acceleration of particles with 

plane waves in free space, yet there is a well-known phenomenon, Compton scattering, which 
appears to do just this. 

Photons are scattered from electrons, as shown in Figs. 21 and 22, and the electron acquires 
more energy. The explanation lies in the fact that there is a second photon involved. This recoils with 
a slightly reduced energy and with momentum of the opposite sign. We can write conservation of 
energy and momentum as 

hw = n o / + 7moC 2 , 

and 
flu hw . 

= COS0 + p e COS0 , 
C C 

two equations that have as a solution 

X' x 2h . 2 e X = — sinz -mc 2 

(25) 

(26) 

(27) 

The opposite sign of the momenta allows us to draw two Cartesian intervals, one for each photon, 
and to produce a resultant that has the same slope as the electron curve. We have therefore found a 
class of acceleration mechanism that operates in vacuum, provided two photons with opposed 
momenta are involved. 

If we examine the kinematics more closely, we find that the energy of a light photon is small 
compared with the electron's rest mass, and only a small fraction of the photon energy is transferred 
to the electron. The situation improves if the electron is already moving, and the simulation by 
Kostoulas [14] (Fig. 22) shows how, for electrons of more than 10 MeV, half of the photon's energy 

( % ) 

OJ 
c 

20 
10 6 

Multiple Compton 
scattering 

(1000 cases) 
a T = 0.6 x l ( T 2 4 cm2 

E= 1 eV 

10B 10 
eV 

10 10 12 10 14 

Fig. 22 Fraction of photon energy transferred in Compton scattering 
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Fig. 23 Plane wave 

augments that of the electron. Unfortunately, Compton scattering is an inefficient acceleration 
mechanism for quite a different reason. The cross-section is only 6 x 1 0 - 2 5 cm2, and is very close to 
the value given by the classical radius of the electron. 

It is worth examining the problem of acceleration in vacuo from another point of view, that of 
the classical picture of the response of a charge to a passing wave. 

We should not go any further without reflecting on the fact that scattering cross-sections may 
become greatly enhanced when the particles involved are crowded into a box that is less than a 
wavelength in each direction. If there are N particles in such a box, the probability of scattering will 
be N 2 larger than for a single particle. When this idea was first put forward by Veksler [15] it was 
dismissed on the grounds that the density required was too high—but that was before modern 
high-energy and intensity beams were conceived. 

Figure 23 shows the plane electromagnetic wave polarized with the electric field in the vertical 
plane: 

Ey = Eo sin (kx - art) 

B z = Bo sin (kx - art), 

(28) 

(29) 

The acceleration is transverse, and a particle initially at rest at x = 0 will obey 

my = eEo sin (art), (30) 

eEn 
y = - — cos (ort). (31) 

aim 

The velocity of the charge in the y direction constitutes a current, and the B z field component deflects 
it into the longitudinal x-direction: 

e 2 E 2 

mx = - eyB = cos (art) sin (art) (32) 
come 

e 2 E 2 . „ . (33) 
sin (2art). 

2 come 

This averages to zero but causes the electron to quiver [16]. If we look at the trajectory, we see that it 
resembles a figure-of-eight, which is dragged along with the initial velocity of the electron, forming a 
series of cusps (Fig. 24). The argument that the electron only quivers is no longer valid if the 
amplitude of the wave has a gradient in the direction of propagation. Then the left-hand half of the 
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Fig. 24 Trajectory of an electron in a plane wave (from Ref. [16]) 

Fig. 25 Standing wave 

figure-of-eight, being in a stronger amplitude wave, will be more vigorous than the right-hand half, 
and the net effect is a migration towards the place where the wave amplitude is smaller. This is an 
example of the ponderomotive effect decribed later. Note that the effect is second order. 

At this point the reader may well wonder if this pitfall may be avoided by finding a system in 
which the response of the electron has a component in quadrature to the exciting wave. Then we can 
imagine that Eq. (32) becomes a product of two cosines, which has a finite integral and which leads 
to a continuous force on the particle. It is probably a good idea to look for systems which contain 
this phase shift and which potentially will accelerate. One such system is a standing-wave pattern, as 
seen in Fig. 25. The E and B vectors differ in phase by a quarter of a wavelength: 

Ey = Eo sin (kx) sin (cot), (34) 

B z = Bo cos (kx) cos (cot). (35) 

This results in the square of a cosine that has a finite mean: 

e 2 E 2 , mx = - eyB = ^ m g s i n (2kx) cos (cot). (36) 

The difficulty here is that the wave has zero velocity, and once the particle has moved half a 
wavelength away from its initial position it sees a force that erases the initial acceleration. The 
maximum energy it can acquire before this takes place is of the order of the product of the field 
amplitude and the wavelength. A recent variation on this idea, which claims success after a 
simulation test, is to superimpose a static magnetic field in the transverse direction [17]. 

The next step might be to consider a similar pattern that moves with the particle. Such a pattern 
can be produced by beating together two opposing waves of different frequencies, which become the 
same when red- and blue-shifted into the particle's rest frame. This turns out to produce much the 
same effect as a plane wave, except that the drifting figure-of-eight is traced out over many periods of 
the oscillation. It is an interesting exercise in the special theory of relativity, to work out how far the 
particle travels in the laboratory, and how much energy is gained before the figure-of-eight motion 
begins to reverse the acceleration. 
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6.5 Near fields and virtual photons 
Now that we have looked at a few of the possible acceleration mechanisms, it is time to reflect 

on the general trend. Apart from the need to bend the E vector in the direction for acceleration, there 
seems to be a fundamental difficulty in accelerating with plane waves in vacuo. We may associate this 
with the zero mass of the photon, which fixes the phase velocity of c. Reflecting waves between 
metallic walls will result in a component of E in the desired direction and, if the walls have ridges, 
will slow down the phase velocity. A dielectric layer will do the same. In each case the photon is 
'virtual'. Such photons can only exist close to moving charges such as those in conducting walls and 
in the atoms of dielectrics. If we closely examine the argument for the equality of energy and 
momentum for a photon [18], we can trace it back to the right-hand side of Maxwell's wave equation 
being zero: 

„ 2 .
 1 d2A 

V 2 A - ? ^ r = -4«j . (37) 

Near a current j , the photon may have a mass. An extreme case, of course, is a constant magnetic 
field. 

We see an echo of this argument—now in the classical context—when we examine the retarded 
field resulting from a moving charge. The primed quantities refer to the position occupied by the 
charge when it sent the signal now being observed at a distance r. The unit vector e points to the 
observer from the charge. Feynmann [19] gives us 

E = - -
4ireo c dt Vr7 2/ c 2 dt2 (38) 

Only the last of the three terms in this equation describes a plane wave. The first two are 'near-field' 
terms, which fall off with the square of the distance and can be thought of as fields in the 
neighbourhood of conductors or moving charges. 

Also, a characteristic of the fields that accelerate particles would seem to be that the E and H 
vectors are in quadrature and the wave impedance is therefore reactive. 

An exact equivalence between the different aspects of waves that accelerate is not easy to prove, 
but provided we do not close our minds to exceptions and paradoxes, near and virtual fields offer 
more chance of success in a search for a new accelerating method. 

7. WAKE-FIELD ACCELERATOR 
The principles of the wake-field accelerator and those of the beat-wave accelerator are similar. 

The particle—an electron travelling very close to the velocity of light — is accelerated by longitudinal 
fields from longitudinal charge-density waves excited in the plasma electrons. In both cases the wave 
is a disturbance in the otherwise uniform density of electrons in the plasma. In the case of the 
wake-field accelerator, the disturbance is caused in the wake of a very short, dense bunch of electrons 
that precedes the electrons we wish to accelerate. This driving bunch can have a much lower energy 
than that of the electrons to be accelerated. There would be many such identical stages of 
acceleration following each other, rather like the tanks of a conventional linac. 

To understand the principle, we must first write down the fluid equations for a plasma, and we 
consider the one-dimensional non-relativistic case: 

^ + V -(nv) = 0, (39) 

— + (v-V)v = — (E + vAB) . (40) 3t m 

Consider a plasma with density n 0 and an injected bunch with density nb, and retain only 
first-order perturbations in v, E, and B; we find [20] 

—- + n 0 (V-v) = 0, (41) 
ot 
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dt m 

The wave equation for the plasma may then be derived 

d\ eE 

a2ni 
+ copHi = 0 . (43) 

3t2 

In this equation, cop is the plasma frequency defined by 

cop = e2n0/m0eo • (44) 

Consider next a driving beam that is a delta function of charge in the direction of motion z, and 
whose local density is then 

n b = ô(z - vbt) = aô(y) , (45) 

where y = z - Vbt is a coordinate moving with the bunch. The field is now not simply 

V-E = 47ren 0 , (46) 

where n is the plasma density of electrons, but is instead 

V-E = 47re(n0 + n b ) . (47) 

The wave equation for the plasma is then driven: 

9 2 n i 2 / \ 2 
— 2 + copinO = - c o P n b . ^ 

Clearly this is an oscillator driven at the wave number k = 2ir/\ = cop/vb. We may rewrite this in 
terms of the independent coordinate y: 

g + m 

It turns out that a simple conservation-of-energy argument suggests that the maximum energy 
that can be gained by the electron following in the wake of a single symmetric bunch is just twice the 
energy that each of the electrons of the drive bunch possesses. But apparently it is possible to improve 
on this in the wake of a drive bunch with an asymmetric linear rising edge and a steep fall [21, 22]. 

8. BEAT-WAVE ACCELERATOR 
In this kind of accelerator the plasma waves are driven by electromagnetic waves and not by a 

particle bunch (Fig. 26). Normally, it is impossible to penetrate a plasma with an electromagnetic 
wave below the plasma frequency, and above that frequency the wavelength of the plasma wave and 
its phase velocity would be far from matched, either to the plasma we wish to drive or to the particles 
to be accelerated. The solution is to generate the wave from the beat frequency between two high-
frequency lasers (or two modes of the same laser). The difference in frequency is made equal to the 
plasma frequency, so that beats between the waves will drive the plasma into strong oscillation [23]. 
The relation between the wave number and the frequency for a plasma follows the curve shown in 
Fig. 27. The slope of this graph is the group velocity of the wave, and this can be matched to that of 
the electrons by choosing a plasma density and hence the plasma frequency. The group velocity is 
given by 

dco ' / COpY2 

Ví = dk = c ( 1 _ í j • (50) 
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Fig. 26 Beat-wave principle (from Ref. [16]) 

The wave and the electrons have only to stay reasonably in phase over the length of one stage of the 
accelerator. 

The reader is probably already wondering how the longitudinal pressure waves in the plasma 
electron population can be excited by plane waves in vacuo after we have spent the major part of this 
article proving that this is not possible. Of course a plasma is not a vacuum and the Langmuir wave is 
a longitudinal photon, not permitted in free space. Also, we remember that a plane wave was capable 
of exciting electrons into a figure-of-eight motion, and suggest that if there were a longitudinal 
gradient in the amplitude of the wave, the figure would be biased in such a way that the particle 
would migrate in the direction of the gradient. We have hinted that this was a ponderomotive force. 

22 



The force may be written: 

F = - VE 2/(167rn ec), (51) 

where n e c is the cut-off density of the electrons with respect to the laser frequency. 
The differential equation of the displacement £ of an element of plasma caused by this force in 

the longitudinal direction x is not unlike the density equation (48) 

IF + <4& = - mc) 
f 0 ) B ( 2 ) + £ (2) B (1> (52) 

Here the driving term is the cross product of the transverse velocity and the B field from the two 
beating frequencies. The reader may remember that it was just this force that appeared in our 
analysis of the effect of a plane wave. The pressure waves produced have a phase velocity equal to the 
group velocity of the light through the plasma: 

vg = jj? = c(l - U

2M)^ . (53) 

Contemplation of the ponderomotive force would seem to be a good starting point for anyone 
looking for an original approach to acceleration. It is worth pointing out that the same equations 
seem to apply to a bunch of electrons divorced from their ionic partners. 

9. FERROELECTRIC CRYSTALS 
Quite a different approach is taken by those who seek to use the fields that exist in crystals. In a 

certain class of crystal whose lattice (Fig. 28) is not electrically symmetric (called ferroelectric 
crystals), each unit cell has an electric dipole moment [24]. These add up, end to end, terminating in a 
sheet of bare charge on the surfaces of the crystal. 

The charges are normally neutralized by opposite charges, of which there is an abundant supply, 
even in a tenuous surrounding environment. However, the crystal can be changed from the 
ferroelectric state into an externally neutral paraelectric state by altering the temperature, applying 
external pressure (as in the piezoelectric effect) or simply by biasing with a high voltage. This 
immediately leaves the surface charge in an unneutralized state. Recent experiments [24] have shown 
that intense electron emission can occur in the strong surface potential gradients set up during the 
phase transition of a zirconium-loaded ferroelectric ceramic. No means have yet been found that 
would enable the potential difference between the opposing ends of the crystal to be used to 
accelerate passing particles, but the research is still in its infancy. 

B a T ¡ 0 3 

Fig. 28 Typical ferroelectric unit cell and principle of spontaneous polarization (from Ref. [24] 
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10. ASTROPHYSICS 
It is surprising that accelerator builders—their eyes no doubt directed Earthward—take little 

heed of the very high energy acceleration mechanisms in space. Astrophysicists are puzzled by them, 
and occasionally they are invited to describe their theories at accelerator workshops. Here we 
paraphrase one such report [25] in the hope that it will provoke speculation. 

There have been a number of possible mechanisms put forward to explain cosmic rays. The 
original explanation of Fermi, who suggested that rapidly moving clouds of interstellar matter 
accelerated electrons, was extended to include two approaching clouds between which the electrons 
would bounce many times, gaining energy each time (Fig. 29). However, this does not satisfactorily 
explain the presence of cosmic rays of up to 10 2 0 eV. There is some hope that, if found, the 
explanation—as well as gratifying the astrophysicists—might provide a mechanism that could be 
used on Earth on a more modest scale. 

V J • V J • * V ? 

Fig. 29 The principle of bouncing between approaching shock waves 

The present thinking of astrophysicists is that during the collapse of the stellar core of a 
supernova, outward shock waves are produced (Fig. 30). The model, which assumes a not 
unreasonable r~1 variation of density, predicts that the gamma of the material would follow 

7 < X e - l / 2 ( 3 - V 3 ) j ( 5 4 ) 

which in turn would explain why the energy spectrum of cosmic rays falls as E - . 
Another possible mechanism is the effect of radiation pressure on atomic hydrogen, which is 

thought to be at the origin of two opposing jets of matter travelling away from SS433 in our galaxy 
with 27% of the velocity of light. 

It may be that the intense 108 T magnetic fields around pulsars play a role (Fig. 31). It has been 
suggested that electrons, accelerated along the open-ended field lines of pulsars, convert into 
gammas, reconvert, and return as positrons, repeating the process and producing a giant spark. But 

O u t w a r d s h o c k w a v e 

S t e l l a r c o r e c o l l a p s e s 

Fig. 30 Collapse of a stellar core promotes outgoing shock waves (from Ref. [25]) 
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Fig. 31 Field structure of a neutron star and the cascade mechanism (from Ref. [25]) 

even in these intense fields the length-scale of 1 km is hardly enough to explain the highest-energy 
cosmic rays. 

Yet another idea is that in quasars the very deep potential well contains electron-positron 
plasma, which shoots out through nozzle-like instabilities in the walls. This may be the origin of huge 
jets emitted with 7 = 5 from 3C273, and observed by very long base-line interferometry (Fig. 32). 

To find a length-scale to match the highest cosmic-ray energies, we must look to other galaxies. 
One candidate is an extragalactic radio source, Cygnus A, which has the suspicious characteristic of 
synchrotron radiation emitted from two lobes, as if from the opposite ends of the diameter of some 
huge accelerator, light years across (Fig. 33). 
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Fig. 33 Archetypal extragalactic radio source Cygnus A (from Ref. [25]) 



11. CONCLUSIONS 
The aim of this paper has been to frighten the high-energy physicist into contributing to the 

search for a new acceleration principle, to whet his appetite, and to point out some of the pitfalls to 
be encountered in the first few kilometres along the road to discovery. We have no time to waste in 
rekindling our curiosity in 'Acceleration Physics'—it will take several decades to perfect the best of 
tomorrow's ideas! 
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