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ABSTRACT 

This is the concluding report of the Advisory Panel on the Prospects for e + e~ Colliders in the 
TeV Range, a panel set up by the CERN Long-Range Planning Committee chaired by C. Rubbia. 
The report covers general considerations, particle sources and the final focus and interaction point, 
before looking at various possible acceleration methods in some detail—normal rf linacs, 
superconducting acceleration structures, structures excited by opto-electrical switches, wake-field 
acceleration, and plasma beat-wave acceleration. It is concluded that one approach to a TeV collider, 
based on a normal conducting linear accelerator at a frequency of approximately 30 GHz and with a 
gradient of about 100 MeV/m, seems to give promise of leading to a real project in three to five years 
if enough manpower and money were invested in research and development. In the scheme outlined 
in the report, the drive power is obtained from an auxiliary beam of a few GeV, which in turn is 
accelerated by superconducting cavities identical to the ones now under construction for LEP 200. 
The panel also proposes that sufficient effort be devoted to continuing the research on more exotic 
schemes of acceleration, which in the longer term may lead to much higher gradients. 

The report was originally issued as CLIC note 38, and a complete list of these internal reports is 
given as an appendix. 
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1. INTRODUCTION 
By around the mid-seventies, when the high-energy physics community in Europe was deeply 

involved in an evaluation of possible future accelerator facilities at CERN, it had a spectrum of 
options to choose from, ranging from relatively modest upgradings of existing facilities to new large 
hadron or electron colliders. This was fortunate as the scientific potentialities as well as 
considerations of complementarity with projects elsewhere could thus play appropriate roles in the 
final selection. The choice in the end became a twofold one. On a relatively short-term basis the 
scientific and technically exciting pp collider was chosen involving a relatively modest financial 
burden, and for the longer term programme of CERN there was general agreement to go for a Large 
Electron Positron Ring (LEP) of a centre-of-mass (cm.) energy of 100-200 GeV. At about the same 
time the complementary ep collider, the Hadron Electron Ring Collider (HERA) was authorized at 
the Deutsches Elektronen Synchrotron (DESY). 

By the early nineties, when the selections for the next generation of accelerator facilities in 
Europe will have to be made, the spectrum of possibilities may be narrower. The upgrading of LEP 
to 2 x 100 GeV (LEP II) is expected to be under way at that time. On a much larger scale is the 
option of a Large Hadron Collider (LHC), with a cm . energy of ~ 16 TeV and a luminosity of 
10 3 3-10 3 4 c m - 2 s - 1 , to go into the LEP tunnel. There is general agreement that this is scientifically a 
very valuable project and technically quite feasible. The important issue is therefore whether this can 
be fitted naturally into a world-wide programme, which would be reasonable given the size and cost 
of such a project. 

In such a situation it would once more be an advantage to be able to take alternative options into 
account. There are expectations that one such future option might be a linear collider for electrons 
and positrons with a cm. energy of about 2 TeV and a luminosity above 10 3 3 c m - 2 s _ 1 . However, a 
CERN Linear Collider (CLIC) will not be available unless the present linear-collider studies are put 
on a substantial and well-supported basis very soon. 

Electron-positron colliders have a few clear advantages over hadron colliders; in particular e +e~ 
collisions are much cleaner than hadron collisions, and a much higher luminosity can be exploited, if 
achievable. Furthermore, an order of magnitude less energy is required since the colliding particles 
are themselves 'constituents', which makes an e +e~ collider with 2 TeV cm. roughly equivalent to a 
hadron collider with 20 TeV cm. energy. 

However, synchrotron radiation imposes a serious limitation on the energy of circular e +e~ 
colliders, and therefore LEP, at present under construction at CERN, with a circumference of 
27 km, will most likely be the largest circular e + e~ collider ever to be built. Reducing the radiation by 
increasing the circumference of the machine leads in the ultimate limit to infinite bending radius, in 
other words to colliding beams from linear accelerators. The first speculations on this kind of 
approach, which introduces a host of new problems, started more than ten years ago [1,2] and have 
recently gained considerable momentum. (Figure 1 illustrates the general concept of linear colliders.) 

The Long Range Planning Committee (LRPC), under the chairmanship of C. Rubbia, 
considered it very desirable that the community have both these options to choose from when, in the 
future, very important decisions have to be made. Therefore, one of the Advisory Panels to the 
Committee was charged with analysing the linear collider possibility. The members of this Panel are 
the authors of the present report, and Appendix A shows how their work was organized. 

e* DAMPING RING(S) e" DAMPING RING(S) 
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Fig. 1 Schematic representation of a 1 TeV linear collider. The electron damping ring is dashed because recent progress in 
low-emittance electron sources may make damping rings unnecessary. 
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At the time of preparing this Report the activities of the Panel have provided considerable 
insight into many aspects of a possible future CLIC project. There are, however, still important areas 
of uncertainties and lack of knowledge that will need studies beyond the present mandate. It is 
believed that the CLIC Panel has created a good starting base for such studies. 

The main conclusions are recommendations of the Panel and can be summed up as follows. 
With the present state of knowledge, one approach to a TeV collider seems to hold the promise 

of leading to a real project. This approach is based on a normal conducting radio-frequency (RF) 
linear accelerator with a resonant frequency one order of magnitude above that of present-day linacs. 
The drive power can be derived from an auxiliary beam, which is in turn powered by a 
superconducting structure. Subsection 5.1 gives an outline, Section 6 a more detailed description. 
Even with this seeming extrapolation from present-day technology several fundamental problems 
remain as yet unsolved, while few of the innumerable details have been studied so far. It is 
recommended, therefore, that problems related to this kind of scheme should be given first priority 
by the study team, in addition to general problems, such as the injectors, the final-focus system, and 
tolerances along the main accelerator. A 3-5 year intensive study is needed to prove the feasibility of 
such a machine and provide rough cost estimates and a technical basis for starting a decision-making 
process. 

On a much longer time scale more exotic schemes of acceleration might lead to solutions 
offering higher performances, in particular a higher energy for a given total length of collider. 
Sufficient effort should, therefore, go into a continuation of these approaches, so as to keep the 
corresponding options open. 

2. GENERAL CONSIDERATIONS 
At the time the CLIC Advisory Panel was established some work was already in progress in the 

CERN context on some general considerations related to linear colliders [3, 4]. This, together with 
similar analyses in other publications and conference contributions from SLAC and other 
laboratories, formed a good basis for the Panel's activity. The general idea is to single out those 
collider parameters that do not depend on a particular accelerating structure, to establish their 
interrelation, and to see how these interrelations constrain the choice of parameters. 

The design of linear colliders presents a number of challenges not encountered in fixed-target 
machines or circular colliders. Since the accelerated bunches collide only once, very high 
transverse-beam densities must be produced if adequate luminosity is to be obtained without an 
excessive consumption of power. This requires extremely high quality beams with very low transverse 
and longitudinal emittances so that one can produce submicron transverse dimensions at the crossing 
point. Naturally this leads to very demanding tolerances on alignment; it also requires the formation 
of beams with very low initial emittance, and the maintaining of this low emittance during 
acceleration. Further, a highly sophisticated 'final focus' system must be designed, able to produce a 
very small spot from a beam in which there is inevitably some energy spread. 

These difficulties become rapidly more severe as the energy is increased from say 50 GeV to 
1 TeV per beam. Firstly, the effective cross-section for interesting physics events decreases as I /7 2 

and this must be compensated by a corresponding increase of luminosity. This requires more power, 
as does the need to accelerate to higher energies. These factors are only partly compensated by the 
fact that the unnormalized emittance decreases as 1/7, enabling a smaller spot size to be obtained. 
The need for high power requires higher efficiency than in traditional linacs, and leads to the need for 
an efficient and inexpensive power source. Efficient energy extraction from the accelerating structure 
together with a high gradient requires a reduction in effective wavelength unless 'bunch trains', 
consisting of several bunches per RF pulse, rather than individual bunches, are used. As we see 
below, it is difficult to maintain both efficiency and beam quality if bunch trains are used. Secondly, 
experimentation is likely to be more difficult. 

Before commenting specifically on problems of linac design, some very general constraints must 
be considered. As explained above, very small bunches must be produced. Single small bunches, once 
they are formed, are stable in the sense that the repulsive self-fields due to the charge are balanced to 
within 1/y2 by the attractive self-fields from the magnetic field associated with the current. When e + 

and e~ bunches collide, however, the electric fields cancel but the magnetic fields add, giving rise to a 
violent 'pinch' in which the particles are deflected towards the axis. 
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A moderate pinch of this sort is helpful, since it reduces the beam size and increases the 
luminosity. If it is too violent, however, the angular spread of the disrupted beams after the 
interaction can cause damage, further downstream, to the components used to focus the opposing 
beam. Not only can this disruption be troublesome, but the radiation associated with the sudden 
deflection, known as 'beamstrahlung', wastes beam energy and gives rise to a spread of energies. 
Particles on the axis experience no forces, but those at the beam edge can experience severe deflection 
and radiation loss. 

The disruption and beamstrahlung are functions of the number of particles in the bunch, and of 
the transverse and longitudinal dimensions. Originally the constraints implied by keeping these 
quantities within bounds, at the same time as attaining adequate luminosity and energy, seemed to 
dictate all the main operational parameters of the machine, namely number of particles per bunch, 
transverse and longitudinal bunch dimensions, and repetition rate. Fortunately, however, it is now 
realized that at an energy approaching 1 + 1 TeV, where these constraints appear severely restrictive, 
the beamstrahlung approaches a new and less destructive regime (the 'quantum regime', described, 
for example, by Wilson [5]), and some freedom of choice returns. 

After a period of some confusion, the disruption and beamstrahlung constraints are now well 
understood. They now seem less threatening, and less likely to determine the parameters than more 
conventional considerations. One feature that may not be considered 'conventional', however, is 
beam-quality degradation arising from wake fields. Related to the traditional beam breakup 
instability, but now generally looked at from a different point of view, this imposes constraints on 
bunch configurations and alignment accuracy. High gradient and efficient energy extraction for the 
RF field require shorter wavelength, for which wake-field effects rapidly become more serious. 
Efficiency can be restored to some extent by having trains of bunches, but 'bunch-to-bunch' wake 
fields in the train and 'energy drop' between bunches in the train introduce severe difficulties. 

Collisions using polarized electrons appear to be possible within the current range of CLIC 
parameters [6]. Depolarization in the linac is expected to be very small, and the main contribution 
will arise from the intense, localized fields in the colliding bunches, which could give rise to a loss of 
projected polarization typically in the range of 10%. The same would of course apply to polarized 
positrons if a suitable source were ever to be available. 

Despite many constraints, there does seem to be a window of feasible parameters. The detailed 
nature of the trade-offs, and the overall complexity and cost of a realistic system are still quite 
unknown. A very considerable amount of detailed theoretical work backed up by experimental 
studies is required. The general direction in which to go is, however, now clear. 

3. PARTICLE SOURCES AND EMITTANCE FORMING 
3.1 Positron production 

At colliders having an energy greater than about 20 GeV, positron production does not pose 
difficult problems. The spent beams, or a fraction of them, can in fact be used to produce positrons 
in a showering medium, as is done at the SLAC Linear Collider (SLC) [7]. Other schemes foresee the 
radiation of 10-50 MeV photons by electrons of a few hundred GeV, which pass through undulators, 
and the creation of electron-positron pairs in thin heavy targets [8]. Both methods produce positron 
(and electron) bunches which have initial invariant emittances in the range eo = 10~2 to 10 - 3 m, too 
large to achieve the submicron transverse dimensions which are needed in the interaction point (IP) 
to obtain high luminosities. We indicate by the symbol e„ the invariant emittance at the end of the 
acceleration process. Since in the IP the transverse dimension has the form a = Venj8*/7, and a 
reasonable range for the /3-function is 10~3 < /3* < 10~2 m (Section 4), for a TeV collider (7 = 2 x 
106) one needs e„ = 3 x 10~6 m to obtain a — 0.05 /xm. (The SLC design foresees 7 = 105, en = 3 x 
10~5 m, 0* = 5 x 10~3 m, and a — 1.5 pm.) Smaller emittances would be useful, if one could be sure 
that they are not blown up by wake fields during the acceleration process and by misalignments of the 
accelerator elements and of the components of the final-focusing system. In this section these effects 
are not considered. They are discussed in Section 6, where it will appear that our Panel has made for 
the CLIC parameter lists the comparatively conservative choice en = 2 x 10 - 6 m. This is ten times 
smaller than at the SLC and close to the smallest emittances foreseen for the new generation of 
synchrotron light sources, but definitely larger than the value used in many parameter lists for TeV 
colliders considered elsewhere. 
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Recent developments in laser sources promise intense electron bunches having emittances 
in the range 10 - 6 < en < 10~5 m, so that emittance damping may not be required [9]. For posi
trons, damping rings offer at present the only method to produce small emittances, starting from 
source emittances in the range eo = 10 _ 2 -10 - 3 m. Since the needed damping ring system may be 
very expensive, other methods of directly producing low-emittance positron bunches are worth 
pursuing [10]. 

3.2 Emittance of damping rings 
In a storage ring the transverse emittance decreases with time because the radiated photons carry 

away a fraction of the momentum which has both transverse and longitudinal components, whilst the 
RF system restores only the longitudinal momentum. The invariant emittance of a weak bunch, 
which has the initial emittance eo, decreases with time towards the equilibrium emittance ea following 
the law 

e„ = eoe- 2 t / Td + e d ( l - e - 2 , / T i ) . (1) 

The (transverse) damping time n is inversely proportional to the rate at which energy is radiated and, 
for an isomagnetic lattice of circumference 27rR, is given by the expression 

7d = (3/cr e ) (e 2 /F m 7 d) , (2) 

where Q is the bending radius in the n m (identical) bending magnets of the ring, 74 is the 7-value of 
the stored particles, and F m is the fraction of the circumference which is covered by magnets of 
lengths i. [Fm = nm£/(27rR) = e / R l - ( W e assume for simplicity that the 'damping partition numbers' 
are J x = J y = 1 and JE = 2, and, moreover, that the horizontal and vertical oscillations are fully 
coupled so that the two transverse emittances are equal.) 

The equilibrium emittance ed can be written in the simple form 

ed = (k£/2)(27r/nm)3

7

3d , (3) 

where the factor 1/2 comes from the full horizontal-vertical coupling and ke depends on the 
particular type of lattice. For any lattice, kc is larger than the absolute minimum given in the first line 
of Table 1 [11]. The Double Bend Achromat lattice of Chasman and Green [12] has an emittance 
which is three times larger than the absolute minimum, while for an optimized FODO structure the 
constant kc is about fifty times larger than the minimum. 

Table 1 
Values of the emittance constant ke (expressed in m) in Eq. (3) 

Lattice k£ 

Fully optimized lattice 
Chasman and Green 
FODO 

8.25 x 1(T 1 5 

2.48 x 1(T1 4 

1.55 x 10" 1 3 

The strong 7d-dependence of Eq. (3) seems to suggest the storing in a damping ring of very low 
energy positrons in order to obtain small emittances. However, this entails two problems: i) the 
damping time (2) becomes very long and, as will be shown in subsection 3.4, the total circumference 
of the damping rings increases proportionally; ii) intrabeam scattering, i.e. multiple Coulomb 
scattering within one bunch, causes a blow-up of the transverse emittance, which becomes more 
important when the energy is lowered. The physics behind this important limiting factor can be 
described as follows. In the reference system of the bunch, the transverse-momentum spread is much 
larger than the longitudinal one so that any scattering transforms transverse motion into longitudinal 
motion. This causes fluctuations in the longitudinal momentum and, consequently, jumps in the 
equilibrium orbit and blow-up of the transverse emittance. Detailed studies of the phenomenon [13, 
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14] show that for any given lattice one can always make the intrabeam scattering lifetime much 
longer than the damping time ra. The equations do not give much freedom: for a ring of 100 m 
circumference, storing bunches of N = 10 1 0 particles, the energy has to be larger than 2-2.5 GeV if 
the aim is e„ = 10 - 6 m and intrabeam scattering has to be negligible. 

3.3 Damping-ring parameters 
A standard FODO structure, characterized by the constant ke of Table 1, cannot easily produce 

€n = 2 x 10~6 at an energy of 2.5 GeV (ya = 5 x 103). With a Chasman and Green lattice one 
obtains ea — 2 x 10 - 6 if the number of bending magnets is n m = 60. With a magnet length tm = 
0.5 m and F m = 1/3, the circumference of such a ring would be 2TTR = 100 m, the bending radius 
e = 6 m, the field B = 1.2 T, and the tune Q x = 30. The damping time is computed from Eq. (2): 
Td — 3 ms. 

To complete the information, Table 2 contains three parameter lists considered in connection 
with CLIC designs [15]. No dynamical apertures have been computed yet, and the second and third 
schemes may have problems at this level because the lower the emittance is, the stronger are the 
sextupoles required to correct the chromaticity of the lattice. This, in turn, may limit the aperture of 
the ring because the dynamics becomes non-linear. 

Table 2 
Examples of damping rings [15] 

Energy E d (GeV) 2.5 2.5 2.5 
Number of particles per bunch N 9.8 x 109 1 x 108 2 X 108 

Number of dipoles n m 64 180 240 
Dipole length I (m) 0.87 0.29 0.29 
Bending field B (T) 1 1 1 
Bending radius Q (m) 8.3 8.3 8.3 
Average radius R (m) 25 25 33 
Invariant emittance e„ (m) 5.7 X 10" 6 2.6 X 10 - 7 1.1 X 10 - 7 

Momentum compaction 5.3 X 10~4 6.8 x 10 " 5 2.9 x 10"5 

Energy loss per turn (keV) 111 111 111 
Damping time Td (ms) 6 6 8 
r.m.s. energy spread <TE 7.6 X io- 4 7.6 X 10- 4 7.6 x 10- 4 

RF frequency (MHz) 500 500 500 
Voltage per turn (MV) 3.5 1.2 1.2 
r.m.s. bunch length az (mm) 2.2 1.1 0.96 

The above qualitative arguments show that the lattices made of bending magnets, quadrupoles, 
and sextupoles have to be carefully optimized to obtain emittances of the order of 10"6 m for 
bunches containing N = 10 1 0 particles. Can one improve the situation and obtain even smaller 
emittances by using wiggler magnets? When wigglers are added the damping time r decreases and the 
energy spread as increases, which is good news because this implies a reduction of intrabeam 
scattering. The emittance can either increase or decrease depending on the strength of the wigglers 
and on the value of the lattice dispersion and /3-function at their location. In optimal conditions the 
emittance can be made to decrease with the damping time. This implies a gain on all fronts. 

An interesting variant of a standard lattice has been proposed by Palmer [14] following a 
suggestion by Steffen [16]: each bending magnet is replaced by a wiggler whose absolute field B is 
larger than the average field (B), so that the ratio r = (B)/B < 1. It can be shown that in this case 
both the emittance of Eq. (3) and the damping time of Eq. (2) have to be multiplied by r 2. In the 
examples of Table 1, (B) = 1 T; with B = 2 T one gains a factor r 2 = 4, which shows that emittances 
even smaller than e n = 10 - 7 m can be obtained, at least on paper [14]. Careful studies of the 
dynamical aperture and of the alignment tolerances are needed before one can be sure that such rings 
will run and perform as predicted. 
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3.4 Total length of the damping system 
It follows from Eq. (1) that a bunch which initially has eo — 1 0 - 3 m has to remain in its damping 

ring a waiting time T = 5 74. If the average repetition frequency at which the (positron) bunches have 
to be extracted from the system is fr, the needed number of damping rings is na = f rT/nb, where nb is 
the number of bunches stored in each ring at any time [4]. Indicating by the symbol (h) the average 
distance between two consecutive bunches, the total length £d of the (positron) damping system is: 

«d = (T/Td)frTd(4) = 5fr7d(£b) • (4) 

For Td = 6 ms (see Table 2), fr = 6 kHz (as in the present list of the CLIC parameters), and 
(£b) = 10 m, one has to build a damping-ring system whose total length is id — 2 km. An inter-bunch 
distance of 10 m is not too much for the kickers available at present if they have to extract the 
positron bunches without disturbing their small emittance. It is clear that the development of faster 
kickers may save a lot of money by entailing a proportional reduction of the total length of the 
damping-ring system. A different scheme which helps to reduce the required damping-ring length is 
described in Ref. [17]: by RF manipulations, a bunch may be separated longitudinally from the other 
bunches before ejection. 

It is also possible to reduce (£b) by injecting and extracting trains of closely spaced bunches, as 
required in the multibunch high-luminosity scheme described in Section 6. In any case there will be 
many bunches in a ring at any time and sophisticated feedback systems have to be used to avoid 
multibunch instabilities. 

3.5 Conclusion 
The development of low-emittance electron sources is such that one may avoid the construction 

of a costly damping system for the electron bunches. For the positrons such a system is needed and 
may be a few kilometres long, if repetition frequencies in the 10 kHz range are required. Long rings 
in the ISR or in the LEP tunnels could perhaps be more advantageous than tens of smaller rings [4]. 

The present understanding of damping rings is such that emittances ten times smaller (i.e. en — 
2 x 10"6 m) than that of the SLC can be expected, even if no detailed project has been worked out. 
There are proposals on how to reduce this value by a factor of 10, but the implications are not fully 
understood. This justifies the more conservative attitude taken by our Panel in choosing the invariant 
emittances which appear in the parameter lists contained in this report. 

4. FINAL FOCUS AND INTERACTION POINT 
The difficulties of obtaining very small beam cross-sections at the interaction point are related to 

the strong focusing gradients required at high energies, the chromatic aberrations resulting from the 
energy spread of the accelerated beams, the disposal of the beams after collision, and the synchrotron 
radiation produced. 

The high luminosity required for future linear colliders demands a very small value of /3* at the 
collision point together with minimum variation in this value over the unavoidable momentum 
spread of the beam. Traditional chromatic correction makes use of dispersive systems containing 
sextupoles, but at 1 TeV it is questionable whether such systems are feasible because of the weak 
bending and long length needed to avoid emittance increase from synchrotron radiation. 

Chromatic effects are reduced if the final focusing elements are close to the interaction point, a 
few tens of centimetres say, which means essentially building them into the detector. Such a scheme 
is, a priori, perfectly conceivable since these elements could be quite small in cross-section. If one 
were to use permanent-magnet quadrupoles fitting snugly around the incoming beam envelope, the 
half-aperture would be a few tens of microns, which already presents a serious technological 
challenge. A fundamental problem arises, however, if one takes into account the disruption of the 
beams during collision, which can increase the emittance by more than an order of magnitude. The 
quadrupole aperture must now be increased sufficiently to allow the passage of the disrupted beam, 
and the pole-tip fields of 1 to 2 T, which can be expected from permanent or superconducting 
magnets of suitable aperture, are perhaps inadequate to provide sufficient focusing gradient [18]. 

Placing the final focusing elements further from the interaction point relaxes both the aperture 
and the pole-tip field requirements, but at the expense of trouble with the chromatic behaviour. In a 
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simple thin-lens model of a focusing system with fixed input conditions, the relative variation A/3*/|3* 
of the betatron envelope function with momentum is given by 

^ - 2 d ( l + f £ i ) . (5, 

where d = 6/(1 + S), ô = Ap/p is the momentum error, and (3i is the envelope function at the 
focusing element. In most practical cases the term in d 2 dominates and 

A/3* _ d% 
(6) 

and since /3i ~ l2/@*, where £ is the distance from the focusing element to the interaction point, the 
requirement for small chromatic variation of (3* is 

d < /3*/£. (7) 

Thus increasing the distance from the interaction point placed more stringent demands on small 
energy spread in the beam. 

One possible way out of this dilemma is by using unconventional methods, such as plasmas, to 
generate sufficiently high focusing gradients. As pointed out in subsection 5.5 below, a plasma 
beat-wave could be used to produce equivalent pole-tip fields in excess of 20 T in an aperture, with a 
radius of a few tens of microns, which matches rather comfortably the required beam sizes. 
High-current z-pinches in plasmas might also provide a means of achieving the required focusing 
gradients. However, problems may be encountered in matching plasma wavelength and in providing 
the necessary repetition rate of many kilohertz. 

Such exotic high-field devices, whilst very desirable, will take some time to develop; so, in the 
meantime, we must make the best of available techniques. One approach currently under study 
re-examines the basic assumptions about chromatic correction, with the aim of relaxing the 
constraints imposed by simple models of the chromatic properties of basic focusing systems [19, 20]. 
This approach exploits certain properties of envelope optics, as distinct from the single-ray optics 
usually considered; it could, in principle, permit the design of partially-achromatic systems, called 
'apochromatic' by close analogy with the properties of some configurations known for many years in 
classical light optics. Although these methods cannot completely eliminate the chromatic behaviour, 
they might alleviate it such as to permit the final focusing elements to be located sufficiently far from 
the interaction point that more conventional field levels are sufficient. It might also be possible, using 
special optical arrangements, to 'pre-correct' the chromatic properties of the final-focus elements, as 
is in fact done in the SLC, but without the need to introduce dispersive systems and sextupoles. 

The problem of beam disposal after collision is present whether or not a disruptive regime is 
used. However, if there is little or no disruption this problem can be displaced from the immediate 
vicinity of the detector to regions where it is easier to handle and, in particular, where at least part of 
the energy of the spent beams might be recovered [21]. The penalty of a loss in luminosity by a factor 
of at most 6 could be offset partly by this energy recovery and, perhaps, partly by the use of some 
multibunch scheme [22] by which the non-linear effects in the bunch collisions might be weakened. 
Such an approach could substantially reduce the unwanted background in the detector and permit 
interesting e +e~ physics to be carried out at levels of luminosity somewhat below the desired aims, 
pending the development of more advanced and speculative focusing schemes. 

Synchrotron radiation, which is the dominant factor in the design of circular e +e~ colliders, 
should, with one exception, be of little significance in a well-aligned linear collider [23]. The 
exception is important, however; it concerns the synchrotron radiation produced in the collisions of 
e + e ~ bunches, the so-called beamstrahlung [5]. The high-intensity, strongly-focused, short bunches 
in linear colliders tend to produce a photon spectrum significantly different from that in conventional 
machines. On the one hand, short bunches suppress the lower energy part of the spectrum, and also 
reduce the average number of photons emitted per electron to the order of unity. On the other hand, 
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the high energy and high intensity would, using the standard formula, indicate the emission of 
photons with critical energies in excess of the electron energy, which obviously violates energy 
conservation. This latter situation, somewhat misleadingly dubbed the 'quantum regime', in fact 
arises also in a self-consistent classical calculation; it results in a sharp cut-off of the radiation 
spectrum near the electron energy. 

The consequences of beamstrahlung are of major concern for the analysis of the e +e~ physics, 
since they have a bearing on both the true cm. energy in a given collision and on the photon 
background. The situation is further complicated by the trajectory perturbations in a disruptive 
regime. These issues are currently the subject of much detailed study and computer simulation, and 
can be expected to be far better understood in the fairly near future. 

For the energy range of CLIC we do not see insuperable difficulties in the design of adequate 
final-focus systems; however, there are many aspects of the problem which will require a 
considerable amount of detailed work in order to find the most suitable sets of parameters both for 
initial operation and for subsequent upgrading by the use of more sophisticated techniques. 

5. ACCELERATION METHODS 
The first linear collider, the SLC, is now approaching completion at SLAC [24]. For this 

purpose their (by now old) electron linear accelerator has been upgraded to a beam energy of 50 GeV 
and two damping rings, two bending arcs, and a sophisticated final focus (among many other smaller 
elements) have been added. It is hoped that a luminosity of 6 x 10 3 0 cm _ 2 s - * will be reached. The 
SLC is being commissioned and will provide valuable information for the development of higher 
energy linear colliders. 

For CLIC we consider energies in the TeV range and luminosities above 10 3 3 cm ~ 2 s _ 1 , i.e. 
more than an order of magnitude higher energy than at SLAC and nearly three orders of magnitude 
higher luminosity. This requires more than simple extrapolation. 

In the present section we give a brief review of the most important acceleration methods that 
have been proposed for linear colliders. In the next section we shall then give a more detailed analysis 
of the most promising approach. 

5.1 Normal conducting RF linacs 
With normal conducting RF structures, accelerating gradients of several hundred megavolts per 

metre are possible, in principle. In practice, maximum attainable gradients are given by 
considerations of efficiency and limitations of peak power more than by electrical breakdown. 
Another fundamental problem is presented by self-deflection and self-deceleration due to the 
electromagnetic wake fields left behind by the particles. A short qualitative review of these problems 
and possible solutions are given here. A more quantitative analysis and references to consult will be 
given in Section 6, where an actual acceleration system will be proposed. 

Travelling-wave structures offer the important advantage of presenting a matched load to a 
short pulse of RF power at a single feed point per section. It is proposed, therefore, that the 
accelerator be made of travelling-wave sections, each one of length L, group velocity v, and fill-time 
for electromagnetic energy, T = L/v. 

The enormous dissipation per unit length associated with accelerating gradients Eo, of the order 
of 100 MV/m or more, requires the RF power to be applied in the form of very short pulses with low 
duty cycle. The duration of each power pulse is made approximately equal to the fill-time T and a 
beam pulse (consisting of a bunch of particles or a train of several bunches) is made to pass at the end 
of the power pulse. As the decay-time of stored energy will be much shorter than the repetition 
period, any energy not extracted by the beam is lost. Therefore, the efficiency of transferring power 
from the RF feed point to the beam approaches, at best, the fraction rj of energy extracted. On the 
one hand, this extraction efficiency is limited to about 10% at most by the concomitant energy spread 
(roughly »//2) which must remain correctable before the final-focus system is reached. On the other 
hand, r; is proportional to the charge per beam pulse, the square of the resonant frequency, and the 
inverse of the accelerating gradient. The charge per bunch of particles is limited by the wake fields 
and by beam-beam radiation in the final focus. Therefore, the price for reaching a high value of 
accelerating gradient at acceptable efficiency is a very high frequency, much higher than the 
customary 3 GHz of present-day electron linacs. A value of about 30 GHz, corresponding to 1 cm 
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wavelength, appears to be a limit imposed by transverse wake fields and by constructional problems 
of travelling-wave accelerating structures. Test structures for about 1 cm wavelength have, indeed, 
been manufactured and tested. It is proposed, therefore, that about 1 cm wavelength should be used 
in spite of the considerable extrapolation from present-day technology implied by this choice. 

If the RF to beam efficiency is to approach the extracted energy fraction ij, dissipation during 
the fill-time has to be made as small as possible. The only way to do this is to make the fill-time very 
short in spite of the concomitant increase of peak power. A reasonable compromise may be a choice 
of fill-time that makes the peak power per metre of section length twice the classical minimum. The 
corresponding dissipation during the structure fill-time amounts to 28% of the input energy. With 
the typical Q-factor of a copper structure at 1 cm wavelength this fill-time amounts to only 11 ns. 

Case A in Table 3 represents a conservative choice of parameters resulting from the arguments 
outlined above. There is only one bunch of electrons or positrons per pulse, extracting 8% of the 
stored energy. The accelerating gradient is 80 MV/m, giving the accelerator a total active length of 
2 x 12.5 km for 2 x 1 TeV. The efficiency of energy transfer from the RF input to the beam is a 
little over 6%, yielding 5 MW beam power (and a luminosity of 10 3 3 cm" 2 s~ l) for 80 MW average 
RF power per linac. Beam power and luminosity may be doubled or the input power halved if the 
electromagnetic energy reappearing at the output end of each accelerating section after the beam 
passage can be recovered. The superconducting drive system described below appears to permit just 
this but the details remain to be studied. 

Table 3 

Main linac parameters for two accelerating gradients. 
Parameters for one linac. 

Case A B 

Final energy eU (TeV) 1 1 
Frequency f (GHz) 29 29 
Average accelerating gradient E 0 (MV/m) 80 160 
Total active length L t o t (km) 12.5 6.25 
Peak power per unit length P L /L (MW/m) 96 384 
Bunch population N 5.35 X 109 5.35 X 109 

Number of bunches per pulse nb 1 2 
Repetition rate fr (kHz) 5.8 5.8 
Average RF power (PR F) (MW) 80 80 
Average beam power (Pb) (MW) 5 5 
Beam radius at collision a* (nm) 65 65 
Luminosity (cm~ 2 s ~ l) 1.1 X 10 3 3 1.1 X 10 3 3 

The accelerating gradient could be doubled and the total active length reduced to 2 x 6.5 km if 
two bunches per beam pulse could be used (case B of Table 3). Moreover, at the price of a 20% 
reduction in average accelerating gradient, an RF to beam efficiency of as much as 30% may be 
reached by using a larger number of bunches, whose interval is adjusted so as to make the fresh 
influx of RF power cancel the bunch-to-bunch depletion of energy due to beam loading. This is what 
is shown in the two columns of Table 4. The corresponding luminosity of 6 x 10 3 3 cm" ' s~ ! 

represents an optimistic prediction since a final-focus system accepting multiple bunches at close 
interval has yet to be designed and the problems of bunch-to-bunch wake fields remain to be solved. 
Note, however, that the actual hardware is the same for both Tables 3 and 4 (apart from an extra 
25% in overall length in the second case). At the present state of knowledge it would, therefore, be a 
safe plan to design the collider so as to yield the minimum required luminosity with single-bunch 
operation. It will hold the potential of a five-fold to six-fold increase in luminosity by compensated 
multibunching at a later stage of development. 
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Table 4 

Table 3 modified for compensated multibunch operation. 
Parameters for one linac. 

Case A B 

Final energy eU (TeV) 1 1 
Frequency f (GHz) 29 29 
Accelerating field Eo (MV/m) 80 160 
Filling factor for first bunch x 0.8 0.8 
Average accelerating gradient xEo (MV/m) 64 128 
Total active length L t ot (km) 15.6 7.8 
Bunch population N 5.35 X 109 5.35 x 109 

Number of bunches per pulse b 6 11 
Repetition rate fr (kHz) 5.8 3.2 
Average RF power (PR F) (MW) 100 100 
Average beam power (Pj,) (MW) 30 30 
RF cycles between bunches Tbf ~ 13 ~ 7 
Beam-pulse duration (b - l)rb (ns) 2.28 2.28 
Luminosity (cm - 2 s ~ ') 0.6 x 10 3 4 0.6 X 10 3 4 

The problems related to the design of an accelerating structure for 1 cm wavelength and to the 
preservation of the transverse emittance of the beam in the face of intense deflecting wake fields will 
be discussed in Section 6. It turns out that the wake fields can, indeed, be stabilized by a combination 
of very strong external focusing and the 'Landau damping' due to the rather large momentum spread 
which would be difficult to avoid anyhow. In spite of this, very tight alignment tolerances will be 
needed for focusing quadrupoles and accelerating structures. In fact, the tolerances for quadrupole 
alignment turn out to be exceedingly tight because of the very strong focusing required to stabilize the 
wake fields. Two methods which hold the promise of alleviating this problem are being studied at 
present (see Section 6). In addition, an active feedback system for steering the beam will certainly be 
required. The fast repetition rate of many kilohertz, required in any case, will be very helpful in this 
respect. 

The main remaining problem is the generation of the enormous peak power required. All known 
power converters contain space-charge-limited electron guns, limiting the current density of the beam 
of electrons which is used to transfer energy from d.c. to RF. It follows that the output power 
decreases as the square of the wavelength if a given design is scaled. The kilohertz repetition rate 
poses another very serious problem. No suitable power converter at 1 cm wavelength is available at 
present and, even if it could be developed, the very large number of units required is likely to make 
this solution economically unattractive. 

Instead of the multitude of d.c. to RF power converters a continuous drive beam running along 
the main linac may be employed. The drive beam supplies energy to the main linac at regular intervals 
via transfer structures. The drive-beam energy is restored by accelerating structures forming a 'drive 
linac'. Free electron lasers and direct RF deceleration sections have been proposed as transfer 
structures, induction units and superconducting RF accelerating cavities as drive linacs. 

A drive linac formed by superconducting cavities, combined with decelerating RF transfer 
structures, opens up the possibility of a fully realistic drive beam, thus eliminating all phasing 
problems. The mains input is converted to RF power at ultra-high frequency (UHF) by large 
continuous wave (c.w.) klystrons. Such klystrons of over 1 MW output and nearly 70% transfer 
efficiency are available today. The c.w. operation of the drive linac, made possible by the high 
Q-factor of the superconducting cavities, means that the main linac repetition rate is limited by 
pre-injector considerations only. 

Drive-beam pulses of a duration equal to the main linac fill-time T have their energy periodically 
restored by being passed through the superconducting cavities. Energy conservation along the drive 
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beam demands that the 'transformer ratio', i.e. the ratio of the accelerating gradient Eo in the main 
linac to that, Ei, in the drive linac be proportional to the ratio of frequencies. The resulting choice of 
drive-linac frequency in the low UHF range is quite suitable for superconducting cavities. In fact, the 
350 MHz superconducting cavities developed for the second stage of LEP could be used in their 
present state without any change. 

Table 8 in Section 6 gives parameters of superconducting drive linacs. The first column is for the 
main linac of column A, Table 3. The corresponding drive-linac parameters (Ei = 6 MV/m and 
Qi = 5 x 109 at 350 MHz) are present-day performances. The second and third columns correspond 
to Ei = 15 MV/m, a development that is expected to occur in a few years' time. In case B, 
2 x 6.25 km of main linac are powered by only 2 x 800 m of superconducting drive linac. In case C 
(admittedly an extreme example), the entire installation is compressed to only 2 x 2.24 km active 
length, the main linac and drive linac having the same length. This would, however, require multiple 
bunches from the start. 

Energy transfer to the main linac may be via free electron laser units or by RF deceleration in 
short sections of travelling-wave structures, each one coupled to the input of a main section via a 
short piece of waveguide. The latter scheme requires the drive beam to be tightly bunched at the main 
linac frequency. However, it has the great advantage of permitting drive beams of several GeV 
energy. This assures rigid drive bunches and the absence of any phase slip between the beams, thus 
eliminating all phasing problems for the tens of thousands of main linac sections. The required 
impedance of the transfer structure is very low. This will permit a design with a large enough aperture 
to cope with the longitudinal and transverse wake fields due to the intense drive beam. The required 
drive charge is rather large. For the parameters of the first columns of Tables 3, 4, and 8, each drive 
bunch has to contain 4 x 10 1 1 electrons and there are 40 such bunches per main linac pulse. 
Generation and acceleration to relativistic energies of these drive bunches appears to be the main 
difficulty with this scheme. At least this difficulty is confined to the injector. 

If the output of each accelerating section is connected to an input of the following transfer 
section a suitably timed and phased recovery pulse, following the drive-beam pulse, permits transfer 
of the energy left after the passage of the beam back into the superconducting cavities. This means a 
factor of 2 in power economy for single-bunch operation at the expense of extra complication but 
little additional cost of hardware. 

5.2 Superconducting accelerating structures 
Linear colliders based on superconducting (SC) cavities were proposed and studied at CERN 

more than ten years ago [2, 25]. In recent years much progress has been made in the construction and 
understanding of SC RF cavities [26, 27]. For single-cell cavities, gradients as large as Eo = 
23 MV/m and quality factors up to Q = 10 1 0 have been obtained. Multicell cavities in the laboratory 
have reached Eo — 15 MV/m for the frequency f = 1.5 GHz, and are routinely constructed by 
industry with accelerating fields E 0 > 7 MV/m and Q > 3 x 109 in the frequency range 0.35 < f < 
1.5 GHz. It is believed that a few years of technological developments on the preparation of clean 
and defect-free surfaces should allow E 0 = 25 MV/m and Q = 5 x 10 1 0 to be reached. The 
development of type II superconductors, such as NbsSn and NbN, which may be sputtered on a 
copper substrate, offers great promises for reaching even higher gradients and quality factors. For 
linear colliders, economic fabrication and treatment will also become of paramount importance. In 
the work summarized in CLIC Note 15 [28] the following parameters have been assumed: 
f = 1 GHz, Eo = 25 MV/m, Q = 5 x 10 1 0 , temperature = 1.8 K. 

In parallel with the work done at CERN, the Cornell group has also studied fully 
superconducting linear colliders, devoting particular attention to cost optimization [29]. Their 
independent assumptions and conclusions are very similar to the ones reached in Ref. [28]. In 
particular, Sundelin uses E 0 = 28.8 MV/m and Q = 5 x 10 1 0 (1.8 K) at a frequency f = 
2.86 GHz [29]. At CERN it is believed that, when using SC cavities, lower frequencies have to be 
preferred because; i) the power dissipation at low temperature is proportional to co (= 2irf)> 
ii) transverse wake fields vary as u 3 , iii) the ratio between the energy extracted by a bunch and the 
energy stored is proportional to u 2/Eo [27]. Moreover, the cost per metre increases wth the frequency 
because the number of cells and feed points increases. 
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Table 5 

Sets of parameters for fully-superconducting (1 + 1) TeV colliders 
withL = 1 0 3 4 c a n ~ 2 s _ I 

Energy recovery No recovery 

A. Accelerator 

Beam power P (MW) 
Recovery efficiency rj 
Fractional energy loss by beamstrahlung (e) 
Quantum parameter 
Invariant emittance en (m) 
Bunch length az (mm) 
/3-value at crossing /3* (mm) 
Bunch radius ax = ay (jim) 
Particles per bunch N 
Macroscopic duty factor C 
Bunch peak repetition frequency (kHz) 
Train peak frequency (kHz) 
Average bunch repetition frequency fr (kHz) 
Average train repetition frequency ft (kHz) 
Accelerating field Eo (MV/m) 
Q-value 
Frequency of RF fRF (GHz) 

100 
0.90 
0.03 
0.075 
2.5 x 10" 6 

3.6 
10.7 
0.12 
5.4 X 109 

0.15 
670 
67 
48 
4.8 
25 
5 X 10 1 0 

1.0 

10 
0.00 
0.3 
0.235 
3.1 x 10" 7 

0.36 
1.07 
0.013 
6.5 X 108 

0.15 
820 
82 
53 
5.3 
25 
5 X 10 1 0 

1.0 

B. Damping rings 

Damping energy Ed (GeV) 
Damping field B (T) 
Length of magnet t (m) 
Damping time T (ms) 
Circumference of a ring 27rR (m) 
Number of rings Nd 
Power radiated in rings (MW) 

2.5 
1.8 
0.40 
1.3 
58 
220 
3 

5.0 
0.9 
0.40 
3.6 
230 
64 
0.6 

Table 5, taken from Ref. [28], lists the main parameters of two designs of a high-luminosity 
(10 3 4 c m - 2 s~ l) (1 + 1) TeV collider, for which some cost optimizations have been performed. The 
first design uses the principle of energy recovery to save on the total power, and has parameters 
which are extrapolations by a factor of 10 only with respect to the SLC design. This is particularly 
true for the invariant emittance, while the /3-value is equal to the SLC one. The damping ring system 
is not based on the FODO structure used at the SLC, but on an optimized lattice (see Section 3) and it 
is a very important and expensive part of the complex. In both designs, in order to damp the 
emittance of a maximum number of bunches, it is supposed that 10 of them are placed at about 
30 cm distance from each other. The 10 bunches are extracted from their ring and accelerated as a 
single train. The second set of parameters is for a collider which has no energy recovery and requires 
an emittance ten times smaller; this is considered possible in other laboratories, but still requires very 
careful investigation. 

The cost-optimization procedure, which takes into account klystron replacement and electricity 
consumption over 10 years, leads to the conclusion that the accelerator has to be run with a 
macroscopic duty factor C = 10%, and that both designs need a power from the mains of about 
350 MW. By making different hypotheses on the cost components and by assuming that only one 
bunch is damped at any time in each ring, the Cornell studies [29] concluded that the optimum 
macroscopic duty factor has to be about ten times smaller. 
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Superconducting accelerating structures, with their capability of running continuously, promise 
luminosities in the 10 3 4 cm - 2 s~ ' range with parameters which are not very different from the SLC 
ones. They would be an ideal solution for CLIC if it were not for the relatively low value of the 
accelerating field which is technically feasible today. Since in M>3Sn cavities the theoretical limit is 
100 MV/m [25], there is space for future improvements. The problem is challenging because 
Q-factors definitely larger than 10 1 0 have to be obtained to reduce the losses at cryogenic 
temperatures. It is comforting that at 1.8 K the theoretical limit is Q = 10 1 1 at f = 1 GHz and Q = 
10 1 2 at f = 0.35 GHz. The 'warm' superconducting substances recently discovered may open up very 
interesting possibilities for the future. First measurements indicate that their critical magnetic fields 
are much larger than in NbsSn, so that they could give larger gradients if the deposition of thin stable 
layers on a copper substrate proved to be feasible. 

Recently an idea has been put forward which could lead to a higher accelerating field [30]. In 
such a scheme a SC structure would be fed by a large number of independent RF sources, whose 
frequencies are multiples of the acceleration repetition frequency fr and are close to the cavity 
eigenfrequencies. It should thus be possible to obtain, for short times, a high-peak gradient. The 
duration of the pulse could be shorter than the time it takes for a superconductor to become normal, 
avoiding the theoretical limit mentioned above [31]. Experiments are necessary before concluding 
that the idea is physically sound and technically practical. 

5.3 Structures excited by optoelectrical switches 
The availability of powerful and very accurately timed pulses of light from lasers has excited 

interest, in a number of laboratories, with regard to their use in generating electromagnetic (e.m.) 
energy, in the form of pulses or RF power. The aspect of this concept which requires research at the 
level of basic physics is the performance of the optoelectric switches. They must retain adequately 
high electrical efficiency for frequencies up to 30 GHz; in addition, the ratio of e.m. power produced 
to the optical control power must be 103 or more to make the overall system viable, and of course the 
lifetime must be long and the overall cost must be attractive. 

The lasertron developments at SLAC, in Japan, and at LAL Orsay [32], are in this category. 
They have originated in the relatively conservative approach of replacing the electron gun and 
bunches in a klystron by a photocathode illuminated by a train of laser pulses. The photocathode 
designs have emphasized the use of low work function photocathodes which require a clean 
ultra-high vacuum. The dimensions must decrease as the frequency rises, resulting in a relatively low 
power per device at 30 GHz. 

It has also been proposed to use optoelectric switches to drive a 'switched power linac' [33]. By 
distributing the switches over the surface of a radial line, as shown in Fig. 2, enough power may be 
delivered to reach very high field gradients at the centre of the line, where the voltage levels are 
increased by an order of magnitude by transformer action for pulses less than 20 ps in length. Note 
that for pulses as long as 500-1000 ps vacuum breakdown gradients of 3 GV/m have been measured. 
In order to realize the distribution of the switches over a large area, it is considered necessary to 
develop a technique based on rugged photocathodes, which may be exposed to air. 

Very similar arrays of distributed optoelectric switches can be used to generate RF power, the 
'microlasertron' concept [34]. 

These lines of research have been pursued during the last two years in order to investigate 
different aspects of the swichted power linac. 

i) At CERN, a scale model of the radial line transformer has been studied [35]. The predicted 
transformation ratio has been verified for different pulse lengths. The dependence of the 
transformation ratio and higher multipole fields on imperfections in the drive pulse have been 
measured. It was found that the transformation ratio is not sensitive to the drive pulse, and that 
higher multipoles are suppressed [36]. 

ii) The coupling of the vacuum photodiode to the line has been studied using the MASK programme 
at SLAC [37]. This problem turns out to be complex, and the gradients in the e.m. pulse have 
been steadily increased as the optimization has continued. This process is still going on; the 
current status is shown in Fig. 3. 

iii) In collaboration with the Instrumentation Division of Brookhaven National Laboratory an 
extensive study of the switches is under way. The conditions in which we wish to operate—high 
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Fig. 2 Schematic drawing of the 'switched power linac' 
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photon flux in a very short pulse with very high electric fields—do not correspond to any 
measurements or theory in the literature. It is necessary, then, to measure the photocurrents 
under the correct conditions. As a start, a quadrupled Nd:yag laser with a 20 ps pulse length (four 
times that of the intended design) has been brought into operation. Gold/tungsten wire cathodes 
of 50 /mi diameter have been used, with surface fields of up to 0.06 GV/m. Stable photocurrent 
densities of ~ 104 A/cm 2 have been obtained, with quantum yields of the order of 10" 3 . In the 
next series of measurements pulsed charging will be used, where we expect surface fields up to 
~ 1 GV/m. Cathodes of materials with a lower work function, such as zirconium, will be used, 
as well as cathodes with micromachined surface structures. We expect to obtain current densities 
> 105 A/cm 2 and quantum yields > 10~2. 
A one-stage switched power linac is foreseen on a time scale of about two years, as well as a 

microlasertron RF generator. 

5.4 Wake-field acceleration 
High accelerating gradients can be produced by the passage of bunches of charged particles 

through structures such as cavities or disk-loaded waveguides. A number of accelerators have been 
proposed based on this wake-field principle. In fact, the two-beam schemes with a drive beam 
passing through decelerating RF structures (subsection 5.1) belong to this class. However, historically 
the name 'wake-field accelerator' has been reserved for designs where energy is coupled from one 
beam to the other all along the length of the structure rather than at specific feed points. 

The most straightforward method is the collinear wake-field acceleration, where a bunch to be 
accelerated travels on the same path as the 'driver' bunch. With longitudinally symmetric driving 
bunches the useful accelerating field is then at most twice the decelerating field in the driver itself; 
hence it seems that one could at most double the energy. There are several ways to avoid this 
limitation: 

i) unsymmetric bunches, in particular sawtooth-shaped ones, with which high 'transformer ratios' 
can be obtained; 

ii) trains of properly spaced bunches, for which the maximum accelerating field increases as the 
square root of their number (but all inter-bunch spaces are different); 

iii) multistage accelerators, where the driver is renewed each time it has given up most of its energy. 
It is hoped that very high transformer ratios, i.e. ratios of the maximum accelerating field 

behind the driver to the decelerating field inside it, will be obtainable with the 'wake-field 
transformer', as proposed by Voss and Weiland, in which the driver passes along a different 
trajectory from the beam to be accelerated [38]. In the coaxial type, the driver passes through an 
annular slot on the outside of a series of circular cylindrical cavities. The induced fields converge 
towards the beam to be accelerated on the axis. A model of such an accelerator has undergone its 
first tests at DESY. Producing and conserving the ring-shaped beam introduces non-negligible 
complications, and it may turn out to be difficult to obtain the azimuthal symmetry of the 
ring-shaped driving beam required for reducing transverse deflection sufficiently. 

Wake fields may also be produced by a bunch of electrons passing through a plasma. This will 
excite plasma oscillations travelling with a phase velocity equal to the bunch velocity. Gradients of 
several GeV/m seem possible. The fields behind the driving beam are similar to the wake fields in a 
linac structure, with the difference that only a single mode is present and the group velocity is zero so 
that the field pattern does not spread out laterally. A following bunch can be accelerated by this field. 
The principle was proposed by Chen, Huff and Dawson [39]. Since the two beams must be collinear 
with this scheme, one of the three methods mentioned above for increasing the transformer ratio 
must be adopted. 

Some of the properties of the scheme important for accelerator applications were described by 
Ruth, Chao, Morton and Wilson [40]. It appears that the transverse focusing by the wake field tends 
to be very strong; with the low-emittance beams needed for a narrow final focus, this results in beam 
diameters of the order of a micron. The driving beam, however, must have a diameter of the order of 
a plasma wavelength (0.1-1 mm for typical plasma densities) to prevent excessive radiation loss by 
particles with large transverse amplitudes [41]. It is not evident that the energy transfer between the 
beams will be efficient enough with parameters suitable for TeV accelerators. The sawtooth-shaped 
driving bunches, proposed to obtain a high transformer ratio, will suffer from the unequal focusing 
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force along their length. No satisfactory set of parameters for a practical accelerator has, so far, been 
found. Plasma instabilities or multiple scattering of the main beam may, with some sets of 
parameters, also cause problems. 

Theoretical work on the scheme has been going on at the University of California, at SLAC, and 
at some other places, including CERN. Much more of this will certainly be needed. Experimental 
tests on a small scale, to be performed at Argonne National Laboratory (ANL), have been proposed 
by a Wisconsin group [42]. An electron linac capable of producing dense, short bunches is essential 
for such tests. The LIL electron linac at CERN has also been suggested as a possible source for tests 
[43], but it seems inferior to the ANL source from the point of view of bunch duration and/or 
intensity. 

5.5 Plasma beat-wave acceleration 
Two collinear laser beams propagating in a plasma with frequencies differing by the plasma 

frequency can drive a Langmuir wave whose phase velocity is close to the velocity of light. Resonant 
buildup of plasma-electron oscillations into the non-linear regime generates a ponderomotive force 
leading to charge separation and a travelling electrostatic wave. With plasma densities in the range of 
10 1 6-10 1 7 cm - 3 accelerating fields of several GV/m can be produced. 

Initial experiments (UCLA and Quebec, CO2 lasers), together with computer simulations, have 
shown that the basic principle is valid. A RAL/Imperial College experiment, in which CERN is 
participating, is under way; it uses the RAL Nd-glass laser (1.06 nm) and is thus complementary to 
experiments with CO2 lasers (10.6 pan). An important step in this experiment was the successful 
production of a high-uniformity plasma column [44], using multiphoton ionization by a laser beam, 
rather than the more conventional z-pinch. The next experimental period on the RAL Laser Facility 
was scheduled for April/May 1987. 

The plasma beat-wave accelerator (BWA) and the plasma wake-field accelerator are unique in 
being the only acceleration methods so far proposed that could plausibly offer energy gains of several 
GeV/m. These high fields result from charge separation in a medium which, being fully ionized, 
cannot break down, and seems particularly attractive for the very long term. However, plasmas are 
notoriously difficult to control and are prone to many instabilities. The expectation is that, by 
building up the beat-wave amplitude very rapidly (a few picoseconds), these instabilities will not have 
time to develop. It should be emphasized that the relevant plasma regime—cold, relatively high 
density and very short time scale—is quite different from that of interest for magnetic fusion 
reactors or extra-terrestrial studies. 

In the plasma BWA the beat-wave propagates slightly slower than light velocity, leading to 
dephasing of the accelerating field with respect to the particles. A high-energy accelerator therefore 
has to be supplied with laser power in stages, just like an ordinary linac. Unlike in the latter, 
however, there are difficulties in designing efficient high-power optical feeding systems of a size 
which is short compared with the Rayleigh length, which would imply a substantial increase in the 
length of the machine. Attempts to compensate the phasing error by oblique laser beams revealed 
that the dephasing length is essentially the same as the power-depletion length, so the problem 
remains. There is nevertheless a possible way of circumventing this constraint by making use of the 
optical self-focusing properties of the plasma itself; the programme of basic plasma experiments 
should yield some information on this notion. 

The plasma beat-wave principle could be applied to the generation of very strong focusing fields 
for the interaction region, as discussed in Section 4. An accelerating field of 6 GV/m corresponds to 
a magnetic field of 20 T, and a typical plasma wavelength of around 100 /tin is rather well adapted to 
the required beam diameters in the focusing elements. In this application the problems of tolerances 
and stability over long distances would be much less severe than for a TeV accelerator, and there is 
therefore a considerable incentive to pursue plasma studies in this regime for possible use with 
accelerators of a more conventional type in the fairly near future. 

5.6 Comparisons 
In reviewing the various schemes presented in this section the Panel concluded that, although 

many schemes offered some very attractive features, most of them would require extensive and long 
studies to establish feasibility, and even longer studies to arrive at practical projects. This puts them 
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into the next-but-one generation of accelerator facilities, if at all feasible. Their apparent advantages 
are such, however, that they ought to be followed up in future accelerator research programmes. In 
particular we wish to emphasize the importance of recent developments in high-temperature 
superconductors, which could lead to a substantial re-evaluation of possibilities for superconducting 
RF structures. These developments should be followed closely since, apart from the limitation on 
accelerating field, a superconducting CLIC in c.w. operation could avoid most of the problems 
inherent in other solutions. 

One approach, that of normal-conducting RF linacs (subsection 5.1) falls in a class by itself, 
since if offers the promise of becoming feasible within a relatively short time. This is the basis for the 
recommendation summed up in the Introduction, and the next section is specifically devoted to an 
analysis of this possibility. 

6. A 30 GHz LINAC POWERED BY A SUPERCONDUCTING DRIVE LINAC 
The collider considered here is for 2 TeV cm. energy and an initial luminosity of 10 3 3 c m - 2 s~ '. 

It has the potential of reaching 6 x 10 3 3 c m - 2 s _ 1 without major reconstruction, as soon as 
multibunch operation can be mastered. The proposed accelerators consist of two parts. The first 
part, the main 1 TeV accelerator, is a classical travelling-wave linac in principle. Its operating 
frequency has, however, been increased from the customary value of 3 GHz to about 30 GHz, and its 
parameters have been chosen so as to give as much as 6% efficiency (from RF input to beam power) 
in single-bunch mode. Parameters for this mode of operation—the most conservative ones in this 
context—are shown in Table 6, column A. Energy recovery might double the efficiency; two bunches 
per beam pulse might permit doubling the accelerating gradient (Table 6, column B). A substantial 
increase in efficiency of a given linac might become possible by using a larger number of bunches 

Table 6 

Main linac parameters for two accelerating gradients. 
Parameters for one linac. 

Case A B 

Final energy eU (TeV) 1 1 
Frequency f (GHz) 29 29 
Average accelerating gradient Eo (MV/m) 80 160 
Total active length L t ot (km) 12.5 6.25 
Shunt impedance per unit length R ' (Mfl/m) 170 170 
Quality factor Q 4150 4150 
R ' /Q = r ' (kfl/m) 41 41 
Attenuation constant for power a 0.5 0.5 
Fill-time T (ns) 11.4 11.4 
Peak power per unit length P L / L (MW/m) 96 384 
Bunch population N 5.35 x 109 5.35 X 109 

Energy extraction per pulse r\ 0.08 0.08 
Number of bunches per pulse 1 2 
Repetition rate fr (kHz) 5.8 5.8 
Average RF power (PRF) (MW) 80 80 
Average beam power (Pb) (MW) 5 5 
Beam radius at collision a* (nm) 65 65 
Disruption D 0.91 0.91 
Pinch enhancement H 3.5 3.5 
Beam-beam radiation loss ô 0.19 0.19 
Bunch length az (mm) 0.3 0.3 
Luminosity (cm - 2 s ~ l) 1.1 X 10 3 3 1.1 X 10 3 3 

Fractional average critical energy T 0.28 0.28 
Normalized emittance en 03* = 3 mm) (rad m) 2.8 X 106 2.8 X 106 
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Table 7 

Table 6 modified for compensated multibunch operation. 
Parameters for one linac. 

Case A B 

Final energy eU (TeV) 1 1 
Frequency f (GHz) 29 29 
Accelerating field E 0 (MV/m) 80 160 
Filling factor for first bunch x 0.8 0.8 
Average accelerating gradient xEo (MV/m) 64 128 
Total active length L t ot (km) 15.6 7.8 
Peak power per unit length P L / L (MW/m) 96 386 
Bunch population N 5.35 x 10' 5.35 x 10' 
Energy extraction per bunch r/ 0.08 0.04 
Energy spread within bunch (%) 5 2.5 
Number of bunches per pulse b 6 11 
Repetition rate fr (kHz) 5.8 3.2 
Average RF power (PRF) (MW) 100 100 
Average beam power (Pb) (MW) 30 30 
Structure fill-time T (ns) 11.4 11.4 
Bunch interval Tb (not adjusted for integer Tbf) 0.456 0.228 
RF cycles between bunches Tbf ~ 13 ~ 7 
Beam pulse duration (b - l)rb (ns) 2.28 2.28 
Luminosity (cm - 2s~l) 0.6 X 10 3 4 0.6 X 10 3 4 

with bunch-to-bunch compensation of energy deviation (Table 7). Subsections 6.1 to 6.4 deal with 
the main linac. 

The second part of the accelerator proposed here is a drive system supplying 30 GHz pulsed RF 
power to the main linac. This system consists of a string of SC cavities—called the drive linac—a 
high-intensity drive beam of a few GeV energy, and a string of 30 GHz travelling-wave transfer 
structures coupled to the main linac. Following a general discussion of RF power converters and 
two-beam accelerators in subsections 6.5 and 6.6, this scheme is explained in subsection 6.7; 
drive-linac parameters are given in Table 8. The general problem of self-deflection and self-
deceleration by beam-induced wake fields is discussed in subsection 6.8. 

Table 8 

Case A B C 

Main-linac energy eU (TeV) 
Main-linac frequency f (GHz) 
Main-linac accelerating gradient Eo (MV/m) 
Main-linac active length L t ot (km) 

1 
29 
80 
12.5 

1 
29 
160 
6.25 

1 
29 
445 
2.24 

Drive-linac voltage gain Ui (GV) 
Drive-linac frequency f i (MHz) 
Drive-linac R over Q parameter r{ (Q/m) 
Drive-linac accelerating gradient Ei (MV/m) 
Drive-linac active length mL t ot (km) 
Drive-linac quality factor Qi 
Cryogenic input power (rjcr = 0.2%) (pi)/ijCr (MW) 

15 
350 
270 
6 
2.5 
5 X 10' 
33 

12 
350 
270 
15 
0.8 
5 x 10' 
67 

33.6 
350 
270 
15 
2.24 
5 x 10' 
186 
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6.1 Normal conducting linacs—Definitions 
It is now well established that copper structures, operated at the high microwave frequencies 

which are mandatory anyhow for minimizing stored energy, can withstand accelerating gradients of 
many hundred MV/m. Therefore, practicable accelerating gradients are determined by available 
peak power and consideration of average power efficiency rather than breakdown. Most of the 
discussion presented in this and the subsequent subsections will, therefore, be concerned with peak 
and average power. The following simple model will be used for this discussion. 

The linac is made of travelling-wave sections, each one of length L, obtained by coupling 
resonators to each other so as to obtain the phase velocity c at the desired operating frequency 
f = w/2ir. Each section is energized by a square power pulse of duration T and peak power PL. This 
makes a wave front propagate in the section with group velocity v. The parameters are chosen so as 
to make T the group delay or 'fill-time' of the structure, which means that 

TV = L . (8) 

The power is shut off when the wave front has reached the end of the section. At this moment the 
bunch to be accelerated (or the last one of a train of bunches) is made to pass. For simplicity v/c «̂  1 
will be assumed (although it may easily reach 10% in practice) so that the beam traverses a section in 
a time which is short compared to r, the dilution of the wave front due to dispersion will be 
neglected. Constant group velocity (i.e. a 'constant impedance structure') is assumed unless 
otherwise stated. Basic structure constants are the quality factor Q (the e-folding decay-time of stored 
energy measured in RF radians) and the 'R over Q per unit length' defined as 

R: = ^ Z L 
Q coW'(z)' w 

where E(z) is the accelerating field and W '(z) the stored energy per unit length at location z within a 
section. (Instead of r' the 'fundamental frequency loss factor' k 0 = a>r'/4 is often used.) The shunt 
impedance per unit length R' is defined by 

R' = J w § - <10> 
where P6(z) is the power dissipation per unit length. 

Finally a dimensionless attenuation constant a for stored energy may be conveniently defined by 

a = Qv = Q T - ( H ) 

If a given structure geometry is scaled to different wavelengths, 

Q « a T 1 / 2 , R'oco) 1 / 2 , r'oco), and T<XOJ~3/2. (12) 

The travelling-wave linac assumed throughout this paper has the great advantage of offering a 
matched load at a single feed point per section. At very short wavelengths (well below 1 cm say) 
individually fed resonators might be necessary. Such arrangements, which rely on a distributed power 
source and coupling device and entail power reflection during the fill-time, are outside the scope of 
this discussion. 

6.2 Normal conducting linacs—Basic parameters 
Clearly the peak input power PL per section must exceed E 2oL/R' for an average accelerating 

gradient Eo. As this power is very high, a normal conducting electron linac is always pulsed with a 
very small duty cycle. On the other hand, as the Q-factor is much too small to conserve any 
appreciable fraction of stored energy over a realistic repetition period, one is led to assume that the 
average RF input is roughly given by 

£ > . (13) 
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where (Pb) is the average beam power and 17 the fraction of stored energy extracted by the beam pulse. 
The beam power is given by 

(Pb> = bNfreU (14) 

and determines luminosity, b being the number of bunches per pulse, N the bunch population, fr the 
repetition frequency, and eU the final energy. The fraction of energy extracted 

bNecjr ' 
V = —£ ( 1 5> 

[from Eq. (9)] cannot be large, certainly not above 10%, if the beam's energy spread — about 
rj/2 — should remain acceptable or at least correctable. Note that 17 oc oi2/Eo (because r' « as) and that 
Eq. (15) contains only basic design parameters which have to be chosen just right in order to achieve 
the desired compromise between efficiency and energy spread. The requirement of making 77 
approach 10% for good efficiency leads to the choice of very high frequencies, much above the 
customary 3 GHz. 

In reality, dissipation during the fill-time is by no means negligible. If this is included the correct 
expression for the peak input power PL per section of length L is found as 

r - ¥ÔR"
 ( 1 6 ) 

where 

1 - e~a/2 

*—ih- ( 1 7 ) 

On the other hand, by combining Eqs. (14) to (17) the average RF power is found to be given by 

(PRF) = ^ (18) 
g V 

instead of expression (13). Thus, the RF to beam efficiency is 17g2. Clearly a compromise has to be 
made between economy in peak power and average efficiency by a suitable choice of a (and hence 
T = aQ/w). The classical choice is for the minimum of peak power occurring at a = 2.5 and 
[g~ 2cT Mmin = 1 -23. But this implies g~ 2 = 3.1 and, hence, an intolerable wastage of average power 
in the context of a large collider. Since average power is of basic importance here a smaller value of a 
must be chosen, in spite of the concomitant increase of peak power. For all numerical examples in 
this paper a = 0.5 (hence g - 2 = 1.28) will be chosen, implying that the peak power per section 
length is 2.56 times Eo/R', which is twice the minimum. The RF to beam efficiency is thus 0.78TJ. 

For the small values of attenuation constant proposed here the use of a constant gradient 
(graded group velocity) changes very little. In Eq. (16) the factor g 2a in the denominator is replaced 
by ao, the attenuation constant at the input. In Eq. (18) the factor g 2 in the denominator is replaced 
by ao/ln (1 - ao )~ '. But making PI,/(PRF) = 0.78ij as before (by choosing ao = 0.4) makes P L R ' / E O L 

= 2.50, only 2.4% below the value of 2.56 found above for a constant impedance structure. 
In Table 6 two examples of basic parameter sets are given. In both cases the frequency is 

29 GHz, the beam power 5 MW, the top energy (per linac) 1 TeV, and the bunch population N = 
5.4 x 109; these parameters give about 10 3 3 c m - 2 s~ 1 luminosity with a* = 65 nm beam radius and 
the rather modest pinch enhancement of 3.5. As the energy extraction per beam pulse is taken as 8%, 
the average RF input power per linac is equal to 80 MW in both cases, i.e. the RF to beam efficiency 
is 6.3%. In case A the combination of gradient, frequency, and bunch population leads to the desired 
energy extraction with a single bunch per pulse—the safest choice possible. In case B the gradient has 
been doubled to 160 MV/m, requiring a fourfold increase of peak power per unit length P L / L . 
Moreover, since an increase in frequency does not seem advisable because of the wake-field problem 
discussed under 6.8, two bunches per beam pulse have to be used in order to obtain the quoted 
efficiency. 
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A substantially lower value of frequency—at or below 10 GHz, say—would greatly alleviate the 
wake-field problem and facilitate the construction of the accelerating structure with acceptable 
tolerances. Also, the more conventional solution of multiple d.c. to RF power converters would be 
favoured (while the auxiliary beam system actually proposed below would be rendered difficult). 
However, as i; is proportional to w 2/E 0 , the common effort of many successive bunches (e.g. 8 at 
10 GHz) would be required already at 80 MV/m to achieve 8% extraction. This is not a good solution 
since it is not clear whether transverse wake fields and the final focus permit multiple bunches. And if 
such multibunching were to become possible, it would be very desirable to increase the total energy 
extraction per pulse considerably beyond 8% by means of the bunch-to-bunch compensation of 
energy errors described in subsection 6.3. One is led to conclude that the requirements of acceptable 
RF to beam efficiency and an accelerating gradient at least in the neighbourhood of 100 MV/m lead 
to the necessity of a short wavelength — about 1 cm—and that the possibility of using several 
bunches per pulse is desirable. 

6.3 High-efficiency operation 
The 6.3% RF to beam efficiency postulated in Table 6 is already above present-day routine. It is 

dependent on the achievement of high-energy extraction and short fill-time. A further increase in 
efficiency might be obtained by one of the two following methods. 

Firstly, the choice of a = 0.5 implies that, in the absence of beam loading, 60% of the input RF 
energy reappears at the output of the acceleration section. With r\ ~ 10% about 50% will be left so 
that a factor of 2 in efficiency could be gained if it were possible to recover this leftover energy and 
store it in a suitable way. The two-stage RF scheme described in subsection 6.7 holds the promise of 
doing just this without much extra expense. A more remote possibility might be a rectifying load. 
Conversion from microwave power to d.c. was in fact achieved [45] a decade ago, albeit with a 
continuous wave at the level of tens of kilowatts, with about 80% efficiency. 

Secondly, a more substantial increase of efficiency may be obtained by employing a train of 
bunches distributed over a certain fraction of the fill-time T. The charge of each bunch is limited by 
the maximum value of i\ and concomitant energy spread, but the bunch interval is adjusted so that 
the fresh influx of RF energy restores the average accelerating field from bunch to bunch [5, 46]. In 
order to operate a given linac in this way one may send the first bunch after a time x?" when the 
propagating wavefront has filled the fraction x of the accelerating structure. Clearly, this reduces the 
final energy by the same fraction (or necessitates lengthening of the entire installation by x~ ') and 
X = 0.8 (say) may be an acceptable choice. It turns out that rb = rjr/2 is the right bunch interval for 
first-order compensation of the bunch-to-bunch energy difference. The last bunch is passed after a 
time T when the wavefront has reached the end and this makes the number of bunches b equal to 
1 + 2(1 - xVv- For x = 0.8 and rj = 0.08, b = 6. 

Table 7 shows the two linacs of Table 6 extended by 25% in length and operated in compensated 
multibunch mode. Case B illustrates the flexibility of this scheme in accommodating higher 
accelerating gradients without increase of operating frequency or decrease of RF to beam efficiency 
which is as high as 30% in both cases listed. 

Two classes of fundamental problems must, however, be solved before compensated 
multibunching can be attempted. Firstly, a final-focus scheme must be found that can cope with 
multiple bunch crossings starting at a few centimetres' distance from the main collision point. 
Secondly, higher-order longitudinal wake fields must be minimized and their time dependence tuned 
in such a way as to make the bunch-to-bunch variation of the effective accelerating field tolerable. 
Modulations of input power, bunch population, or bunch interval rb might be elements of freedom. 
Contrary to the energy spread within the bunch, the residual bunch-to-bunch energy variation is 
probably not a monotonie function of time and, hence, it is difficult to correct. 

6.4 Accelerating structures 
Of the three structure constants defined above R' determines the peak power, r' the energy 

extraction, and Q the fill-time. Achieving the largest possible values is, therefore, important in all 
three cases. The values listed in Tables 6 and 7 are obtained from scaling SLAC-type disk-loaded 
structures and are likely to represent the very best available in practice. Disk-loaded structures for 
about 1 cm wavelength have, indeed, been manufactured and tested [47]. Unfortunately, if such a 
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structure is directly scaled from the customary dimensions at 3 GHz the low group velocity—of the 
order of v/c = 0.01—leads to the inconveniently short section length of about 3 cm for the short 
fill-time required here. Larger values of group velocity can be obtained, albeit at the cost of a 
moderate deterioration of R' and r' , by increasing the coupling aperture and this would also be very 
effective in reducing the wake fields. 

Structures with even higher group velocity can certainly be built. The jungle gym structure is the 
most extreme example though one that does not seem to lend itself well to the very small transverse 
dimensions (5 mm diameter) required here. Several variants of related (bar-loaded) structures are 
being studied at CERN [47] with a view to linear-collider application, but preliminary results indicate 
that good shunt impedance cannot be obtained for the large beam apertures which are required 
because of the transverse wake fields discussed in subsection 6.8. 

At the average power levels discussed here, rather intense water-cooling will be required. It is 
likely that the entire accelerating structure will have to be surrounded by tightly fitting, permanent 
magnet quadrupoles in order to cope with transverse wake fields. The manufacturing tolerances of a 
1 cm disk-loaded structure are in the micrometre range [48] and similar tolerances are likely to be 
required for transverse alignment of structures and quadrupoles. 

6.5 RF power converters 
With linac parameters such as those shown in Tables 6 and 7 a very serious problem is the 

generation of peak RF power. The conventional solution is to power each linac section—or small 
group of sections—by an individual d.c. to RF power converter, each one containing its own pulsed 
high-voltage input, cathode, electron gun, RF structure, and collector. 

The main limitation is in the electron gun, where d.c. power must be converted to kinetic energy 
of electrons whose initial velocity is very low. Clearly the peak output power cannot exceed the 
product of input voltage, cathode-current density, and cathode area. The voltage is limited by 
breakdown, 0.5 MV now being considered an ultimate limit in practice. The limit for current density 
is given by space charge. In steady state and for a narrow gap the current density is inescapably 
determined by 'Child's Law' as 

2.3 x 1 0 - 6 V 3 / 2 d ~ 2 , (19) 

where V is the voltage and d the gap width. A different geometry and the shortness of the pulse 
modify this, but a basic limitation remains. The cathode dimension is related to the wavelength X, 
which means that the output power of a given design tends to scale with X2. Impressive quantitative 
progress is, however, being made using beam compression after the cathode, overmoded RF cavities 
to interact with the beam or, possibly, distributed RF structures. 

The classical pulsed klystron has reached output powers [49] above 100 MW at 3 GHz but the X2 

scaling does not make this look promising for an order of magnitude higher frequency. Laser-driven 
optical cathodes will permit generation of the RF beam structure as well as the pulse envelope by 
suitable modulation of the laser, leading, in principle, to a very compact design not requiring an 
external modulator. Such lasertrons are being developed at SLAC, KEK, and LAL Orsay. The 
expectation that optical cathodes can be applied to distributed RF structures has led to the concept of 
the Micro Lasertron [34]. For frequencies much above 3 GHz the most advanced solution at the 
present time is the gyroklystron. The longitudinal bunching of the normal klystron is replaced by 
gyration of the electrons at the cyclotron frequency in a longitudinal magnetic field and 
consequential bunching in transverse phase space. The gyrating electrons interact with TE-mode 
cavities of large aperture [50]. 

In the likely event that a given power source produced insufficient peak power but more than the 
necessary pulse length, pulse compression may be applied. The most promising scheme is the Binary 
Pulse Compression one [51]. Power sources are used in pairs and their outputs are combined in a 
hybrid junction possessing two inputs and two outputs. A phase reversal in the low-power drive of 
one of the power sources, half-way through the pulse, switches the power from one output to the 
other, so that power pulses of half the original duration appear successively at the two outputs. 
Delaying one of these pulses with respect to the other and recombining them in another hybrid 
junction creates the desired output of double power and half pulse length. 
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In spite of all these developments it does not appear easy to power a 1 + 1 TeV RF collider with 
individual d.c. to RF converters. Column A of Table 6 indicates a total peak power of 2.4 TW at 
80 MV/m gradient, necessitating many thousands if not tens of thousands of power converters. And 
this number would increase in inverse proportion to the accelerator length if this were shortened by 
using a higher gradient. The auxiliary beam schemes described in the next two subsections are 
inspired by these considerations. 

6.6 Two-beam accelerators 
Instead of the multitude of pulsed d.c. generators, cathodes, and electron guns, a continuous 

drive beam running along the main linac (or at least a good fraction of it) may be employed. The 
drive beam supplies energy to the main linac at regular intervals via transfer structures. The 
drive-beam energy is restored, at the same or different intervals, by accelerating structures forming a 
'drive linac'. Free electron lasers (FEL) and direct RF decelerating sections have been proposed as 
transfer structures, induction units and superconducting RF accelerating cavities as drive linacs. 
These possibilities will be discussed in this and the following subsection. 

The first auxiliary beam scheme was proposed by Sessler [52, 53] under the name of Two-Beam 
Accelerator (TBA). This is also the scheme that has, so far, seen the most extensive experimental 
development. In the TBA the drive linac is formed by induction units, which are driven by spark gaps or, 
preferably, which are saturable induction devices [54]. The transfer devices are tapered FEL wigglers 
delivering RF power at 1 cm wavelength to a continuous rectangular waveguide from which it is coupled 
to the main linac (consisting of disk-loaded sections running at very high gradients) at regular intervals. 
Among the impressive results achieved so far are the attainment of well over 1 GW RF power at 35 GHz 
from a FEL section, the fabrication of 35 GHz disk-loaded accelerating sections and corresponding 
feeder waveguides, and the actual attainment of 180 MV/m accelerating gradient [47]. 

A basic feature of the FEL transfer structure is the limitation of drive-beam energy to values 
below 100 MeV due to the fact that the generated wavelength is proportional to y~ 2 times the wiggler 
wavelength. As the drive beam is only moderately relativistic the phase slip with respect to the main 
beam and the possibility of phase modulation causes problems. A variant of the TBA, the Relativistic 
Klystron [55], replaces the FEL units by decelerating cavities directly extracting energy by the action 
of longitudinal fields on a bunched drive beam. It would appear that maintaining the induction units 
as a drive linac still limits the drive-beam energy and the total drive-linac voltage gain for economic 
reasons. 

6.7 Two-stage RF schemes 
The drive linac of an auxiliary beam system may be formed by RF cavities. Since efficiency is of 

paramount importance here and energy extraction is again limited by energy spread, the RF drive 
linac has to be superconducting. This, however, is quite acceptable provided the drive linac's gradient 
and operating frequencies are made sufficiently low. Since the superconducting drive linac is being 
run in c.w. regime, d.c. to RF power conversion can be accomplished with large (1 to 2 MW per unit) 
high-efficiency klystrons of proven design. The beam repetition rate is determined by pre-injector 
considerations only and can be very high (above 5 kHz), as is indeed required for high luminosity. 
The possibility of energy recovery from the main linac is an additional advantage. 

Energy transfer to the main linac may be via FEL units [15] or RF decelerating sections [21]. The 
former solution requires bunching of the drive beam at the (low) drive frequency only, but limits the 
drive-beam energy to below 100 MeV just as in the TBA case. The latter scheme requires the drive 
beam to be very tightly bunched at the main linac frequency. However, it opens up the possibility of 
GeV drive-beam energies, thus eliminating all phasing problems. Proper phasing of several tens of 
thousands of main linac sections is automatically assured by the highly relativistic drive beam, all 
adjustments of drive power, phase and timing being carried out at the drive-beam pre-injector. 

In either case the basic scheme is that shown in Fig. 4. The mains input power is converted to RF 
power at UHF by means of large c.w. klystrons and distributed via low-cost sheet-metal waveguides 
at atmospheric pressure. The klystrons deliver power to a series of superconducting cavities very 
similar to those developed for circular e + e" colliders at CERN [56] and elsewhere. Drive-beam pulses 
of a duration equal to the main linac fill-time T have their energy periodically restored by passing 
through this superconducting drive linac. 
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Fig. 4 Two-stage linear accelerator, composed of a superconducting c.w. drive linac at ultra-high frequency and a 
microwave main linac 

Energy conservation along the drive beam demands that the 'transformer ratio', i.e. the ratio of 
the accelerating gradient, Eo, in the main linac to that, Ei, in the drive linac, be given by 

Eg 
E i 

•qirizmg 
co2 

oc—2- , 
aurf u i 

2 w r (20) 

where ru is the energy extraction in the drive linac, 172 the transfer efficiency, m the fraction of main 
linac length occupied by drive sections (an economic choice), o>i/2?r = fi the drive frequency, and rf 
the drive linac 'R over Q' per unit length. Introducing the superconducting cavities' quality factor Qi 
one finds 

(Pi) = 
EoU wi 

wr'g QIÎJIÏ/2 
(21) 

for the drive-linac dissipation determining the input to the cryogenic system via the overall cryogenic 
efficiency rj c r. Note the absence of m or Ei in Eq. (21), and the importance of keeping fi low. An 
interesting choice may be 350 MHz, the frequency of the superconducting cavities for the second 
stage of LEP. In fact, these cavities could be used at their present state of development without any 
change. 

Table 8 gives a few drive-linac parameters. The first column is for the main linac of case A of 
Table 6. The corresponding drive-linac parameters, Ei = 6 MV/m and Qi = 5 x 109 at 350 MHz, 
are present-day performances [56]. The second and third columns show the impressive improvement 
which can, in principle, be expected from an increase of Ei to 15 MV/m, a development that is, in 
fact, likely to occur within a few years' time. Clearly case C is an extreme example but one that 
illustrates the ultimate potential of this method of peak power generation. Multiple bunches are 
definitely required in the main linac in this case. Since the drive linac and main linac have the same 
length, two drive beams, each equipped with half the drive-linac sections, must be made to run along 
either side of the main linac, powering it alternately from the left and from the right. 

If the energy transfer to the main linac is by direct deceleration in an RF transfer structure, the 
drive-beam energy can be raised to a few GeV (3 to 5 GeV, say) by a modest addition to the 
superconducting drive linac. This would assure rigid drive bunches and the absence of any phase slip. 

The required drive charge, unfortunately, is rather large and it has to be bunched. To be 
synchronous with the drive wave there must be ni = rfi bunch trains (ni = 4 for the parameters 
chosen). To be synchronous with the main linac each of the ni trains must consist of b bunchlets at 
f ~ ' intervals. In order to match the buildup of voltage in the transfer structure, the bi bunchlets must 
coincide with the rising slope of the sinusoidal drive wave as shown in Fig. 5. The charge per drive 
bunch is given by 

eNi = 
4TT 2 EoU 

1 - cos<£ag oR'i^Ui 
(22) 
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where #/2«- = b t#i/« is the fraction of the drive wave over which the bi drive bunches are 
distributed. 

For the parameters of the first cotoran of Table 8 and # = */2, bt = 10 and each bunchiet has 
to contain a population N i = 4 x 10" (within about 1 MM bunch length). Phase modulation of the 
bunch train 157] permits matching of the energies received from the drive linac and delivered to the 
transfer structure over as much as half a drive period. This brings about a reduction of the 
population to 6 x 10w but necessitates a larger number (bi = 40) of shorter bunchlets. In either case 
the generation aad acceleration to relativistie energies of the very dense and multiple drive bunches 
appears to be the main difficulty with this scheme, a difficulty, however, that is confined to the 
injector, 
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Fig. S Matching of transfer voltage in a two-stage RF scheme with RF transfer structure 
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The transfer structures can take the form of short travelling-wave sections, each one coupled to 
the input of a corresponding main section via a short length of waveguide. The group delay of a 
transfer section TI should be approximately equal to ff 1 for continuous power flow. The required R' 
over Q of the transfer structure is given by 

r ' = ^ ( 2 g , 2 n i ^ - s i n | ) 2 , (23) 

where V2 is the group velocity of the transfer structure. The required impedance, r ' , of the transfer 
structure turns out to be very low, less than 1% of the main linac r ' for the parameters chosen. This 
is fortunate since it will permit the design of a structure with large enough aperture to cope with the 
longitudinal and transverse wake fields due to the intense drive beam. Figure 6 shows the scaled-up 
model of a transfer structure which is being studied at CERN [58]. 

Connecting the output port of each main accelerating section to an input of the following 
transfer section permits recovery of the leftover stored energy after the beam passage and, hence, a 
gain by a factor of 2 in power economy, as pointed out in Section 5. To do this, a recovery pulse has 
to follow the drive pulse. It has to be phased for acceleration in the transfer structure, deceleration in 
the drive linac, and a reversal of the matching process. 

6.8 Wake fields 
Each bunch induces longitudinal- and transverse-deflecting wake fields as it passes through the 

accelerating structure. The wakes left behind by leading particles act on the trailing part of the same 
bunch. Longitudinal wakes lead to energy loss and energy spread. Dipole wakes may amplify the 
amplitude of accidental transverse oscillations (due to misalignment of accelerating structures or 
quadrupoles) so as to cause severe emittance blow-up or even beam loss. 

For axially symmetric structures fairly accurate computations of longitudinal and dipole wakes 
are available [46, 59]. They are based on the superposition of many modes of cavity resonance 
completed by extrapolation to very short wavelength with the help of an optical resonator model. 
The longitudinal point-charge wake (in V-A~1 s~x of energy loss per cell and unit of charge) starts 
with a very high value and comes down steeply with increasing distance (given in ps) from the 
inducing charge. The dipole point charge wake (in V-A~ l s~l m~* of transverse energy per cell and 
unit dipole moment of excitation) rises from zero to a maximum a few picoseconds later. Folding 
these curves with a Gaussian charge distribution and integrating, one obtains the longitudinal and 
transverse wake potentials, W||(s) and W x (s) at position s within the bunch. 

In the absence of any spread in transverse-oscillation frequency within the bunch the action of 
transverse wakes is absolutely fatal, as any accidental oscillation at the entry of a long linac is 
amplified by an enormous factor (typically 107). 

The situation can, however, be saved by introducing an energy spread within the bunch (or by 
tolerating the energy spread due to longitudinal wakes) so as to create a spread of transverse-
oscillation frequencies via the energy dependence of focusing [60, 61]. If the combination of energy 
spread and focusing strength is below a certain critical value, the wake-induced blowup of an initial 
oscillation is only reduced—helpful but not sufficient in practice. If, however, energy spread and 
focusing strength are strong enough to fulfil a criterion [60-62] given by 

eNWxejz = 2£dU/X2

J, (24) 

the wake fields provide damping at the centre of the bunch and any blowup is avoided. In Eq. (15) 
W ± is the slope of the wake field within the bunch (it is approximately constant within ± a z, the 
r.m.s. length of the bunch), Xp is the wavelength of transverse oscillations divided by 27r, and d is the 
fractional energy deviation (assumed linear over the bunch) at az. The particle energy is eU and - £ is 
the chromaticity of the focusing system, near unity in all practical cases. Note that it is U/X2 that 
matters. This means that the criterion is simultaneously fulfilled all along the linac if X is made to 
grow with VD by maintaining constant quadrupole strength. For W x = 4.8 x 10 2 1 V-A~ ! s~ l m~ 3 

(transverse energy gain per dipole moment, per running metre of linac, per distance s behind the 
bunch head), N = 5.35 x 109, £ = 1.27, CTZ = 0.3 mm, and d = 1.3%, one finds U/X| = 19 GV/m 2 

corresponding to a focusing wavelength 2TX = 3.2 m at 5 GeV. This means very strong focusing, but 
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is probably just feasible by means of small-aperture permanent-magnet quadrupoles surrounding the 
accelerator structure. The assumed value of W x corresponds to a scaled SLAC structure with 
2.3 mm holes. In reality, somewhat larger holes may be necessary for acceptable group velocity (cf. 
subsection 6.4), making the situation more favourable at the expense of some loss in shunt 
impedance. Extensive computations [59] carried out at CERN for CLIC and computations [63] 
carried out in the USA for TBA parameters essentially confirm Eq. (22). 

The very strong focusing required to stabilize the wake fields leads to extremely tight alignment 
tolerances for the quadrupoles, and the large momentum spread is deleterious for the final-focus 
system. Two ways of alleviating these problems are being studied at present. 

The first method [64] consists of combining a beam where emittance is much larger horizontally 
(say) than vertically, with an RF structure whose apertures have the form of vertical slits. In the 
horizontal direction the wake fields necessitate very strong focusing but the large emittance makes the 
tolerances for quadrupole alignment and jitter manageable. In the vertical direction the emittance is 
small but wake fields are weak, and the focusing also can be weak (i.e. the amplitude function is 
larger vertically than horizontally). 

The second proposed method [65] also relies on RF structures with slits as apertures but for a 
different purpose. The asymmetric apertures give the e.m. fields a strong transverse quadrupole 
component. By orienting the slits alternately vertically and horizontally an RF FODO structure can 
be created, alone or in conjunction with conventional quadrupoles. Among the advantages of such 
schemes is the possibility of creating a large spread in transverse oscillation frequencies — as required 
for stabilizing transverse wake fields—without much energy spread and without excessively small 
values of the transverse wavelength itself. Pure RF focusing also permits the particle energy to be 
changed over a large range simply by varying the peak power, the quadrupole strength adapting itself 
automatically. With permanent-magnet quadrupoles the requirement of covering a wide range of 
final energy poses a problem. 

7. CONCLUSIONS AND RECOMMENDATIONS 
The size and scope of modern accelerator facilities results inevitably in a long lapse of time 

between the initial concept of a new project and the first use of the facility for experimentation. 
Typically this time has been 10-15 years in the recent past, partly in view of the technical 
complications, but equally because of the long and careful political evaluations needed for the large 
financial commitment. 

Such long time lapses give a strong incentive to start the analysis of possible future projects on 
the basis of rather daring assumptions about the feasibility of the latest innovations and advanced 
technology. It was in this spirit that the CLIC Advisory Panel conducted its analysis, modifying some 
of the intuitively-based starting assumptions as the work proceeded. 

It was recognized from the start that the objective of the Panel, which was to make some 
judgement on profitable lines of study for a linear collider of about 1 + 1 TeV and luminosity of 
10 3 3-10 3 4 c m - 2 s~ ', was a very demanding one in the light of the present incomplete understanding 
of the problems and the limited size of the group. 

Initially, most ideas and suggestions that might be relevant were presented and discussed as 
reflected in the first five sections. However, as the requirements for a credible collider became 
clearer, attention was focused more specifically on one particular device. Though unconventional, 
and presenting many new problems, this was the concept showing the least departure from existing 
technology, namely the 30 GHz linac powered by a superconducting drive linac described in 
Section 6. 

The choice of energy for the study is constrained by the difficulty of scaling the energy upwards. 
The main reason for this is that point-like cross-sections scale with the inverse of the energy squared, 
meaning that the luminosity requirements may become prohibitive if one tries to scale the energy 
upwards by a substantial factor. This choice is, of course, based on our present knowledge both of 
the physics processes involved and the technology we can expect to apply. Scaling by a factor of 
about 2 may, however, be within the uncertainties. When more is known about the properties and 
potential of the recently discovered superconducting materials (and perhaps even better materials 
resulting from that development), it may be possible to upgrade expectations both in luminosity and 
energy. 
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Scaling downwards is, of course, much easier. This points towards an attractive feature of linear 
colliders: they can be constructed in stages, although the early stages may then not be optimized for 
their energy since the parameters of these early stages will be determined by the final energy 
projected. 

Progress beyond this initial study towards an outline design of a complete system would require 
considerable further effort, with several full-time staff and many part-time specialists devoting a 
substantial amount of time and effort to both theoretical and experimental studies. 

For this reason our Panel recommended already in its Status Report of spring 1986 [66] that 
'CERN should create very soon a self-contained unit consisting of a few full-time staff, some 
part-time staff, and visitors'. It is with satisfaction that we have learnt that the CERN Management 
has taken a first and important step in this direction by appointing one of the members of our Panel 
(Schnell) as coordinator for future CLIC studies, to continue and enlarge the effort the Panel has 
started. 

Such a study will need to perform experimental tests of concepts and relevant techniques, for 
which an adequate materials budget should be provided. A first estimate of a possible spending 
profile gives 3,6, and 9 MSF/y for the first three years of such a programme (salaries not included). 

With such support, a Study Group may be able, within 3-5 years, to establish the feasibility of 
the scheme based on ideas presented in Section 6 and also to provide solutions of the outstanding 
problems related to emittance shaping, final focus, tolerances, etc. 

However, as stated already in the Introduction, the other schemes described in Section 5 offer on 
a longer time scale promises that should not be neglected, and sufficient effort should therefore also 
be devoted to such more speculative schemes. 

Despite the substantial technical challenges to be faced, we have strong confidence that effective 
practical solutions will be found and that therefore linear e + e~ colliders may provide one of the ways 
for Europe to maintain its leading position in elementary particle physics. 
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APPENDIX A 

ORGANIZATION OF THE ACTIVITIES OF THE CLIC ADVISORY PANEL 

At its meeting in February 1985, the CERN Council asked Professor C. Rubbia to chair a Long-
Range Planning Committee (LRPC) with the following membership: G. Brianti, P. Darriulat, 
G. Ekspong, C. Rubbia, J. Sacton, A. Salam, S. van der Meer, S.C. Ting and G.A. Voss. 

At its first meeting on 5 June 1985, the LRPC decided to create three Advisory Panels. The first, 
chaired by G. Brianti, would be a continuation of the Committee on a Large Hadron Collider 
(LHC). The second, chaired by K. Johnsen, was asked to explore new ideas for e +e~ colliders in the 
TeV range. The third, chaired by J. Mulvey, was asked to look at physics aspects, particularly 
instrumentation that would be needed. 

The authors of the present report are the members of the second Advisory Panel. 
This Panel held regular progress meetings approximately once a month. A number of additional 

technical meetings, with wider participation, were also organized, in which specific ideas and 
proposals were discussed in detail. Various specialists who might be able to contribute were invited to 
these meetings. 

List of people who participated in these discussions: U. Amaldi-EP, S. Aronson-EP*\ 
J.E. Augustin-EP, J.S. Bell-TH, D. Boussard-SPS, P. Bramham-PS, F. Caspers-PS, L. Evans-
SPS, T. Garvey-LEP, G. Geschonke-LEP, W. Hardt-PS, H. Haseroth-PS, H. Henke-LEP, 
A. Hofmann-LEP, K. Hubner-LEP, K. Johnsen-LEP, J. Lawson-LEP**\ H. Lengeler-EF, 
S. Myers-LEP, B.W. Montague-LEP, C. Pellegrini-LEP**, H. Riege-PS, L. Rifkin-PS x ) , 
F. Ruggiero-LEP, W. Schnell-LEP, S. Tazzar i x x ) , S. van der Meer-PS, W. Willis-EP, 
E.J.N. Wilson-PS, I. Wilson-LEP, P. Wilson-LEP x ) , B. Zotter-LEP. 

It must be emphasized that nearly all the people involved in both the progress meetings and the 
technical meetings had other heavy commitments, so that many topics could not always be 
adequately followed up. 

Many of the contributions were written up as a series of CLIC Notes listed in Appendix B. 

*) Also at Brookhaven Nat. Lab., Upton, NY (USA). 
**) Also at Rutherford Appleton Lab., Didcot, Berks. (UK), 
x ) Also at Stanford Linear Accel. Center, Stanford, Calif. (USA), 

xx) Laboratori Nazionali di Frascati (Italy). 
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APPENDIX B 

CLIC NOTES 

No. Title Author(s) Date 

4 

5 

6 

7 

Linear collider constraints: some implications for 
future accelerators 

TeV electron-positron collisions with 
luminosities of 10 3 4 cm - 2 s _ 1 using the CERN 
tunnels for the damping rings 

Improving the power efficiency of the plasma 
wake-field accelerator 

Dissipation versus peak power in a classical linac 

Some ideas about space-charge compensation in 
linear colliders 

Energy extraction from a structure 

Consideration of a two-beam RF scheme for 
powering an RF linear collider 

8 Electron-positron colliders in the TeV region 

9 Radiation reaction effects in high-energy 
electron-positron colliders 

10 Energy loss of bunches in plasma 

11 Multi-bunch non-disruptive focusing in linear 
colliders 

12 Note on the disruption parameter 

13 A two-stage RF linear collider using a 
superconducting drive linac 

14 Approach towards fully-plasma-loaded 
electron-positron colliders 

15 Electron-positron colliders with superconducting 
cavities 

16 Linear colliders driven by a superconducting 
linac FEL system 

17 Multi-bunch self focusing for linear colliders 

18 Collinear wake-field accelerators 

19 Status report from the CLIC Advisory Panel 

20 The TAL/Imperial College plasma beat-wave 
experiment 

21 Optimized drive bunches for a two-stage RF 
linear collider 

22 An analytical criterion for the onset of transverse 
damping due to wake fields in a linear accelerator 

J.D. Lawson 30.08.85 

U. Amaldi 27.06.85 

S. van der Meer Nov. 85 
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