and perhaps t-quarks, and make the
observation of the Higgs boson possible.
Until this particle has been definitely ob
Open Problems
served, we cannot claim to understand
The fact that all particle interactions where Wand Zget their mass from.
are described with the same type of
Short distance processes, where per
Yang-Mills theory leaves ample ground turbative QCD can be applied, are only
to suspect that a further embedding of the tip of an iceberg made by the wealth
the Standard Theory into a more unified of data from non-perturbative processes
structure is needed. The peculiar ab (hadronic spectra, cross-sections etc.).
sence of gravity inthe present scheme is The present, most promising approach
another valid reason.
to non perturbative QCD is computer
It must be stressed, however, that simulation of the theory on a discrete lat
there still remain many areas, within the tice. Aside from practical results, it is
theory itself, which need further theore hoped that the large efforts being made
in this direction will give valid clues for a
tical and experimental investigation.
A definitive consequence of the way more direct and analytic approach.
the electroweak symmetry is broken is
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The Evolution of Particle
Accelerators
Bryan W. Montague, Geneva
(CERN)

Over the past forty years or so, par
ticle accelerators have undergone tre
mendous developments, both in energy
and in design subtlety. Each energy re
gion explored has revealed new features
of the structure of matter, but has also
raised further questions that required
higher energies for their elucidation.
Progress in this field has come about
both by major conceptual advances and
by a steady evolution in theoretical
understanding and applied technology.
The phase-stability principle and the in
vention of alternating-gradient focuss
ing had a major and lasting impact, and
the concept of colliding beams has be
come indispensable for elementary-par
ticle physics at the higher energies.
It had been recognised early on that,
in collisions between particles of equal
energy moving in opposite directions,
the combined energy of both particles is
available for the reaction. This contrasts
with particles incident on a fixed target,
where much of the energy goes into
moving the centre of mass. However, to
4

exploit the kinematical advantage of col
liding beams requires high beam densi
ties in order to obtain adequate interac
tion rates or, in other words, sufficient
luminosity. Bythe 1960'sthe understan
ding of accelerator beam dynamics to
gether with advances in the technology,
made it possible to build useful collidingbeam facilities. By this time also their
introduction was becoming really ne
cessary because of the size that accele
rators had reached.
In the past fifteen years, collidingbeam physics has been pursued in sto
rage rings of roughly circular shape.
These machines fall into two main cate
gories, electron-positron colliders and
hadron colliders, the latter producing
proton-proton (p-p) or proton-antiproton
(p-p) collisions. Both types obtain suffi
ciently high beam densities by the
accumulation of many injected bunches
of particles. Production of anti-proton
beams of sufficient density became
possible thanks to a major innovation,
namely stochastic cooling. This relies

Fig. 1— Transverse momentum distribution
of the W produced in p-p collisions at the
CERN collider; PW
T is the W-momentum
transverse to the beam. The experimental
points are from the UA1 collaboration. The
continuous line is the QCD prediction, nor
malized to the total number of events, in
cluding the experimental resolution and
cuts. The theoretical prediction is computed
with the structure functions of Duke and
Owens, DO1, see ref. 2.

on progressively applying correction
signals derived from average measure
ments over a cross-section, to a circu
lating beam in which continuous mixing
of the particles occurs. The net result is a
reduction in the relativespread as the
beam cools.
Future Needs of High-Energy Physics
Accelerators in the future will be colliding-beam machines either for elec
trons (e+- e- ) or for hadrons. The diffe
rence between these is significant in
several respects. First the point-like na
ture of electrons yields very "clean" phy
sics with relatively little background,
and the full energy of the collision is
available for producing other particles
and states. In contrast, the quark struc
ture of hadrons leads to much of the col
lision energy appearing in the form of
rather uninteresting "soft" interactions,
making the "hard" quark-quark colli
sions less numerous and more difficult
to investigate. Consequently, electron
colliders are desirable for detailed preci
sion measurements of high-energy pro
cesses, whereas hadron colliders have
certain advantages for making new
discoveries.
For future electron colliders we shall
have to abandon the circular storage
ring shape because of energy loss
through synchrotron radiation, which in
creases with the fourth power of the
energy. The Large Electron Positron
(LEP) machine under construction at
CERN, with a circumference of 27 km

and an ultimate energy of 100 GeV per
beam, is almost certainly the last of its
kind. To reach centre-of-mass energies
substantially beyond 200 GeV in e+- ecollisions we have to turn to linear colli
ders, where particles are accelerated
along essentially straight trajectories.
This introduces some serious practical
problems and limitations, which we shall
discuss later.
Circular hadron colliders are still a
viable option for future high-energy phy
sics, at least for some years to come.
Although they require a factor of about
ten higher energy as compared with
electron colliders of equivalent physics
potential, they have negligible synchro
tron radiation and their construction in
volves a less dramatic extrapolation of
known techniques. The use of super
conducting magnets on a large scale is
already under way in the proton ring of
the HERA electron-proton collider at
Hamburg (Fig. 1). Fields as high as 10
tesla can now be foreseen with con
fidence, and a Large Hadron Collider
(LHC) could be built in the LEP tunnel to
provide hadron collisions at around 17
TeV in the centre-of-mass. In the USA a
more ambitious Superconducting Super
Collider (SSC) of 20-40 TeV is under
study. At even higher energies, satura
tion of the detectors may make hadron
machines unusable, and e+- e- linear
colliders would become indispensable
for further progress.
Linear Colliders
Linear accelerators, or linacs, have
been in use for many years; they accele
rate bunches of particles by means of
radiofrequency fields in resonant cavi
ties or waveguides. Two linacs placed
end-to-end can be arranged to produce
head-on collisions between electron and
positron bunches at an interaction re
gion between the two machines.
Although simple in concept, e+- elinear colliders start off at a basic disad

vantage with respect to storage rings,
namely that any two bunches can col
lide only once rather than undergoing
encounters on successive revolutions
for several hours. To overcome this limi
tation we have to increase the time-ave
rage density of particles at the collision
point by increasing the beam current, by
reducing the beam emittance and by
focussing the colliding beams down to
an extremely small cross-section. High
beam currents lead to heavy power
demands on the radiofrequency driving
system, and the power conversion effi
ciency becomes a crucial issue. Redu
cing the emittance requires special dam
ping rings, which decrease the beam
size by synchrotron-radiation damping,
thus increasing the brightness. Tight
focussing has already been widely ex
ploited in storage rings and highly un
conventional methods are required to
make further substantial gains in lumi
nosity. The problems are compounded
by the need to achieve even higher lumi
nosities at higher energies, since the
point-like cross-section for electro-weak
interactions decreases with the square
of the energy.
One approach to the problem of fo
cussing in the interaction region is to
make use of the space-charge forces ac
ting between electron and positron bun
ches. These forces are mutually focuss
ing and, with sufficient bunch intensity,
can pinch the beams into a small crosssection within the interaction length.
The luminosity can thereby be enhanced
by a factor of about five or six, but can
not be pushed any further because of
plasma instability. Near the limiting re
gime the forces are highly non-linear and
the bunch quality is degraded. In addi
tion, the beam-beam synchrotron radia
tion, inelegantly dubbed "beamstrahlung", increases the spread of particle
energies inthe collision region, introduc
ing uncertainties in the kinematic recon
struction of events.
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Fig. 1 — Section of the dipole magnet
developed at DESY for HERA with very low
heat loss. Over 9m long they give more than
5T of homogeneous field.

These problems of interaction-region
beam optics present a formidable chal
lenge to accelerator designers. However
we should not be discouraged, since we
are entering a new and unfamiliar field of
machine parameters. The theoretical ef
fort now being devoted to these topics,
together with the experimental results
anticipated when the Stanford Linear
Collider (SLC) comes into operation,
should resolve many of the problems.
Linac Requirements
Although the general principles of
linear accelerators are very well under
stood, the requirements of high-energy
colliders with high luminosity bring us
into a new regime. The detailed interplay
of the various factors is very complica
ted but the more important features can
roughly be summarised as follows.
High energy implies high accelerating
fields if the linacs are not to be unreaso
nably long. What used to be a very res
pectable energy gain of 20 MeV/m
would require 100 km length for a 1 TeV
+ 1TeVcollider! Accelerating fields can,
however, be pushed up to around 100
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MV/m, even at the conventional radio
frequency wavelength of 10 cm, but at
the expense of increased power loss. For
higher accelerating fields we have to go
to shorter RF wavelengths, in order to
avoid electrical breakdown in the acce
lerating cavities. However at wave
lengths below about 1 cm it becomes
difficult to construct RF power genera
tors of sufficiently high power and effi
ciency.
In view of focussing limitations at the
interaction region, high luminosity re
quires high beam currents and therefore
high beam power, which has to be provi
ded by the stored energy in the RF acce
lerating structure. Both fundamental and
technological considerations limit the
efficiency of this energy transfer, which
becomes a crucial practical issue for
high-energy linear colliders. In particular,
high peak beam currents induce wake
fields in the accelerating cavities which
degrade the quality of the beam. These
wake fields are analogous to the tur
bulent wake left by a fast boat, and arise
from the interaction between the charg
ed beam and conducting boundaries.
They are of special concern at the
shorter wavelengths, where the cavities
are necessarily of small transverse
dimensions, which in itself poses pro
blems of fabrication and tolerances.
Solutions for the Future
Many ideas have been put forward for
dealing with the problems of accelera
tion to very high energies, and several
workshops on these topics have been
held in Europe and in the USA; the pro
ceedings of these are listed in the Biblio
graphy.
Some of the schemes are based on
more or less conventional accelerator
structures but for shorter wavelengths.
The variants are characterised by the
methods used for generating the RF
power, which could be by a Free Electron
Laser (FEL) or through wake fields indu
ced by a driving beam consisting of very
short bunches. Most of these methods
are in fact based on the extraction of
power from a low-to-medium energy,
high-current driving beam, the extracted
energy being restored at intervals either
by a second, superconducting linac (Fig.
2), acting as an energy storage device, or
by a pulsed induction linac. A less con
ventional proposal is to excite the acce
lerating structure by high-voltage pulses
of a few picoseconds duration, produ
ced by photo-diode switches triggered
from laser pulses.
The semi-conventional schemes could
offer accelerating fields in the range of a
few hundred MV/m. A much less con
ventional approach is to excite accelera6

Fig. 2 — Superconducting Nb RF accelerating cavity for the CERN large Electron-Positron
Collider (LEP). Such cavities would be directly applicable to energy restoration of the high
current driving beam for the CERN Linear Collider (CLIC) currently under study.

ting fields directly in the same structure
as the accelerated beam from the wake
fields of an intense bunched driving
beam. Although such wake-field ac
celerators might give energy gains up to
around 1 GeV/m, there is still some con
cern about the beam stability in such a
tightly-coupled system.
The only means so far proposed
to achieve energy gains substantially
above 1 GeV/m involve the use of plas
mas. The principle is based on charge
separation in a fully-ionised plasma with
a density in the range of 1016-1018
cm-3, which can produce fields of seve
ral GV/m. Inthe Plasma Beat-Wave Acce
lerator the charge separation is obtained
by excitation from two coincident laser
beams whose frequency difference re
sonates with the plasma frequency. The
Plasma Wake-Field Accelerator obtains
the charge separation from the wake
fields of an intense bunched driving
beam. Although plasmas have a bad re
putation for instabilities, the time scale
of interest for accelerator applications is
only a few tens of picoseconds which is
expected to be too short for instabilities
to develop. Nevertheless it will probably
be many years before a full-scale project
based on plasma waves can be contem
plated. On the other hand, the exploita
tion of these extremely high fields on a
smaller scale, for focussing near the in
teraction region, could perhaps become
feasible much earlier.
Conclusions
Since the early 1950's, the centre-ofmass energy available from accelerators
has increased by a factor of over five
hundred at an increase in real cost of five
to ten. The question now facing the
high-energy physics community is whe
ther this evolution can continue in the
future, even at a slower pace. Accelera
tors have now reached a very large size

and their cost, though modest on the
scale of many other human activities, is
rather conspicuous in a social and poli
tical environment much less sympathe
tic to basic science than hitherto. There
is thus a particularly strong incentive
today to seek even more economical
methods of accelerating particles to
higher energies.
These facts of life are very well reco
gnised in the high-energy physics com
munity, and many groups, with very limi
ted resources, are investigating the fu
ture possibilities with great enthusiasm.
High-energy physics is, for well-known
fundamental reasons, necessarily a
rather expensive basic science. How
ever, it cannot be neglected without a
serious long-term risk of leaving other,
more tangible, branches of research
without roots from which to feed. It
takes a generation to build up the exper
tise of a large research activity, but only
very few years of inadequate support to
destroy it.
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