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The developments for higher power and duty 
cycle at the two-mile Stanford Linear Accelera
tor Center (SLAC) machine brought significant 
improvements in the technology of the klystron 
microwave generators which produce this 
radiofrequency power. 

tion of electrons, which are already 
fully relativistic in the MeV energy 
range, variable frequency systems 
are necessary to handle the onset of 
relativistic effects in proton and ion 
acceleration. 

In circular machines, each time the 
beam goes round it receives an 
energy boost from the radiofrequency 
system. For'proton machines this 
can be done with equipment devel
oped for radio and television broad
casting. However this is not the case 
for linear accelerators through which 
the beam passes only once, or for 
large electron rings in which consid
erable synchrotron radiation losses 
must be compensated. 

In particular, the developments for 

higher power and duty cycle at the 
two-mile Stanford Linear Accelerator 
Center brought significant improve
ments in the technology of the 
klystron microwave generators which 
produce this radiofrequency power. 
While radar, where this technology 
was born, in general is not unduly 
concerned with power efficiency, this 
becomes a decisive factor for the 
operation of a large research installa
tion using many Megawatts of mains 
power. This development has been 
extended to other applications areas, 
such as free electron lasers (produc
ing light from electrons) with longer 
pulse lengths. 

In a high energy electron ring such 
as LEP, the performance limit is set 

by synchrotron radiation losses. 
While superconducting radio-fre
quency techniques reduce inherent 
losses, synchrotron radiation losses, 
which increase as the fourth power of 
beam energy, must be overcome. 
This has stimulated the development 
of continuous wave high power 
radiofrequency generators. For LEP, 
a 1 MW klystron designed to operate 
at 353 MHz has been developed by 
industry with an efficiency approach
ing 70%. 

High power klystrons are also of 
interest to the fusion community for 
plasma heating. Accelerator technol
ogy is also used for the same pur
pose to produce neutralized particle 
beams. 

While accelerating systems nor
mally work at a single frequency or in 
a narrow band, the advent of 
stochastic cooling, which has to 
handle particles moving with an 
extremely wide range of velocities, 
brought a requirement for broad band 
amplification and power output over 
the GigaHerz frequency range. 
Without entering into the theory, it is 
sufficient to say that the increase in 
the number of particles to be cooled 
requires a corresponding increase in 
the bandwidth of the correction 
signals necessary to achieve the 
cooling. This has led to the develop
ment of field effect transistor amplifier 
modules capable of delivering sev
eral kilowatts in a 1 to 3 GHz fre
quency band. 

Mechanical engineering 

The construction of particle accel
erators involves many facets of 
mechanical engineering and has 
advanced the state of the art in 
several areas. 

In colliders, the particle detectors 
must be placed as close as possible 
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Preparing a superconducting radiofrequency 
accelerating cavity for its sputter-coating of 
niobium. Special technologies like chemical 
polishing and hydroforming developed to build 
accelerator cavities have been taken over by 
industry for general manufacturing. 
(Photo CERN IT 65.08.90) 

to the vacuum tube in which the 
beam circulates. The beam should 
not interfere with the vacuum and the 
metallic vacuum pipe ideally should 
not attenuate the products of the 
collision event. The solution was the 
design of thin shells which minimally 
interact with the collision products 
while preserving the vacuum. 

Accelerators or some of their 
subsystems close to experiments 
require many unconventional materi
als such as lithium and beryllium 
because of their low atomic weight, 
ceramics and epoxy resins which are 
both good electrical insulators and 
radiation resistant, ferrites for their 
high frequency behaviour, plexiglass 
for its light-guiding properties, and 
many others. More common materi
als such as copper, aluminium or 
stainless steel must be shaped, 
machined and welded into difficult 
shapes while preserving high vacuum 
even under cryogenic conditions. 

Materials have to be hyper-clean to 
avoid vacuum degeneration by 
outgassing and to ensure stability 
under high voltages and electric 
fields. Sophisticated techniques 
such as photoengraving, electro-
forming and chemical and electro
chemical polishing are used for 
demanding requirements. 

Special technologies like chemical 
polishing and hydroforming devel
oped to build accelerator cavities 
have been taken over by industry for 
general manufacturing. Electron 
beam welding (itself an early applica
tion of electron beam technology) 
has been successfully refined to 
manufacture niobium cavities and, 
with local vacuum, to join the alu
minium plates for the windings of one 
of the large LEP detector magnets. 

Accelerator components often 
require a special coating. This thin 
film technology is also widely used to 
create a conducting or resistive 

metallic film on a variety of sub
strates resistant to high temperature 
and radiation fkapton', quartz, 
alumina). 

While remote handling is essentially 
a child of the nuclear industry, 
additional features such as pressure 
feeling feedback (providing a 'touch' 
feeling to a video picture) or spools 
suitable for long sections of fibre 
optics cable have been introduced to 
cope with the special problems of 
particle accelerators. Some of these 
developments have attracted interest 
for the maintenance of nuclear 
reactors or in offshore drilling rigs. 

Accelerator requirements may 
generate applications in sometimes 
unexpected fields. An example is the 
use in shipyards of a vehicle de
signed for CERN for moving heavy 
precision magnets without deforming 

them. This allows shipyard compo
nents to be cut and machined in the 
workshop rather than in situ, with an 
appreciable gain in quality and cost. 

Electric engineering and power 
electronics 

Powering large accelerator magnets 
makes demands on heavy electrical 
engineering. In a synchrotron, the 
guiding magnetic field has to be 
increased in step with the energy of 
the particles. Once the maximum 
energy is reached, the magnetic field 
must be held constant to one part in 
10 5. The power converters must be 
able to adjust the current while 
achieving a cycle-to-cycle reproduc
ibility of 10 5 to 10 6. The pulsed 
magnets of large synchrotrons need 
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power swings of hundreds of MW. 
With the power for large accelera

tors taken from the public power grid, 
a novel scheme of reactive power 
compensation has been developed to 
minimize resulting voltage fluctua
tions on the grid. 

With increasing power requirements 
for accelerators, power conversion 
efficiency has become essential. 
Converters must operate in two 
different modes - acceleration, during 
which all the converters must be 
synchronously ramped and operate 
to within an error of 10 4 ; and the 
subsequent steady state of physics 
data-taking, which demands a 
precision of 10 5 . 

While high performance power units 
are based on conventional thyristor 
line-commutated power supply 
modules, for the numerous intermedi
ate and low power units (from 40 kW 
downwards), the more efficient 
switched-mode scheme can be used. 
Modular units with switching currents 
of 2000 A at 40 kHz have been 
constructed, opening up a new power 
range. 

Particle accelerators require not 
only accurate and stable d.c. or 
ramped power converters, but also 
intense and fast pulses which must 
be triggered with high precision and 
very low jitter to ensure beam trans
fer timing with nanosecond accuracy. 

This has led to the development of 
pulse generators and improved 
industrial thyratron switches and 
spark gaps. The quest for improved 
high power and high speed switches 
has also stimulated the study of 
plasma processes such as the 
pseudo spark, which may have 
promising applications in high power 
devices and as a new particle beam 
source. 

Direct current transformers devel
oped to measure the intensity of 
accelerator beams are now produced 
by industry for high accuracy current 
monitoring. 

Controls engineering 

Because of their size and their 
myriad of delicate subsystems and 

components (magnets, power con
verters, microwave tubes, vacuum 
pumps, valves, ...), large particle 
accelerators have stimulated the 
development of real time distributed 
computing systems. This acquired 
expertise is also used in other large 
facilities such as fusion research 
devices. 

In this field, the numerous software 
developments include Remote 
Procedure Calls - a procedure with 
its parameters, instead of being 
executed in the initiating computer, is 
transmitted and executed in a differ
ent machine. This application was 
driven by the need for a control room 
operator to access equipment con
trolled by a separate specialized 
computer located several kilometres 
away, and is applicable to a wide 
variety of distributed computer 
problems such as distributed 
databases or mail systems. 

Another application is in artificial 
intelligence. Work in collaboration 
with CERN on distributed expert 
systems finds applications in the 
power industry for power line moni
toring and fault diagnosis. 

The stringent requirements of 
accelerators also provide a unique 
testbed for software producers to 
subject their products to extreme 
conditions. 

On the hardware side, the man-
machine interface in complex control 
rooms has vastly improved. Control 
rooms were traditionally filled with 
rows of racks, each directly wired to 
the monitoring and control of a dis
crete subsystem. This arrangement 
has been replaced by computer

ize LEP control room at CERN. Because of 
their size and their myriad of delicate subsys
tems and components large panicle accelera
tors have stimulated the development of real 
time distributed computing systems. 
(Photo CERN CO 24.5.91/19) 
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driven operator consoles accessing 
any part of the process. 

An associated development was the 
touch panel, a CRT screen where the 
equivalent of a classical push-button 
control panel is displayed as identi
fied squares, activated by touching 
the appropriate screen area. The 
display changes as the operator 
passes to other processes so that the 
whole system can be controlled from 
just one console. Some of these 
concepts have attracted interest 
elsewhere, in particular in the design 
of electrical power plants. 

Instrumentation 

The monitoring and control of 
particle accelerators needs informa
tion, often with very high precision, 
on beam intensity, position, trans
verse and longitudinal profile, losses, 
etc. A large number of instruments 
have been developed, based on a 
variety of basic physical processes 
(electrostatic and electromagnetic 
induction, ionization, secondary 

electron emission, synchrotron light 
generation, Cherenkov and transition 
radiation) often using sophisticated 
signal processing and display tech
niques. For watching the evolution of 
processes detectors and devices 
(fast imaging solutions, e.g. the 
streak camera) have been extended 
and refined to give picosecond 
resolution. 

Many of these instruments, for 
example an ingenious technique for 
measuring d.c. beams, have already 
found their way into industrial or 
medical equipment. 

Survey and tunnelling 

The components of large accelera
tors require precision alignment over 
long distances (to say 0.1 mm over of 
tens of kilometres). A number of 
accurate survey instruments and 
methods have been developed which 
have gone on to be used in major 
civil engineering projects. An exam
ple is the construction of the 27-
kilometre ring tunnel for LEP. Its 

curvature had to be kept rigorously 
constant because any deviation 
would have led to unacceptable 
synchrotron radiation emission, 
jeopardizing the performance of the 
machine. This project attracted wide 
interest from tunnel builders, espe
cially for the subsequent major 
project, the Channel tunnel linking 
the UK and France. 

Another interesting development 
has been 'geological radar', based on 
electromagnetic sensoring to deter
mine the nature of the rock and 
detect obstacles ahead. This 
method, together with suitable data 
acquisition and treatment tools 
available on modern radiofrequency 
measurement devices (network 
analyzers), is now used as a com
mercial instrument. 

A low frequency device (5-100 
MHz) is being considered for use on 
the boring machines for the new 
transalpine tunnels in order to give 
advance warning on geologically 
difficult or dangerous underground 
water areas. 

This technology has considerably 
benefited from experience with 
wideband stochastic cooling systems 
developed for the storing and accu
mulation of antiprotons. 

The components of large accelerators require 
precision alignment over long distances (to say 
0.1 mm over of tens of kilometres). A number 
of accurate survey instruments and methods 
have been developed which have gone on to 
be used in major civil engineering projects. A 
good example is the geodesy for the 27-
kilometre LEP ring. 
(Photo CERN X596.7.83) 
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