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Abstract 
The 1st volume contains 13 review papers covering most of the fields where important 

technological developments have been occurring in high-energy physics. The four introductory 
papers discuss the following topics: CERN and its work (including the background to the 
Meeting); the role of technology in high-energy research; the realization of high-energy 
projects at CERN; the design and construction of the Super Proton Synchrotron. The other 
contributions include: surveying in accelerator construction, deflecting devices for particle 
beams, superconductivity and cryogenics, ultra-high vacuum, computer control for accelera
tors, particle detectors and data handling, and synchrotron radiation (as an example of a 
technological field of application). The papers give an outline of the particular techno
logical problems and how they have been solved as a result of a close collaboration between 
members of national laboratories and institutes, European industry, and CERN. They are fol
lowed by a list of the invited participants and a guide to information sources in technology. 

The 2nd volume contains the 255 Technology Notes which were used originally as brief 
documentation handed out at the individual exhibit stands during this Meeting. Each Techno
logy Note contains information on why the subject of a particular exhibition was of import
ance, how the design, construction, or development was undertaken, what were the special 
problems, which firms were involved, and who may be contacted for further information. The 
Notes are grouped in the following categories: X = General and large installations, B = beams 
and radiation, C = Cryogenics and superconductivity, D = Data processing, E = Electronics, 
M = Magnets and electricity, P = Photography and optics, V = Vacuum, W = Workshop techniques 
and general engineering. 

Appended is a bibliography of CERN publications concerning technology, listing some 
600 references (1969-1974) in the above categories. 
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Preface 

The meeting on "Technology arising from High-Energy Physics", held in CERN from 
24-26 April 1974, was primarily an accounting operation in which CERN displayed to its Member 
States some of the techniques which have resulted from their investment in research on the 
behaviour of elementary particles. The main concern in preparing the meeting was to extract 
the special problems which are characteristic of a high-energy laboratory — but not necessarily 
unique to it —.and to describe their solutions in review talks and in documented exhibits, 
with the details filled in by discussions between our visitors and CERN specialists. The work 
presented was the result of a close collaboration between members of national laboratories 
and institutes, European industry and CERN, and every effort was made to acknowledge this 
collaboration in the presentation. 

The Proceedings of the meeting are divided into two volumes: Volume 1 contains the 
review papers, and Volume 2 the revised Technology Notes. A preliminary version of Volume 2 
was published shortly after the Meeting, using unrevised Technology Notes. 

The review papers in Volume 1 lead from general discussions of the technology and how 
it arises from the needs of particle physics, to the organization and management problems of 
the resulting large projects, and on to more detailed accounts of magnet technology, cryogenics, 
control computers, etc. To help the reader who seeks further information on these subjects, 
we have included a guide to information sources referring to a field wider than that of high-
energy physics alone. 

Volume 2 contains the Technology Notes, each of which gives in general a short statement 
of the technical problem, how it was solved, what special difficulties were encountered, 
which firm or workshop took part in the work, and finally which of the many people involved 
should be contacted for further details [the CERN address is 1211 Genève 23, Switzerland; 
tel. (022) 41-98-11]. Technology Notes P20 to P27 in the Photography and Optics section 
were contributed by the European Southern Observatory (ESO), whose Telescope Division and 
Sky Atlas Laboratory work in close collaboration with CERN on the CERN site. Volume 2 also 
contains an extensive bibliography of CERN publications, supplementing the references given 
in the Technology Notes, and a subject index covering the two volumes. 

We should like to thank all those who contributed to these proceedings: to the authors 
of the review papers; to those who prepared Technology Notes and exhibits — the Divisional 
Co-ordinates and the engineers, physicists, mechanics, technicians, draughtsmen, and secre
taries, who between them sought to achieve the highest standards possible within tight time 
limits; to the CERN Scientific Reports Typing Service and Document Service; and to 
Brian Southworth, the editor of the "CERN Courier", who set the writing of Technology Notes 
on the right course. 

It gives us great pleasure to present to the reader this record of an event which was 
the first of its kind at CERN, and which aroused great interest in all who were associated 
with it. 

A. Jesse C.S. Taylor 
Editors 
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Welcome and opening*) 
W. Jentschke 
CERN, Geneva, Switzerland 

Normally, if I were making some opening remarks before an audience of 200-300 in this 
auditorium, they would be particle physicists, accelerator builders, computer experts, or 
similar people. I must confess I have never made my opening speech before so many dis
tinguished representatives of governments and industry. I have the pleasure of welcoming 
you to a meeting of a quite different kind from our normal scientific conferences. 

Of course, we do have a steady flow of visitors, either for our organized Saturday 
tours for the general public, or occasional visits by VIP's, by people from industry and by 
ministers responsible in their government for CERN, and so on. We are very glad to take 
them round and show them what we are doing. We have, however, never had a visit on such a 
scale, over several days, from people such as yourselves with positions of responsibility 
in industry and government. 

What, then, did we have in mind in organizing the meeting, and inviting you to it? 
Advanced technology and technological development are, for CERN, a means and not an end. 
Our mission is to advance knowledge, and, in doing this, to help train people in scientific 
practice. We do hope to find new laws of nature. Elementary particle physics is one of the 
basic sciences where many fundamental laws are still unknown today. A great deal of effort 
and a great number of people are involved in this research. The outside world, however, can 
see and appreciate the work involved in building an accelerator more easily than the physics 
results it produces. Whether we like it or not, the question of the impact of pure research 
beyond its first aim of extending knowledge is raised regularly and with growing insistence 
by people in authority in our Member States, as well as by journalists and by the public, 
who provide the resources for this sort of work. 

Such questions are being studied in the context of European science planning by bodies 
such as the Council of Europe and the Brussels Communities. CERN, which does not have ins
titutional links with other organizations, has for years been the centre of a continuing 
process of discussion and co-ordination of elementary particle physics activities throughout 
Europe. The results of this process are vital inputs to those, like Dr. Adams and myself, 
especially responsible for thinking about the long-term future of CERN. However, as I said 
earlier, it is not only the scientific needs and possibilities which weigh in the minds of 
governments along with the cost, but also the possibilities of subsidiary results in tech
nical fields. 

Here we feel that neither we nor people in government and industry are particularly 
well informed on just what are the technological consequences of a large pure research acti
vity such as high-energy physics, and we thought it would be a good idea to try to find out. 
This meeting therefore attempts to display the technological results of our work, in the 
hope that our discussions with you during the meeting, and perhaps afterwards, will lead to 
a better understanding of what can and cannot be expected as subsidiary outputs from build
ing large accelerators, detectors, and so on. 

*) Adapted from tape r e c o r d i n g . 
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In watching the preparations for the meeting, I have been impressed by the efforts and 
enthusiasm of the many people involved. I am particularly glad that the "young" people 
have taken part in these preparations, since their work normally goes unrecognized. I hope 
you will take every opportunity to look, to ask questions, to give us your comments, and 
to criticize if you feel it is necessary. I shall certainly try to meet as many of you as 
I can in the coming days. Meanwhile I will just say "thank you very much for coming" and I 
hope you will spend a useful few days here at CERN with us. 



Introduction to CERN 



CERN and i t s work 
M.G.N. Hine 
CERN, Geneva, Switzerland 

ABSTRACT 

As an introductory talk to the CERN Meeting on Technology arising from High-Energy 
Physics, this paper sets out with a brief description of the place of high-energy 
physics as the latest step in basic research into the structure of matter. It then 
discusses how the nature of the physics demands large, complex, and costly equipment 
relying on advanced technology for accelerating particles, observing their proper
ties and analysing the results of experiments. After describing the CERN facilities 
in European high-energy research, it is shown how the concentration of research in 
one laboratory leads to efficient use of equipment, but demands high reliability and 
operational flexibility. The closing section summarizes the aims of the Meeting: to 
show the industry and government science planners the technology and designs needed 
to meet these unusual specifications, and to improve CERN*s communication with the 
outside world in technological and industrial, as opposed to scientific, fields. 

* * * 

The aim of the first two talks this morning is to set the scene for the meeting, to pro
vide a frame into which the succeeding talks and the other parts of the program fit naturally. 

As a start, I will try to sketch briefly the background to the meeting, describing the 
work of high-energy laboratories such as CERN, how the nature of our subject and the struc
ture of the physics community in Europe determine the equipment of the Laboratory, and the 
technological problems faced in building it. I will also explain what our aims were in or
ganizing the meeting and in inviting you to come, and comment on the main lines of the 
program. 

After that, as a prelude to the technical review talks, Mr. Carreras will give a general 
survey of what happens technically during the running of an experiment at CERN, to point out 
in more detail where the interesting technological problems arise in the design and operation 
of the main kinds of apparatus. 

We are not, at this point, going to describe in detail the CERN Laboratory and its 
structure, personnel and financing, or the physics program, since these are already covered 
in the pre-meeting papers. If people are interested in hearing more and in discussing these 
points, we can perhaps arrange for this later in the meeting. 

1. THE PHYSICS 

CERN's principal business, as is that of other laboratories such as Rutherford in 
England and DESY in Germany, to name only the two largest in Europe, is called elementary 
particle physics, or high-energy physics, depending on whether one is thinking primarily of 
the ends or the means. 

The ends are the continuation today of the research into the fundamental nature of matter 
and energy, which has been a human activity since time immemorial. It was mainly philosophical 
in the Ancient World, became experimental, though unscientific, with the medieval alchemists, 
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and, since 1600, has developed under the successive titles of Natural Philosophy, Chemistry, 
Atomic Physics, Nuclear Physics, and now Elementary Particle Physics, as one of the main 
frontier activities of science. 

Each of these stages produced the discovery of one more shell of substructure in what 
had been thought to be the indivisible "atoms" of Democritos or the four classical "elements": 
earth, air, fire, water. To show up these substructures requires acting on the stable 
chemists' atoms, which we can use as raw material, with probes of higher and higher energy, 
so as to crack the successive shells of the nut. 

The energies typical of each shell and of the probe needed to study it are spread over 
many orders of magnitude, along what has been called the Quantum Ladder (Fig. 1). The ref
erence to quantum theory is important since, as soon as one steps up from the first rung, 
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the motion of atoms in a gas, the classical description of particles as billiard balls obey
ing Newton's laws of motion is no longer valid. This has enormous consequences on how exper
iments must be carried out, as we will see later. 

The energies of atoms in a gas and of free electrons in a metal range between millivolts 
and a volt or two; the more firmly bound inner electrons in atoms are held by the electro
static field of the nucleus with energies of kilovolts or more; the protons and neutrons 
which make up the nucleus are bound closely together by the so-called "strong interaction" 
and require energies of millions of volts (MeV) to separate them; the properties of these 
nucléons themselves show up only when they are excited in collisions with energies of hun
dreds or thousands of MeV (gigavolts, GeV). At this point, relativistic effects appear; 
not only the limitation of velocities to less than that of light, but, more importantly, 
the creation of new particles when energies greater than their rest energy (typically 1 GeV, 
for protons) become available at the instant of a collision. What we are now beginning to 
see in studies at CERN and elsewhere, when the available energies in collisions reach 
10-20 GeV with the biggest accelerators and, at CERN, 60 GeV with the Intersecting Storage 
Rings (ISR), suggests strongly that new phenomena may occur at even higher energies and that 
new theories will be needed to explain them. These might be associated with a merging of 
the three until now distinct forces acting between particles — the electromagnetic, the 
strong and weak nuclear forces — into a single "unified" force, and possibly with the demon
stration that there is yet another shell in the structure of matter on an even smaller scale 
and higher energy than that of the particles — nucléons, mesons, leptons — which have in 
recent times been called "fundamental". The words "quark" and "parton" are used freely in 
theoretical descriptions of such a "subnucleonic" world for the once again "fundamental" 
constituents of the proton and of other known particles. 

During the last century the rate of progress in our understanding of the structure of 
matter can be symbolized by noting that useful theoretical descriptions of the successive 
steps of the ladder first became available around 1880 (gases), 1900 (solids), 1920 (atoms), 
1940 (nuclei), 1960 (nucléons). These theories have, of course, been extended and unified 
ever since, but these were, very roughly, the dates at which theories appeared which could 
predict and explain phenomena outside the range of facts on which they were based. Besides 
these successive steps towards a more and more refined description of matter, there have been 
less frequent but even wider-ranging advances in our description of the world in which matter 
exists and moves. In this century these have been the clarification of the relation of 
space and time by the theory of relativity, and the replacement of deterministic Newtonian 
mechanics by the probabilistic quantum theory. 

Although CERN's title includes the word "Nuclear", this is more a historical reference 
than a description of our main lines of work on elementary particles : the physics of nuclei 
(nuclear structure physics) and the physics of nuclear reactors have become independent sub
jects since the 1930's. CERN's activity in nuclear structure physics is limited to the use, 
which is however growing in importance, of high-energy particles as "probes" in this field 
of research. 

The work of elementary particle physicists today is to study what happens when parti
cles collide with energies of 1 GeV or more, to observe with precision all the many results 
possible in such collisions; from these to try to build up a picture of the family relation
ships of the various particles or excited states observed — some three hundred are now 
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known — and to try to explain these in terms of some more fundamental laws of force and, 
possibly, even smaller subunits of matter. The object of study, the individual collision 
between two particles, is called an event (Fig. 2) and its description involves specifying 
the initial state (the incident particles, their energy, etc.) and the final state (usually 
more particles, with their energy, angles of emission, etc.). 

Fig. 2 An event : bubble chamber photo of a 
c o l l i s i o n producing charged and n e u 
t r a l p a r t i c l e s 

One of the consequences of the essentially quantum-dynamical nature of the event is that, 
subject to a few over-all constraints such as conservation of charge, energy, and momentum, 
all other possible outcomes of the collisions will occur in a purely probabilistic manner: 
all collisions are different from one another as to the exact number and nature of the out
going particles, their energy, angles, etc. To study a particular class of events, particular
ly the rare ones which can often be the best test of theories, requires therefore selective 
devices — pure beams of particles of the wanted energy to initiate collisions, and event 
detectors capable of discriminating against perhaps tens or hundreds of thousands of the 
wrong events while measuring with precision the energies and angles of the products of the 
right ones, and without missing any. To add to these difficulties, since events occur in a 
random way, the precision of any result, such as a reaction rate or the life-time of an un
stable particle, is essentially limited by sampling errors : a 1% precision implies catching 
10,000 of the wanted events. In this respect high-energy experiments are like agricultural 
yield trials or opinion polls, not like a chemist's weighing which achieves 1% precision in 
one go; any result needs collection and analysis of many events. 

Thus the very nature of the physics being studied, the ends of our work, already gives 
some general specifications for the means, that is the high-energy "tools" required for 
research : we need 

i) a variety of well-defined particle beams of large enough energy ; 

ii) large intensity of such beams (i.e. number of particles/unit of time) to generate 
enough events for precise measurements ; 
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iii) selective and accurate detection devices ; 

iv) as a consequence, large data processing capacity. 

How these physics-determined specifications fix the design of equipment, at least in 
part, can be seen by looking at CERN facilities. 

2. THE TOOLS 

The starting point is to get enough energy onto stable primary particles, i.e. protons 
(at CERN), or, for some more specialized applications, electrons (e.g. DESY in Germany, 
SLAC in USA). Acceleration requires electric fields , and the highest attainable fields would 
have to stretch over several kilometres to add up to 20 GV: this solution is used for elec
trons in the Stanford Linear Accelerator, but at a cost of about 7000 MW of pulsed microwave 
power in RF cavities. The way round this electric field limit is to circulate protons many 
times through the same excited cavity, by bending their path by a magnetic field. With 
today's highest practicable magnetic fields the bending radius comes to "i> 100 m for 28 GeV 
protons, as in the CERN Proton Synchrotron (CPS) (Fig. 3a), and over 1000 m for the 400 GeV 
Super Proton Synchrotron (SPS) (Fig. 3b). Even with superconducting magnets, the size of a 
machine to give over 1000 GeV or so looks prohibitive. 

a) The CERN PS; energy 28 GeV, r a d i u s 100 m b) The CERN SPS ; energy 400 GeV, r a d i u s 1100 m 

F i g . 3 Synchrotron magnet t u n n e l s 

The accelerated primary protons hitting a solid target will generate the whole range of 
secondary particles: ir and K mesons, antiprotons, hyperons of all energies. From these 
can be selected the wanted secondary beams to feed individual experiments, again using simi
larly limited electric and magnetic fields, and hence with equipment of correspondingly large 
size (Fig. 4 ). So many different secondary particles of so many different energies are 
created in the target, that ^ 1 0 1 2 primary protons per second are needed to give the intensity 
(up to 1 0 s particles/sec) in any particular secondary beam of well-defined energy necessary 
in typical experiments. 

This classical set-up of a bombarding particle hitting a stationary target nucleus has, 
at relativistic energies, a built-in inefficiency. If you hit a fly in the air with your 
hand, you cannot deliver all the kinetic energy in the hand to squash the fly, which has not 
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Fig. 4 
Secondary beams i n the CERN 
PS East Area: beam e n e r g i e s 
up t o 20 GeV 

enough inertia to bring your much more massive hand to rest. The same thing happens in a 
CPS experiment, because the relativistic increase of mass with velocity of the bombarding 
protons makes them 25 times more massive than those they collide with in a target. As a 
result only about one-quarter of their energy (y 6 GeV) is available to squash the target 
proton: with a 400 GeV accelerator, only about one-fifteenth of the energy (y 30 GeV) is 
available. If, however, you clap your hands, both are brought to rest and the full kinetic 
energy of both will appear as heat and sound. The obvious deduction is to collide two 
25 GeV (or 400 GeV) protons against one another, and so make 2001 of those energies available 
for producing interesting physics. This is what is done in colliding-beam machines; at CERN 
in the Intersecting Storage Rings (ISR), which use the 25 GeV protons from the CPS. The 
major snag in this development for getting high collision energies cheaply is that the rate 
of collision between two tenuous beams of protons is much much less than between one beam 
and a solid target. To alleviate this difficulty, tricks must be used to stack up very high 
currents in the rings, and this again calls for high intensity from the proton source. 

The functions of a detection system are best shown by the hydrogen bubble chamber (Fig. 5). 

i) a target for the chosen secondary beam particles to hit: here a volume of liquid 
hydrogen, whose nuclei, protons, are the target particles in the collisons to be ob
served; 

ii) a means of materializing the tracks of particles leaving each collision: the strings 
of bubbles formed along the ionization trail made by the particles in the superheated 
hydrogen; 

iii) a means of recording the geometry of the materialized tracks: stereo photography of 
the bubbles onto film; 

iv) a means of measuring particle energy: immersing the whole detector in a high magnetic 
field which bends the tracks with a curvature depending inversely on the particle 
momentum; 

v) a means of particle identification: the hydrogen chamber is weak in this respect. 
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S t e r e o cameras v i e w i n g 
p a r t i c l e t r a c k s ( i i i ) 

F i g . 5 CERN 3.7 m d iameter hydrogen bubble chamber (BEBC), 
i l l u s t r a t i n g t h e main f u n c t i o n s of a d e t e c t i o n sys tem. 

Other detectors use different physical phenomena to materialize tracks — light from 
scintillating plastic (Fig. 6a), electric discharges along ionization trails (Fig. 6b) — 
which have advantages of higher speed of data collection but often worse spatial resolution. 
One type, based on the emission of Cerenkov light, which depends on the particle's velocity, 
allows identification if the momentum is known (Fig. 6c). Large magnets for momentum analysis 
are still needed in experiments using electronic detectors (Fig. 6d). 

The rate of generation of information about the location of particle tracks in experi
ments varies considerably, but a figure of 10 s bits/sec is not unusual and can easily be 
exceeded. Geometrical and kinematic calculations, which convert the raw data into physics 
information, will take around 10 s computer instructions for a single not too simple event, 
and a typical experiment may collect anything from 10 s to 10 8 events in a year. Small com
puters for data collection and large installations for its analysis are thus the natural 
partners for the accelerators, secondary beams, and detectors. 

The general physical characteristics of the "tools" which can thus be deduced from the 
physics needs and from some very basic technical and constructional limitations are: 

i) large size, which can be to some extent offset by insistence on 

ii) high precision in design and manufacture, and sophisticated error correction systems to 
eliminate residual imperfections; 

iii) complexity, since many physical processes are intimately interwoven in the long chain 
of generating, measuring, and analysing a high-energy event; 

iv) flexibility, despite the previous requirements, since much of the equipment must serve 
many different experiments. 
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a) P l a s t i c s c i n t i l l a t o r b) Wire chamber p l a n e s 

'..i - '2* ' Xi. ' «: X mill 
V 

*Vfê. *" /Í /* Vi*ff̂ lj£¿s>*-

c) I n t e r i o r of a l a r g e Cerenkov counter d) E l e c t r o n i c exper iment assembly w i t h 
a n a l y s i n g magnet , w i r e chambers, and 
s c i n t i l l a t i o n c o u n t e r s 

F i g . 6 E l e c t r o n i c d e t e c t o r s 

Obvious consequences of these characteristics are that equipment will have a high cost 
and a long life. The one favourable feature is that, given the assumed flexibility, the 
equipment can be shared between many experimenters, in some cases using it at the same time, 
in others for successive, different experiments. The scale and complexity also imply that 
quite large groups of physicists must collaborate in each experiment, typically 10 or more, 
with a consequent effect on the style of research. 

3. THE PEOPLE 

So far I have described how physics and technology fix the size and complexity of the 
tools for high-energy research equipment, without talking about the people who will use them. 
This branch of research is by its nature one which is likely to be represented in any uni
versity which gives some weight to physics, if only in a theoretical department. In fact a 
recent survey showed about 120 university institutes in Western Europe with activity in ele
mentary particle physics, besides the specialized national laboratories, and the total number 
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of research physicists (including theorists and graduate students) is a little under 3000. 
Almost all these institutes have staff who collaborate with CERN, and it is estimated that, 
even before the new SPS comes into operation, at least two-thirds of the European high-energy 
experimental physicists now depend on the CERN accelerators for their research work. The 
other third use national accelerators, in part because they offer technical possibilities, 
such as high-energy electrons, not available at CERN. 

Of the CERN users, somewhat less than half now use the CERN bubble chambers, measuring 
and interpreting at home the pictures of some ten million events taken here every year. The 
remainder perform experiments using electronic detection techniques which imply a longer 
presence at CERN, though much building of apparatus and analysis of data is also done at 
home. Even so, we have continuously in CERN many hundreds of visitors working round the 
accelerators; CERN itself has only about 80 experimental physicists on its own staff at any 
time, to keep abreast of physics, to help smaller outside groups, and to ensure a dominance 
of scientific interests in the management of the Laboratory. 

This progressive concentration of high-energy research facilities for a whole continent 
into one place is not an ideal situation. It brings with it all the problems of communication, 
co-ordination, and lack of managerial flexibility found in large institutions, and makes for 
an unbalance of technical strength between CERN and national laboratories. It has, however, 
permitted a reduction in the first cost of the 300 GeV accelerator project compared with the 
earlier plan to build a new laboratory somewhere else in Europe, and it does lead to a very 
intensive and economic use of the machines, which, as we have seen, are of necessity large 
and expensive. 

The resulting complexity of the CERN site when the SPS is finished is shown in Fig. 7. 
The CPS is a complex of three accelerators: the 50 MeV injector linac, the 800 MeV booster 

E a s t E x p e r i m e n t a l A r e a 

S o u t h E x p e r i m e n t a l A r e a 

Fig. 7 The CERN a c c e l e r a t o r complex 
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and the main 25 GeV synchrotron. It has to feed, more or less at the same time, its own 
experimental areas, the ISR, and the SPS, which will feed the West and North experimental 
areas. That operating and developing all these machines and the major experimental equip
ment, and supporting 500 to 600 experimenters, should take some 3000 staff is not, perhaps, 
surprising. 

4. THE MONEY 

The total costs of elementary particle physics in Europe over the past eight years, and 
how, very broadly, they are split between the national and international parts of the pro
gram, are shown in Fig. 8. 

The total annual expenditure, covering all costs — personnel, equipment, buildings, 
overheads, both in the large laboratories and in the universities — has been roughly constant 
(in constant value currency) for several years now, at about 1100 MSF per year at 1974 prices, 
but the fraction going to the international program, i.e. to CERN, has steadily increased as 
more and more of the major facilities become too expensive and too powerful to be economic 
for a single country. How to maintain under these conditions a healthy level of technical 
activity in each country, which is important in giving university-based physicists work to 
do in all aspects of their research, and in avoiding a monopolistic position for CERN, is a 
major planning and management problem. This problem is now being considered within the var
ious bodies which regularly discuss the European high-energy program and make recommendations 
for the major decisions to be made, by Governments individually, or through the CERN Council. 

These figures illustrate the economic effect of the intensive exploitation of the large 
accelerators. Although they can cost hundreds of millions of francs to build and tens of 
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millions per year to operate, the resulting cost per man does not turn out to be abnormal for 
a branch of science depending on modern technology. With the definition most widely used 
(e.g. by OECD) in studies of Research and Development, the cost per University-level worker, 
i.e. physicists and those developing apparatus, is less than 300,000 francs per year and this 
will be a familiar figure for those who have looked into the costs of research in many sub
jects today. It is, of course, lower than those of really expensive activities such as space 
research and oceanography, despite the inclusion of the costs of building the 300 GeV acceler
ator. 

5. OPERATIONAL CONSTRAINTS 

The concentration of many experimenters around relatively few large accelerators leads 
to further constraints on how equipment is designed and built. As well as being flexible in 
operation, it must also be continually developed and improved, to match new demands from 
physicists for different types of experiment. This implies that the initial design of a new 
large instrument should build-in safety margins, which will also provide a certain "stretch 
capacity", in any parts which are critical to success and which cannot easily be changed 
later. This is sometimes called "conservatism", by people more concerned with short-term 
economy than long-range effectiveness. Its value can be seen from the fact that recently 
the CERN Proton Synchrotron, following steady development of its original components, was 
running at several hundred times its initially designed intensity and, by adding the 800 Mev 
Booster, a further factor of up to 10 is now being realized. A similar design philosophy 
has allowed the vacuum in the ISR to be improved by a factor of 100 when this was shown to 
be necessary for operation with high currents and low background in the experiments. The 
possibility in the design of the 300 GeV accelerator of increasing its energy to 400 GeV is 
already being implemented. 

A second design requirement arising from intensive exploitation by many users is, of 
course, high reliability and stability of performance. With many experiments being mounted, 
tested, run, and then removed to make way for others at one time, the need for these qualities 
is obvious. In practice, both the PS and ISR have had an operating up-time of better than 
90! of their scheduled running time since the day they started up, and the stability and 
quality of the beams have been at a comparable level. 

It is clear that these requirements cannot be met without considerable attention to 
technological quality in the design and testing of equipment and materials, and in the few 
cases where designers have not played safe the results have rapidly become visible, and very 
much to the disadvantage of the physicists trying to use the machines. 

6. EQUIPMENT DESIGN PHILOSOPHY 

If we assemble the design requirements for high-energy research equipment resulting from 
the nature of the physics, the limits of technology, the structure of the user community, 
and from the need for long-term economy, a very unusual picture emerges. It is necessary to 
build, rather infrequently, very large pieces of industrially quite non-standard equipment, 
in which each piece is likely to have many of its important performance specifications three 
to ten times more advanced than those of its predecessor (if indeed it had one); this equip
ment, for reasons of economy, is likely to push very hard on the limits of technical 
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and engineering possibility in a wide range of fields — magnets, power systems, vacuum, 
cryogenics, electronics, radio-frequency systems; the equipment must nonetheless be capable 
of operating in a rapidly developing user environment for up to 20 years, and with an over
all regularity of service comparable to that of a public transport system. 

Such requirements are met in almost no other field: ships, power stations, bridges, 
radio transmitters are usually improved by tens of per cent in performance between successive 
models, not by factors of ten. 

In the advanced aerospace industry and for very large computers, performance factors of 
2 or 3 between generations are achieved, but only by the building of a number of models and 
prototypes which are not necessarily expected to reach the design performance or to be used 
operationally. 

What accelerator builders are expected to do is, in these terms, something like putting 
a series of satellites into orbit with the first — and only ~ model of a new recuperable 
launcher, or putting a prototype aeroplane into regular service. Luckily, occasional failures 
can be put right on the ground, and human lives are not at stake, but the mixture of inno
vation and security in design which is called for is unusual. The amount of forethought and 
care needed to achieve this result is, perhaps, one reason why most accelerators have been 
built with little or no over-expenditure compared with their authorized cost estimates and 
without appreciable delays in completion. 

7. THE AIMS OF THE MEETING 

I have been trying to give a very general picture of the scientific and human background 
to the technical work which goes on in CERN, and, in very similar ways, in other high-energy 
laboratories. Mr. Carreras will, in the next talk, go in more detail into how technological 
problems arise in the building and running of the main types of equipment at CERN. Before 
that, I should say something about the aims of this Meeting and how we have planned it, in 
the hope that this will help you to make the most of your visit to CERN in the coming three 
days. 

In making the rather detailed, factual, and perhaps dry, presentation of a wide range 
of the equipment and technologies used in high-energy physics which will fill these three 
days, we had several ideas and hopes in mind. 

Firstly, we wanted to give an objective account of aspects of our work which do not, 
perhaps, get as well reported as do our physics results, particularly not to those of our 
Member State authorities and their advisers who are more interested in the industrial or 
technical consequences of laboratories such as CERN than in their scientific output. We 
have seen this interest appear in the past, particularly when large projects such as the 
300 GeV accelerator come up for decision; but it has also then appeared that no one, on 
either side, is very clear on what technical consequences can or cannot reasonably be ex
pected. A factual presentation of what actually has been done might help to clarify some 
of these uncertainties. 

Secondly, since we are making this presentation to an audience containing many people 
very well able to make judgements on what they see, we hope to be able to benefit from an 
exchange of ideas and from the stimulus of your comments on what we are showing, to see 
whether our current technological practices could be improved. 



- 17 -

Thirdly, we hope that, in inviting to CERN people who come here infrequently, or not at 
all, we can improve our communications with the outside world in technological and industrial, 
as opposed to scientific, fields. Perhaps because we are so busy keeping open house for the 
high-energy physics community from all over the world, we tend to put a lower priority on 
listening to what people not directly in our business are saying, and that may not be too 
healthy in the long term. 

The present time seems appropriate, since we have recently finished building, and have 
brought into operation, a series of large projects — the ISR and various other major improve
ments to the laboratory's facilities ~ and the main design work for the 400 GeV accelerator 
has also been completed. Thus we can show the results of five years or more of a program 
containing a particularly high emphasis on equipment building as opposed to exploitation and 
research. 

In thinking how best to present the state of technology used in high-energy research 
and to bring out the advances which we believe have been stimulated by high-energy programs 
in Europe, we felt that the best way was to encourage the audience to get as close as possible 
to the realities, to see for themselves what has been done, and to talk to the staff who had 
in one way or another helped to do it. Thus the main themes of the meeting are in the various 
exhibits; the technical talks are intended to summarize the problems we have had to resolve 
in building different kinds of equipment, and the solutions arrived at, and to point out where 
they can be seen in the laboratory. They do not cover the whole range of CERN's work; im
portant subjects such as radio-frequency techniques and beam observation systems could not 
be fitted in to the program, but are well covered by exhibits. Neither are we talking about 
possible future plans on this occasion, though worrying about what we should be doing in 10 
years time is a constant preoccupation of the laboratory management, as spectators of the 
long battle for the 400 GeV accelerator will remember. 

One part of the exhibition is devoted to equipment and techniques arising from the work 
of ESO, the European Southern Observatory, another European scientific organization, which 
is building a large telescope and other equipment to be installed in a high-altitude observ
atory in Chile. CERN and ESO have been collaborating technically on some of the construction 
problems, and the ESO Telescope Division is located on the CERN site. We are happy with this 
arrangement, and believe that it will be interesting to see that many of the technical prob
lems in two so different fields of research are quite similar in practice, just as the latest 
developments in astrophysics need knowledge of matter in states occurring on earth only in 
high-energy physics laboratories. 

Three talks have been prepared on more general topics. They are: 

- Dr. Zilverschoon's talk on some aspects of realization of high-energy projects in 
CERN, which we know from other meetings to be a subject of particular interest. 

- An afternoon session led by Dr. Adams, the Director-General of Laboratory II, on the 
400 GeV program and the procedures of international collaboration which have led to the 
specification of the machine and of the main experimental equipment to go with it. 

- An after-dinner talk by Professor Van Hove on the current state of particle physics. 
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In planning the talks and the Conference documentation, we have tried to keep in mind 
several guiding principles: 

- The subject of the meeting is the technology arising from the European high-energy pro
gram, not just from the work of CERN. Laboratories such as Rutherford, DESY, Saclay, 
and Frascati have all been working on similar equipment, and two of the talks are given 
by staff from other laboratories on subjects where they have taken a leading role. 

- The equipment and the techniques we are describing are the result of a close collaboration 
between CERN and other laboratories, and Industry, and if there is credit to be awarded 
it must be shared between all the partners involved. In displaying equipment we have 
had to make selections and choices which may appear to favour certain firms and to under
play others. We hope that, just as we do not distinguish between nationalities in re
search at CERN, but take pride in European scientific successes as such, the technical 
equipment on show will be seen as representing the capability of European industry and 
not that of any one firm. 

- The aim of the meeting is to review the current status of technology in our field and 
not to suggest its applications elsewhere. We believe, on the basis of recent studies, 
that this kind of technology can be useful in other applications, but we also feel that 
you should be the judges of this, and we will be interested in your views during or after 
the meeting. 

- Lastly, we are talking to an audience many of whom have not been in close contact with 
CERN before, and we have in our presentations to allow for this unfamiliarity without 
becoming trivial. This is a difficult target to aim at, and I only hope you will bear 
with us if we miss it occasionally on one side or the other. 



The role of technology in high-energy research*) 
R. Carreras 
CERN, Geneva, Switzerland 

ABSTRACT 

A brief survey of the activities of CERN is presented, and examples of technological 
problems occurring in the performance of high-energy physics experiments are given. 
The main fields discussed are: acceleration, production of particles, detectors, 
and data handling. 

* * * 

I will attempt to explain why, how, and where advanced technology is used at CERN. In 
order to do this, let us first summarize the main work of the Laboratory (Fig. 1): 

ACCELERATION PRODUCTION OF PARTICLES . DETECTION DATA HANDLING 

publishing of results 

Fig. 1 The s t e p s i n h i g h - e n e r g y r e s e a r c h 

Protons are accelerated in the CERN Proton Synchrotron (CPS) up to an energy of 28 GeV 
and directed onto targets, where part of their energy is converted into matter in the form 
of particles which are viewed by various types of detectors that produce data. The data are 
then analysed in order to obtain knowledge which is fed back to the experiments in many ways. 
For instance, within a matter of hours information is acquired which enables the physicists 
to improve the conditions of their experiment and achieve better results. Other data, after 

*) Adapted from tape r e c o r d i n g . 
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longer analysis, might influence the particular theory under investigation. If this is the 
case, the experimental equipment might then have to be modified or replaced in order to test 
the new aspects of the theory. 

As an illustration of the "raw materials" with which CERN physicists are dealing, let us 
look at a typical particle of 10 GeV energy, which has a diameter of approximately 10" 1 5 m, 
travels at a speed of about 300,000 km/sec, and usually lives for between 10" 8 and 10~21* sec. 
There are only two "tools" which can be used with these "raw materials", namely electric 
and magnetic fields. Even very strong electric fields have only a slight influence on very 
energetic particles. Magnetic fields can only have a curving effect, e.g. a field of 10 kG 
acting on a 10 GeV particle will produce a radius of curvature in its track of 35 m. 

This brief introduction already illustrates some of the technological requirements of 
research into elementary particles: firstly, very high electric fields; secondly, very high 
magnetic fields; thirdly, as a logical extension of the second requirement, superconducting 
and hence cryogenic techniques ; fourthly, pulsed fields in order to cope with the particles' 
extremely short lifetime and high velocity; and lastly, high vacuum in order to ensure "clean" 
experimental conditions. 

1. ACCELERATION 

A short description of what happens in the CPS will help towards understanding the 
acceleration process. 

Protons pass from the hydrogen source to the pre-injector (Fig. 2). There they are sub
jected to an accelerating voltage of 550 kV over a length of 10-12 cm. They then enter the 
linear accelerator (Linac, Fig. 3) where they are further accelerated to 50 MeV by a technique 
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a) The pro ton s o u r c e , i n which the protons are 
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p r e - i n j e c t o r 
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Fig. 2 
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a) View of the f i r s t two a c c é l é r â t i n g c a v i 
t i e s of the Linac w i t h t h e i r c o v e r s r e 
moved, l o o k i n g towards the s o u r c e . Down 
the middle run the d r i f t tubes i n which 
the pro tons are s h i e l d e d from the e l e c 
t r i c f i e l d dur ing the a c c e l e r a t i n g 
p h a s e . 
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b) S i m p l i f i e d diagram of one of the three 

a c c e l e r a t i n g c a v i t i e s of the L i n a c . The 
l e n g t h and s p a c i n g of the d r i f t tubes 
i n c r e a s e s t e a d i l y , i n such a way t h a t a 
p a r t i c l e w i l l be s u b j e c t e d t o an a c c e l 
e r a t i n g f i e l d between tubes ; f o r e x 
ample, a t A, t h e n s h i e l d e d from the 
f i e l d during the d e c e l e r a t i n g phase A ' , 
a l l the way down the c a v i t y . 
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similar to that used by a surf-rider. The protons are pushed forward by a series of electro
magnetic waves through three cavities having a total power of 7 MW. They are protected from 
the decelerating effect which occurs between the waves by means of drift tubes. The manu
facturing tolerance imposed on the length of the tubes is less than 50 ym. 

The protons are then transferred at one-third of the speed of light to the PS where 
they are subj ected to an accelerating technique which is similar to that used in the Linac 
but on a much larger scale (Fig. 4). There are many problems to be overcome in the design 
of a machine such as the PS. For instance, in order to avoid beam losses through unwanted 
oscillations, the positioning of the magnets had to be accurate to within 0.1 mm, and the 
reference system of the 200 m diameter machine was surveyed to an accuracy of 0.015 mm. 
Another problem is that of focusing: magnetic lenses are used to reduce the cross-section 
of the beam to a minimum. During acceleration, the inwards centrifugal force on a particle 
has to be increased in order to keep the beam on an equilibrium orbit. This is achieved 
by raising the current in the magnets in relation to the frequency of the RF cavities, which 
is tracked very precisely to the magnet current by means of a feedback loop. During a typi
cal 28 GeV acceleration cycle (Fig. 5) lasting two seconds, the power supplied to the magnets 
reaches a peak of over 50 MW. 

The Proton Synchrotron not only serves for "direct" high-energy physics experiments 
but it is also used as injector to the Intersecting Storage Rings and will feed a 10 GeV 
beam to the Super Proton Synchrotron (now under construction), where by further acceleration 
a maximum energy of 400 GeV will be obtained. 
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2. PRODUCTION OF PARTICLES 

Particles can be produced in different ways. For instance, the proton beam may be 
directed onto internal targets. However, owing to the high beam intensities now reached in 
the PS, these targets are liable to produce a high level of radioactivity which could damage 
vulnerable parts of the accelerator. An alternative method is to eject the protons from the 
machine and direct them onto external targets. 

The extraction of a 28 GeV beam circulating in the PS at a rate of 2 ysec/turn obviously 
poses very considerable technological difficulties. Two techniques are used at CERN: firstly, 
fast ejection whereby selected bunches of protons are kicked out of the ring by a special mag
net operating in approximately 0.1 ysec; secondly, slow ejection whereby the beam is gradual
ly shaved during 300 msec (this corresponds to about 150,000 turns). 

Whatever the method used, the secondary beams have to arrive at the right time, at the 
right place, at the right energy, and in the right number. 

There exist a great variety of secondary beams originating from the PS (Fig. 6). One 
area to which such a beam is directed is the South-East Hall, which houses a neutrino facil
ity. In order to produce neutrinos, the extracted proton beam is focused onto a beryllium 

Fig . 6 Schematic r e p r e s e n t a t i o n of the PS e x t e r n a l beams and e x p e r i m e n t a l complexes 
(BEBC = Big European Bubble Chamber ; HBC - Hydrogen Bubble Chamber ; HYBUC = 
Hyperon Bubble Chamber ; PSB = Proton Synchrotron B o o s t e r ) 

target, 1 cm in diameter and 1 m in length, situated inside a magnetic horn. The kaons and 
pions emerging from the target are very strongly focused by means of 400 kA pulses of 100 ysec 
duration. These particles decay into muons and neutrinos which then pass through steel shield
ing where the muons are stopped, leaving the neutrinos to continue on their way to the Garga
melle bubble chamber. 

Another secondary beam is ejected from the PS to the Intersecting Storage Rings (ISR). 
The principle behind the ISR can be explained by using the analogy of the fly and the hand 
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described earlier by Dr. Hine. The stationary fly represents the proton at rest. As the 
proton is accelerated, then, according to the theory of relativistic mechanics, not only its 
speed but also its inertia increases, and so the fly becomes a moving hand. At the ISR two 
hands are clapped together, and their energy is entirely used up in the collision, whereas 
at the PS only a part of the proton's energy is absorbed in the collision with the stationary 
target. One of the reasons why very high energy collisions are necessary is that only they 
can produce the heavy particles in which the physicists are particularly interested. 

In order to make the head-on collisions sufficiently frequent and to allow the physicists 
enough time to carry out their research, the beams have to be very intense and have to be kept 
circulating for several days. This poses considerable technological problems. Firstly, a 
vacuum of at least 10" 1 1 Torr has to be maintained throughout the rings, which have a total 
length of approximately 2 km. Secondly, the manufacturing tolerances imposed on the magnets 
are about ten times greater than those at the PS. The pole faces have been built to an ac
curacy of 0.01 mm to achieve the precise field configuration required. Lastly, the magnet 
power supplies have to be capable of supplying currents of 4000 A with an extremely high sta
bility for hours or even days. 

3. DETECTORS 

CERN makes extensive use of bubble chambers for particle detection. The principle be
hind the bubble chamber is the following: it contains a liquid which is brought to its 
boiling point by suddenly reducing the pressure inside the vessel; during the very short 
period in which the liquid should be boiling but has not yet had time to do so, a charged 
particle passing through the chamber will cause the liquid to boil, and the bubbles will 
mark the position of its track. Bubble chambers have grown very considerably in size and 
complexity in the 20 years since the appearance of the first Glaser chamber, which had a 
volume of a few cm 3. For instance Gargamelle, the chamber used for neutrino experiments, is 
12 m 3 in volume (Fig. 7); such a large useful volume is needed because of the neutrino's 
low interaction probability. The pressure in the chamber can be reduced from 22 bars to 
10 bars in about 20 milliseconds, and a magnetic field of 20,000 gauss is applied to the 
chamber for the purposes of track analysis. 
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Whereas Gargamelle is filled with either propane or freon for neutrino physics, liquid-
hydrogen fillings are normally used in chambers where proton interactions are to be investi
gated. For instance, the Big European Bubble Chamber (BEBC) contains 40 m 3 of liquid hydro
gen to which a field of up to 35 kG is applied by two superconducting coils operating at 
-255°C. Owing to the very high magnetic field, a force of approximately 9000 tons is exerted 
between the two coils, and this enormous force has to be compensated lest the position of the 
coils is altered and track measurement efficiency impaired. 

Apart from bubble chambers, CERN also makes wide use of electronic detectors such as 
scintillation counters, spark chambers, etc. The set-up for an experiment usually takes on 
quite a complex appearance, as can be seen in Fig. 8. 

4. DATA HANDLING 

Whereas data from electronic detectors are produced in a form which is relatively easy 
to handle, information from bubble chambers is recorded on film and calls for very sophi
sticated analysing devices. Both the position and radius of curvature of the tracks have to 
be measured with extremely high precision and the results then transferred to magnetic tape. 
In addition, the device has to be designed to avoid misinterpretations, which is not an easy 
task. In order to meet these requirements, CERN has developed various instruments; for 
example, ERASME, which can be used to analyse film mainly from BEBC and which allows a high 
degree of operator intervention. Some of the specialized hardware developed at CERN is cap
able of operating up to 100 times more quickly than the present-day computers. As an example 
of the amount of information to be handled by these devices, Table 1 shows the total data 

Table 1 

2 m hydrogen bubble chamber runs (1972) 

Beam Pictures taken Laboratories Dates 

u 5 TT 11.2 GeV/c 380,000 Bologna, Florence, 
Genova, Milan June 

U 5 K" 8.25 GeV/c 220,000 
Athens (Demokritos 
and univers i ty) , 
Liverpool, Vienna 

June 

u 5 d 11 GeV/c 71,000 Strasbourg, Tel Aviv July 

u 5 K" 14.3 GeV/c 393,000 
Ecole polytechnique, 
Rutherford Laboratory, 
Saclay 

July 

u 5 P 24 GeV/c 142,000 Bonn, Hamburg, Munich July-August 

Us K" 16 GeV/c 257,000 
Aachen, Berl in , CERN, 
Imperial College London, 
Vienna, Westfield 
College London 

August 

u 5 

+ 
ÏÏ 16 GeV/c 265,000 

Aachen, Bonn, CERN, 
Heidelberg, Cracow, 
Warsaw 

August 

k 8 K" 0.88 
1.04 

GeV/c 
GeV/c 352,000 Imperial College London, 

Rutherford Laboratory September 

k„ «£ 0.5 GeV/c 520,000 Glasgow, Pisa, 
Rutherford Laboratory October-November 
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produced by the 2 m hydrogen bubble chamber in a typical year. The reduction of these data 
into a meaningful form is obviously a very difficult task, which is undertaken partly at CERN 
and partly in the Member States. 

5. CONCLUSION 

CERN is a place where physicists from throughout Europe find the facilities and the 
assistance to carry out extremely sophisticated experiments using very advanced technologies. 
The main object of their study is that of elementary particles, the smallest physical objects 
we can think of and whose behaviour reveals the deepest laws of nature which are probably 
also the most universal. 



Some a s p e c t s of the r e a l i z a t i o n of high-energy 
projec t s in CERN*) 
C.J. Zilverschoon 
CERN, Geneva, Switzerland 

ABSTRACT 

General features of high-energy projects are outlined. It is indicated that al
though these projects are normally large, complicated, and technologically ad
vanced, in general they meet the cost and time estimates rather well. The as
pects discussed include: project set-up and control at CERN; the kind of staff, 
their work and motivation; collaboration with industry and the possibility of 
"fall-out" products. 

Several aspects of high-energy physics projects have already been discussed yesterday 
by Dr. Hine and Dr. Carreras, and to-day I would simply like to say a few words about the 
way in which we realized these projects and the role of industry in this. I shall not go 
into the subject of collaboration with other laboratories, although this is an important 
point for CERN; but this afternoon Dr. Adams will certainly talk about this matter. 

1. HIGH-ENERGY PHYSICS PROJECTS 

You will have seen or at least heard that the projects that we talk about are very 
big — big in size, i.e. they may be of the order of 100 metres up to kilometres; big in 
money, they cost hundreds of millions, up to a milliard francs; and also they should be con
sidered as technologically advanced. 

In 1959, when the present Proton Synchrotron became ready, it was the first of this 
type working in the world, and the same was true for the Intersecting Storage Rings when 
they were starting up three years ago. These Rings, by the way, are still the only ones; 
no others exist, neither are any being constructed. And the "big machine", when ready, 
will be the largest of its type again, and it will certainly be full of technical novelties. 
What I want to say is that these projects, from the point of view of technical advancement, 
can be considered at the same level as, say, large rockets, or supersonic airplanes, or new 
types of reactors. The projects that we discuss here, when put into operation, generally 
worked immediately up to the performance specifications that we promised; but, moreover, 
when you look at the construction, you find that we have done rather well in keeping to the 
time-scale and to the cost estimates. 

The largest project so far finished in CERN was the Intersecting Storage Rings project, 
which was approved at the end of 1965. At that time we told our Council that we would build 
it for 332 MSF (at 1965 prices), and that the machine would be in operation by the middle 
of 1971. In reality the machine worked four months earlier and, when we made the accounts, 
we found that approximately 5 MSF of the project money were still left over; so we under
spent on this project. This is, of course, quite a different affair if you compare it with 
some of the other advanced projects I have mentioned, or even some of the more conventional 

*) Adapted from tape r e c o r d i n g . 
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projects such as underground railways, abattoirs, airports, or Olympic games, and even simply 
motorways, where sometimes large over-expenditures and delays have occurred. Admittedly we 
do not always underspend on our projects. We also have sometimes an over-expenditure of 5% 

or maybe even 10%. But I have never, never, in our field seen a factor of 2 to 5 over-
expenditure that you sometimes find in other fields. This discipline of sticking to your 
promise — because that is what it is — this discipline is not limited only to CERN, but 
it is rather typical of high-energy physics I would say. To give one other example: in 
1960, the Alternating Gradient Synchrotron in Brookhaven, USA, which was a sister machine 
of our PS, was finished, and at that time their project leader was able to hand back a sum 
of money to the Atomic Energy Commission saying: "Well, the machine is finished and this 
money is left. Thank you very much." 

2. PROJECT SET-UP AND CONTROL 

I should now like to mention a few points which we believe are of importance for making 
these projects, not only a technical success — which means that they work according to the 
specifications — but also a success from the management point of view, which means that you 
stick to the time-table and to the cost estimates. Let me start with a point that I believe 
is not so essential, but I want to mention it because it is so fashionable that even big con
ferences are held about it. It is what is called "project control", the management "tools". 
It is of course important to control the project. In the ISR we had PERT, a critical path 
system to control this, and it worked very nicely. I am sure that in the new "big machine" 
there will be a system that is even more complicated, and I am sure that this will also work 
very well. But I still remember the old PS which was finished in 1959, at which time these 
systems did not yet exist. All that one had at that time was common sense, and yet the PS 
was ready six weeks before schedule. I therefore believe that of course one would be stupid 
not to use the tools when they are available, but I do not believe that they are so essential 
that a project would be doomed without them. I think there are more essential things. For 
instance there is the project set-up; and here we have always been rather clear in CERN, 
and also I think in other laboratories. A project leader has always been given very great 
liberty in devising his own set-up, and when we talk about big projects of the size of the 
large accelerators, we have always created a special project division which was, from the 
technical point of view, almost self-supporting; that is, it had its own magnet group, its 
own vacuum group, even its own electronics workshop, its own mechanical workshop, certainly 
its own drawing office, even its own buildings group. Therefore for technical matters the 
project leader never had to rely on general services from the Laboratory; he of course used 
general services from the administrative point of view, such as for the cleaning of the 
buildings, payment of salaries, and so on, but the technical matters were always within his 
own hands and, if something went wrong he could only blame himself or his own people. And 
we believe that this is an essential point: to give a great independence to the project, 
and therefore the full responsibility to the project leader. 

3. STAFF 

Of course the quality of the staff must be good, and we have been lucky in CERN that 
we were allowed to hire our staff within Europe from wherever we wanted it. We have a very 
good Convention, and we have a marvellous Council, and they allow us to hire people without 
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considering their nationalities. They do not insist that we distribute the posts in accord
ance with the contributions of the Member States; we can take the best man that we can find 
for a specific job. 

What may be even more important is the motivation of the staff, and here we come to 
a point that I should like to call the "continuity of the staff" throughout the project. 
This is the following: once you decide that you want to start a new project, the very 
first step is to set up a "design study group", as we call it, which may be composed of 
10 or 20 senior engineers and physicists. We work together for a year or so, in order to 
produce what we call the Design Study Report. This is a rather thick book containing the 
reasons why you are going to propose this project, and how to go about it. It gives the 
first drawings of the layout and the first technical drawings; it mentions where diffi
culties can be expected, and it contains the cost estimate and the time-table. It is with 
this book that we have to go to our Governing bodies for approval. It is very important 
that the senior staff, when making the design study, know that they will stay on later to 
actually do the work. This senior staff will form the nucleus of the project division, and 
therefore a man who, under the design study, has estimated the magnet to cost a certain 
amount of money, knows that if the project is approved he will have to do it for that money, 
and this of course motivates him to make a proper cost estimate. And making a proper cost 
estimate is of course half the job, because you have two figures which you want to balance, 
one is the cost estimate and one is the total cost. If you make a bad error in the cost 
estimate, you cannot correct it any more. So it is extremely important at an early stage to 
motivate the people by letting them know that they will stay with the project. 

There is another facet of staff continuity that is interesting, and which again refers 
to our type of equipment: once these big accelerators or detectors start to function, we 
know from experience that we need more people to run them — that is to operate, maintain, 
and develop them — than to construct them. This may seem strange, but if you think about 
it, it becomes obvious, because this equipment will have a long life and a very busy life. 
It will, in the first place, run 24 hours a day, 7 days a week, and therefore for each opera
tor you need five or six posts, which means that you need a large operating staff. Then as 
you know, this is advanced precision equipment which needs a lot of maintenance, and since 
at the same time it is very large in size, it also needs a big maintenance staff. We cannot 
avoid it. Finally, because it is so expensive, you want this equipment to last a long time, 
say 25 years. And 25 years is an enormously long time. If you simply look back 25 years, 
you see that computers, transistors, and printed circuits did not exist. So during the life
time of an accelerator the technology can change completely. Also the physics interest may 
change during these 25 years, and therefore you need to have continuous development of this 
equipment. So you require a large operating staff, a large maintenance staff, and a sizeable 
development staff — all of which adds up to a very big staff figure. 

It is interesting if a fairly large percentage of the staff that works throughout the 
construction stage stays on with the project, having become familiar with it during this time. 
This gives the same sort of motivation for doing a good job. If you know that you have to 
run something, you will not do a sloppy job when making it. Because of the need for a large 
number of staff to run this equipment, we can afford to have a sizeable staff during the con
struction period without having to fear laying-off large numbers of people. 
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This brings me to the next point, which is how we deal with industry and what is our 
contracts philosophy. This is related to the fact that we can have a sizeable project 
group. 

4. COLLABORATION WITH INDUSTRY 

Our philosophy in this is very simple. It is that in order to make the total cost 
balance as closely as possible with our cost estimate, we make an attempt to obtain the 
equipment we need for as low a price as possible. This is the simple philosophy that we 
try to follow. In order to do this, we have at least two rules: the first is that we give 
to industry specifications that are as precise as possible for the equipment we need, in 
the hope that they can make better price calculations with a minimum of unknowns, and there
fore a minimum of risk for them. The other rule is that we see to it that for each tender 
there is sufficient competition. We believe that these two rules help industry very much 
in their attempts to give CERN interesting offers. 

The placing of only a very limited number of extremely large and complicated orders 
with only one or two big firms or consortiums of firms, such as is sometimes done in space 
work, is obviously not in accordance with the two rules I have mentioned, and this is why 
we do not do it. Actually we do the opposite: we tend to break down the whole project 
into a relatively large number of contracts, each of which is relatively simple in itself, 
and in most cases therefore suitable for medium-size or even smaller firms. In this way, 
of course, we increase the number of firms that we can interest, thus increasing the compe
tition. 

The equipment we need can be of various types : in the firsç, place, it can be standard 
equipment, e.g. a power transformer. There are plenty of factories that make transformers, 
and these factories exist in most countries. So we know that when we need a transformer, 
there are experts in these firms — much better experts than we have here ourselves — who 
can design this equipment. Thus for standard equipment we never think of setting up our 
own design group; but we make performance specifications, possibly giving outside dimen
sions, or how much cooling we have available, and so on; but we do not make a detailed de
sign. In this same class there are many other items: computers for instance, vacuum pumps, 
cranes, switch-gear, and many instruments. 

There is a second type of equipment which is a sort of extension of what already exists. 
Suppose there is on the market a high-frequency tube of 2 MW, and we want to have something 
very similar but for 5 MW. Here again we do not try to set up a special group to develop 
this, but we try to interest a certain number of firms in making us an offer to develop, 
from their existing standard model, something that suits us. Of course we ask them to de
velop it at a fixed price. Actually very much of our work is in this category — that of 
trying to get a firm to develop something further, something more difficult than what they 
usually make for the normal market. And in these contracts we quite often have a good rela
tionship with the firms; for instance, we help them to do tests, or even to advance the 
work. 

Then there is a third type of equipment. This consists of all the equipment that nor
mally is not made in factories; for example, there does not exist a factory for synchrotron 
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vacuum chambers, or for synchrotron magnets, etc. For this type of equipment we insist 
on having our own experts within the Organization; we want to have them also for later de
velopments and we set up small design sections who work out the specifications, with detailed 
drawings that are sent out to those firms who we believe can do this type of job, even if 
this is not their normal speciality. And in this way we are sure that we can get lower 
prices than if we go to the specialist firms only. To give an example: the vacuum chamber 
of the PS was made by a factory manufacturing washing machines, which had the right type of 
production facilities and was therefore cheaper than the specialized vacuum firms — much 
cheaper actually — and they made a very good job of it. But of course we would never have 
trusted this firm to do the design work. So, to summarize this question of design, we are 
perfectly happy to let industry do the designing for the normal equipment or for any exten
sion of normal equipment; but for specialized equipment where firms have little or less 
experience than we have, it is considered more effective to concentrate the technical efforts 
for the design within our Organization. In this way we form a group of our own specialists 
for coping with further developments, and at the same time we avoid the setting-up of a num
ber of design groups in various firms where people would normally spend only part of their 
time on these jobs. 

For CERN this philosophy also fits in very well with our financial rules, which like 
our Staff Rules were made by the people who form our Council, or rather those who formed our 
early Council. Contrary to what is generally the rule in international organizations, we 
do not have a system of what is called "juste retour" or "fair return", i.e. if a country 
contributes 20% of the budget, it does not insist on getting back 201 of the money. Our 
rule is extremely simple: there is no geographical distribution; we have to accept the 
lowest offer that meets the technical requirements and delivery time. We believe that the 
technical judgement of these offers cannot be done better than by the staff who made the 
detailed design and who will be responsible for the realization. This freedom of spreading 
out the orders throughout the Member States, without having to worry about "juste retour", 
is of great importance to us, as you can imagine, and it certainly helps us in getting low 
prices. But we believe it is not advantageous to CERN alone. We have noticed, for instance, 
that sometimes a certain firm or factory is temporarily not fully occupied, and therefore 
it can make a lower offer, accepting to reduce the fixed cost in its price calculation. 
If this firm gets the order, it is obvious that more than one party will be satisfied. In 
the first place there is the firm itself that gets the order; they should be very happy 
because they really needed the work. And CERN should be happy too, because it gets a lower 
price. But not only that: we know from experience that firms in this situation also give 
us very good attention. Firstly, they are not so busy at that moment; and secondly — 
since they do not make much profit — they at least try to get a maximum propaganda value 
out of their contract. And the Member States, even those who did not get the contract, 
ought to be very happy because they know that they get good value for their taxpayers' money. 

The points that I have mentioned are very important for the proper realization of our 
projects; but you may ask how do the firms see this. Do they feel victimized? You could 
even partly answer the question yourselves of course — at least those of the firms who have 
done business with us. I have talked with a number of firms, and the answer seems in general 
to be that they believe this is a pretty good system — except for a few of the very big 
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firms. Most firms actually like the way in which we work with them. This holds true parti
cularly for the special equipment design, where complicated development contracts are avoided, 
the tenders follow precise specifications, and the projects are split up into a number of 
smaller contracts. It is true that very large contracts or complete projects, which involve 
much development work, may bring good profits to the few firms that are big enough to handle 
them, but also the risks can be very high. On the other hand, when the firms must work to 
precise specifications they can calculate their prices much more precisely, thus eliminating 
the risk of losses, and can therefore make an advantageous offer. 

Up to now I have been speaking about the design of the equipment. However, the really 
big help that CERN gets from industry, for the specialized equipment, is not in the design 
work itself but in the realization of it, the construction work. And we all know very well 
that this involves an enormous amount of work, of thinking, changing, developing; and it is 
also here that we have the closest collaboration with industry, which then gives its real 
contribution, and where we often really make friends because we are fighting on the same 
front. This collaboration with industry is very important because, after all, industry ac
tually builds 9S% of our equipment. We only build about 5% ourselves within the Organization. 
Of course industry can live without us, but we could not live without them. I would not go 
so far as to say that without industry we would be a zero, but, as I have said, we would only 
be 51. Therefore, to the representatives of the industry, I would say: "You can look around 
in this laboratory and think: 'this is our work 1 " . 

5. "FALL-OUT" 

I would like to finish by mentioning something that is connected with the work we do 
with industry; this is called "fall-out". We have been created as an Organization to do 
research on high-energy physics. But we have slowly come to realize that industry may gain 
something else form our efforts than just the immediate orders they get from us. And this 
is something we are now investigating. Dr. Schmied is at present making an investigation 
to follow up what has happened to firms that have had big contracts with us. Sometimes a 
firm has a contract with CERN from which they do not make any profit; but in the course of 
doing the job, it may be that they introduce a new product that they did not have before 
(think of the washing-machine factory that now knows how to make vacuum chambers). Or may
be .they gained experience in doing tests in ways they had not thought about before but which 
were introduced by CERN. Or they used CERN as a test-bed because CERN, having been in opera
tion day and night for 10 years, could be useful for testing equipment in a radiation field. 
Or they used CERN simply as a reference. Dr. Schmied has been working on this project for, 
I think, nine months. He has talked with a certain number of firms, and two things have 
emerged from this: in the first place, that there is actually this "fall-out". You can 
made a list of firms that have had advantages afterwards, which were not immediately related 
to the contract; it was not profit on the contract but related to the contract. This exists 
to a greater extent than we had thought. I was even more surprised in the beginning at the 
way in which the firms were willing to collaborate in this investigation, how they were en
thusiastic about giving us all the information. Only recently have I understood, I believe, 
why this is so: we have noticed that often we have contracts with a firm because the tech
nical people in the firm were interested, but not necessarily the commercial people. And 
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then it is of course interesting later on for the technical people also to justify to their 
commercial colleagues that they were right after all in making this contract with CERN, and 
so that also for them it may be of interest to get these figures out for their firm. As 
I said, we are in the middle of this study and that is why we do not want to give a talk 
about it now, but if anyone here would like to know a little more about the methods being 
used, then you could contact Dr. Schmied and he could arrange to have a talk with you. 
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ABSTRACT 

A technical description of the Super Proton Synchrotron is presented, followed 
by details about the origins and the construction period of the SPS project. 
Emphasis is laid on relationships between machine designers and builders, 
European industry, research physicists, and the financing by the Member States. 

* * * 

This morning, Dr. Zilverschoon discussed the big construction projects at CERN from 
the point of view of project management and control, and the role of industry in these pro
jects. 

I have been asked to complete this picture by discussing the relationships between the 
builders of these giant machines, their users, who are the research physicists from the 
European universities, and their financial backers, who are the governments of the Member 
States of CERN. I shall take as my example the latest and biggest construction project at 
CERN, which is called the SPS, or Super Proton Synchrotron. 

A three-way interaction between constructor, customer, and financier is, of course, 
typical of many — if not most — large engineering projects whether they are power stations, 
aero-space projects, or even consumer goods. Somebody builds the device, somebody wants to 
use it, and somebody pays for it. But in each case the relationship between the parties 
concerned is different, and we thought it might be interesting for you to hear how it works 
out for a large research tool, costing about 1000 MSF, which will be used by thousands of 
research physicists from the European universities for the next 20 or 30 years. 

1. TECHNICAL DESCRIPTION OF THE SPS 

Before discussing these relationships, I think I should say a few words about the pro
ject itself, because some technical knowledge about it is necessary in order to appreciate 
the limits within which the designers must work in shaping the project to fit the require
ments of the customers and the restrictions of the financial authorities. 

A large proton synchrotron, such as the SPS, consists of basic elements, the design of 
which can be varied within certain limits subject to the over-all requirement that all the 
elements must work together as a single integrated device. Its purpose is to accelerate 
protons to very high energies — 400 GeV in the case of the SPS ~ and to transfer beams of 
these accelerated protons to experimental areas where they can be used for research. Thus 
the first breakdown one can make is to divide the project into two parts: the accelerator, 
and its experimental areas. Of course, the research that can be done in the experimental 
areas depends on the proton beams produced by the accelerator, so these two parts of the 
project are very closely related and must be designed together. The research physicists 
are naturally more interested in the experimental areas, but the machine designers have to 
be concerned with both parts equally since they are interdependent. 
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Turning now to the accelerator part, the basic components are the following. 

The most important component, at least from the point of view of its size and cost, is 
the magnetic confinement system in which the protons circulate around for several seconds 
during their acceleration. Very few protons can be allowed to escape from this confinement 
system. We are using what is called a separated-function system in which one set of magnets 
bend the protons round a circular path and another set focuses the beam of circulating pro
tons. These bending and focusing magnets are arranged around the machine in a periodic 
system called the machine lattice. Each period of the lattice consists of a focusing magnet, 
four bending magnets, another focusing magnet, and another four bending magnets, and there 
are 108 lattice periods round the circumference of the machine. The diameter of the machine 
is 2.2 km, so that the magnetic confinement system is 7 km in circumference and it contains 
over 1000 bending and focusing magnets. 

Figure 1 shows one of the bending magnets, of which there are about 800 in the machine, 
and Fig. 2 shows one of the focusing magnets, of which there are 216. 

Fig. 1 Bending magnet 

Fig. 2 Focusing magnet 
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Clearly, such a large magnetic confinement system presents severe industrial production 
problems, particularly since the machine design imposes very close tolerances on the allow
able magnetic variations between individual magnets in the system. For example, for the 
800 bending magnets in the machine, we can only allow a maximum variation of 5 parts in 
10,000 in their bending strengths. Furthermore, once the magnets are set up in their cor
rect position around the circumference of the machine, to a precision of 0.1 mm, they must 
not move more than that amount over periods of several years. This means that the founda
tions of the machine must be very stable and, since it is impossible to build a concrete 
foundation 2.2 km in diameter which is independent of the ground, we are forced to build it 
in rock that we know to be stable. 

Fortunately there exists such a rock underlying the site of the laboratories of CERN, 
and the machine will be installed in a tunnel, 50 m below ground level, which we are now 

Fig. 4 Boring machine head Fig. 5 Boring machine a t P i t 4 
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boring in this rock under the site. I should add that the technology of accurate tunnel 
boring, which we have had to learn and perfect in the last two years, is one of the most 
fascinating technologies in the project. Indeed, some people claim that SPS stands for 
Subterranean Proton Synchrotron. 

The next three figures show the boring machine we are using to make this tunnel. 
Figure 3 shows the body of the boring machine, Fig. 4 its head, and Fig. 5 the arrival of 
the boring machine after completing one half of the circumference of the machine, a distance 
of 3.5 km from where it first started. We have now bored two-thirds of the machine tunnel, 
and so far the axis of the tunnel is within ±7 cm of its theoretical axis throughout a 
length of nearly 5 km bored in the rock. 

Protons are injected into the magnetic confinement system of the SPS from an external 
source. In our case we will use the existing 28 GeV Proton Synchrotron at CERN, to which 
has recently been added a booster synchrotron to increase its intensity. We will inject a 
proton beam at about 10 GeV energy with an intensity of 1 0 1 3 protons per pulse. At this 
energy, the magnetic field in the SPS is 450 G. After injection the magnetic field is 
raised from 450 G to 18 kG in about 4 seconds, during which time the protons are acceler
ated from 10 GeV to 400 GeV. 

The protons are accelerated in the machine by high-frequency electric fields. These 
fields are produced in two RF cavities situated at one point on the circumference of the 
machine. The operating frequency is 200 MHz and each cavity is 20 m long and about 1 m in 
diameter. The cavities operate in a travelling wave mode and look rather like a linear 
accelerator, as can be seen in Fig. 6. 

Fig. 6 Model of RF c a v i t y 

On each revolution round the machine the protons must gain 2.55 MeV, so that, with the 
proton bunches riding the RF waveform at 45° phase angle to give good phase stability, the 
two cavities must produce a total of 3.6 MV along their length. This requires 500 kW of RF 
power into each cavity — and producing 500 kW of power at 200 Miz is no trivial problem. 

Incidentally, working at 200 MHz accelerating frequency means that there are 4620 pro
ton bunches circulating round the machine. To keep these bunches at the centre of the 
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magnetic confinement system during the whole acceleration we use a phase-lock system which 
ensures that the protons are automatically given exactly the right amount of acceleration 
on each revolution. It is a fully cybernetic system not requiring any human intervention. 

Once the protons are accelerated to 400 GeV energy, the circulating beam must be 
extracted from the machine and transported to the experimental areas. The extraction 
systems are very complex since we must achieve very high extraction efficiencies — over 
95%. The reason is that any protons left in the machine after extraction cause serious 
radiation damage to its components, which shortens the life of the accelerator. 

There are two experimental areas fed with proton beams from the SPS. Figure 7 shows 
where they are relative to the SPS. 

The West Area already exists and was built a few years ago for experiments at 28 GeV 
energy. In this area there are two very large particle detectors — the Big European 
Bubble Chamber called BEBC, and a large spark chamber detector called Omega. The West Area 
will be used for neutrino experiments using 400 GeV primary protons and for hadron spectro
scopy up to 200 GeV energy. 
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The North Area is much larger in size than the West Area — about 4 km long and 500 m 
in width. A few weeks ago we finalized the layout of this area, which will be used for 
muon experiments and for hadron spectroscopy up to 400 GeV energy. 

To feed these two areas with protons, we are installing two independent extraction 
systems in the accelerator, which direct proton beams from the machine onto a total of nine 
targets which can be fed in sequence or simultaneously as required. It is from these 
targets that are generated the beams of secondary particles, such as the neutrinos, muons, 
and hadrons which I have just mentioned. 

To control and monitor such a large and extensive accelerator and its experimental 
areas we will use a computer complex containing a total of 24 computers. These computers 
control and monitor the machine components in the different geographical sectors of the 
machine and in the two experimental areas, and provide functional control and data acquisi
tion to the main control centre. The computers communicate with each other via a sort of 
telephone exchange, called a message-switching system, which itself is operated by a com
puter to switch and interleave messages at high speed. We are developing an interactive 
system, which will allow two or three operators in the main control centre to call up and 
change the machine data and settings, using touch-buttons and CRT (cathode-ray tube) screens 
on the control desks. 

Finally, I should add that this project makes heavy demands on the local services. 
Not only did it require the acquisition of about 500 hectares of land in France and 
Switzerland, but also a new 380 kV electrical grid line to the site from the main French 
grid which is 30 km away, and a massive cooling-water installation on Swiss territory to 
pump cold water from the Lac Leman to the site through pipes, about 1 m in diameter, at a 
rate of 1000 ¡L/sec, and return it at a slightly higher temperature to the Rhône river, 
which flows out of the lake. 

I hope this very brief description of the SPS project will enable you to appreciate 
the magnitude of the work involved and the many technologies that are being used in its 
construction. It may also give you some feeling for the technical problems which the 
machine builders have to bear in mind when trying to satisfy the needs of the future users 
of the machine on the one hand and the financial restrictions of the Member State govern
ments on the other. 

After this short technical discussion, I would now like to return to the main theme of 
this talk; namely, the relationships between the machine builders, the customers, and the 
financiers. And since these relationships change during the course of a project such as the 
SPS, I will start with the earliest period of all, namely the pre-natal years of the SPS. 

2. ORIGINS OF THE SPS PROJECT 

The idea of building an accelerator 10 times the size of the present 28 GeV machine at 
CERN was first discussed in 1960 amongst the machine builders who were then just bringing 
the 28 GeV accelerator into operation. Indeed it was the success of the CPS, as we call 
the 28 GeV machine, that caused its builders to wonder what new problems would arise in 
designing a very much larger machine using the same principles. I do not think that anybody 
at that time really expected that such a monster would ever be built, but it was neverthe
less an interesting problem, and thinking about it did not cost anybody anything. 
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It was not until 1963 that the need for a much higher energy accelerator was seriously 
discussed amongst the nuclear particle physicists. In order to consider this matter in the 
widest sense possible they formed a committee — which was called ECFA, or the European 
Committee for Future Accelerators — whose members represented all the nuclear particle 
physicists in Europe. After long discussions, ECFA concluded that the machine design should 
aim at an energy of at least 300 GeV and a proton intensity approaching 1 0 1 3 protons per 
second. In this way the customers first defined what they wanted. 

It was then the turn of the machine designers. A feasibility study was started in CERN 
in late 1963 and a complete design was published towards the end of 1964. Meanwhile, ECFA 
had not been idle, but had carried out a series of studies on the research which could be 
done with such a machine and the experimental areas which it would need. 

The complete project was first put to the CERN Council, i.e. the governments of the 
Member States of CERN, in 1965, but the Council was unable to reach any decision. In fact, 
four years went by without any decision being taken. Nevertheless, since it was proposed 
in the project report that the new accelerator should be built not at Geneva but somewhere 
else in Europe, some interest in the project was maintained during these years by the 
Member States proposing attractive sites for the new CERN Laboratory, and by CERN investi
gating these sites from the technical and social points of view. 

At the end of 1968 CERN decided, rather hopefully, to appoint a director for the SPS 
project, and by the end of 1969 it was felt by many people that the Council would at last 
come to a decision. By this time, six Member States had announced their intention of 
joining the project, and five of them were offering sites for the new Laboratory. But once 
again no decision was reached, and in fact the chances of ever getting an agreement looked 
very remote indeed. 

The way in which the decision was finally reached is a rather interesting illustration 
of the relationships between the machine designers, the research physicists, and the govern
ments, and I think is worth recalling. Essentially, the first project was blocked at the 
end of 1969 for four main reasons. Firstly, it cost too much, nearly 2000 MSF, and the 
science budgets of the Member States simply could not afford it. Secondly, the idea of 
building a second laboratory of CERN, remote from the first one, did not seem so attractive 
in 1969, since the limited science budgets then available implied closing down the first 
laboratory at Geneva when the second one came into operation so that the total operating 
costs of CERN be kept within the foreseeable budgets. Thirdly, the research physicists 
found the eight years required to build the SPS and its new laboratory too long to wait, 
particularly since they had already waited four years for a decision to start the project. 
Lastly, it turned out that choosing one site from the five on offer raised problems which 
the governments found great difficulty in resolving. 

It was the machine designers who finally found a solution to these problems. To reduce 
costs we proposed to build the SPS next door to the existing laboratory, and to use several 
of its major installations and all its common services as an integral part of the new pro
ject. Together with some reduction in the forward budgets of the existing laboratory, 
these proposals reduced the project cost to about half the original cost, which enabled it 
to be fitted into the national science budgets. Obviously these proposals also guaranteed 
the future of the existing laboratory since so much of its equipment and services were 
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required for the new project. Furthermore, since the cost reduction could only be achieved 
if the SPS was built exactly where we proposed to build it, there was no question of 
choosing a site; so that difficult problem was by-passed. Lastly, by using the existing 
installations, we could reduce the machine construction time from eight to six years, which 
clearly pleased the customers. 

By the end of 1970 we were ready to put the new SPS project to the Council to see how 
many Member States would support it. The result was encouraging but not entirely success
ful. The six states which supported the first project rallied to the new one, although it 
meant that five of them had to abandon their hopes to get the new laboratory on their ter
ritory. In addition, Britain, which had refused to join the first project, came out in 
favour Of the new one. Nevertheless, the Council felt that 7 out of 12 Member States was 
still not sufficient support for such a large project and the meeting was adjourned to 
February 1971. 

When the Council met on 19 February 1971, 3 more Member States joined the project, and 
with 10 out of 12 states in support the project was approved. Later on another Member State 
joined, so now we have 11 states committed to support the SPS project to its conclusion. 

In all, it took about six years to get approval for this project, and during all this 
time the machine designers, the research physicists, and the governments were involved in a 
changing pattern of relationships; each trying to satisfy their own requirements and each 
subject to their own constraints. The research physicists certainly knew what they wanted 
and were very reluctant to give up anything they considered important for the research. In 
the end they were obliged to give up quite a lot, not in the performance of the SPS, but by 
abandoning national accelerators which they had hoped to build and by accepting reductions 
in the research programs currently under way at CERN and in their own countries. The govern
ments evidently could not accept a project whose cost did not fit in with their science 
budgets. In the end they accepted one at half the original cost but were obliged to site 
it next to the existing laboratory of CERN. The machine designers, caught between the 
customers demands on the one hand and the financial restrictions of the governments on the 
other, managed in the end, by using all the available parameters and some imagination, to 
reconcile both sets of requirements and produce an acceptable design. 

3. THE CONSTRUCTION PERIOD 

Once the decision to go ahead with the project was taken, a new pattern of relation
ships evolved between the three partners, especially between the machine designers and the 
research physicists, since the role of governments during this second phase is mainly that 
of financial and budgetary control and the adjudication of manufacturing contracts to 
industry. 

As far as the accelerator itself is concerned, the design is in the hands of the 
machine builders, but even so the beams of particles from the machine and the way they are 
produced are a matter of vital importance to the experimenters, and were the subject of 
long discussions between the builders and the customers. Since the research physicists are 
principally involved with the experimental areas, the dialogue with the machine builders 
was most intense concerning this part of the project. 
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Again a rather democratic system was used to establish the experimental requirements 
of the project. We set up a representative committee of users, which we call the SPS Expe
riments Committee, or SPSC for short. This committee first called on all the experimental 
groups in Europe to send in descriptions of the experiments which they intended to do with 
the SPS. These "letters of intent" were duly analysed and discussed, and from this emerged 
a general scheme for the experimental areas, which the machine builders then put into prac
tical layouts covering the experimental halls and the beam designs. These layouts were 
then discussed at a series of meetings to which all the European experimenters were invited, 
and gradually the final design of the areas took shape. A few months ago we finalized the 
North Area layout and the particle beams for the West Area. Early this year, the SPSC 
called for definite proposals for experiments based on the agreed area layouts, and these 
are now coming in. In a few months' time the initial experimental program will be established 
for the West Area, and a year later for the North Area. 

I should point out that the "interaction" between the customers and the constructors 
does not of course end when the project is finished, since accelerators are continually 
being developed and modified to serve the ever-changing experimental programs; but we have 
not reached this stage yet. 

During all this dialogue with the customer, the builders, of course, must keep a close 
watch on the financial consequences of any substantial changes in the SPS project, since 
there is a fixed sum of money and a maximum duration agreed by the Member States for its 
construction which cannot be exceeded. So far we have managed to satisfy the demands of 
our customers within our allocated budgets, and we are still on schedule with the construc
tion work. 

4. RELATIONS WITH INDUSTRY 

So far I have talked about the relationships between the machine builders, the users, 
and the governments; but there is another party involved in a project such as the SPS, 
which is just as essential for the success of the project. This is the European manufac
turing industry. The machine builders at CERN design the accelerators, specify all their 
components, assemble, test, and install these components into the final machine, and bring 
it into operation. The function of European industry is to manufacture all the components, 
and this means that the machine builders during the whole course of the project are in a 
very close relationship with hundreds if not thousands of firms in Europe. In this rela
tionship, the machine builders are now the customer and industry the supplier. I should 
also add that the governments of our Member States are naturally interested in manufacturing 
contracts for industries in their own countries, and seek to ensure that there is a fair 
competition for the contracts arising from the SPS project. 

These close relationships between the CERN machine builders and European industry bring 
benefits and new experience and perhaps occasionally sorrows to all the parties concerned. 
Clearly we are a relatively important customer, at least measured in financial terms. Of 
the total project cost of over 1100 MSF, about 700-800 MSF are being spent in industrial 
contracts over a period of eight years. But we are also rather exacting customers both 
technically and financially. The SPS uses a fair amount of advanced technology and all of 
it involves modern technologies. We must seem to industry always to be asking for compo
nents at the limit of manufacturing possibilities. 
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Since Dr. Zilverschoon discussed the relationships between CERN projects and industry 
this morning, I will not say anything further about this now except to emphasize once again 
the extremely important part that industry plays in the CERN projects. 

5. ROLE OF NATIONAL LABORATORIES 

A project such as the SPS also involves the National Research Laboratories in our 
Member States, for example Rutherford, Daresbury, Saclay, Orsay, Karlsruhe, DESY, and 
Frascati. Many of the large particle detectors at CERN were built by these national labo
ratories either separately or in collaboration with CERN, and we expect that many of the 
new detectors for use with the SPS will be built outside CERN by these laboratories. Thus 
CERN, which is the international laboratory, and the national laboratories in the Member 
States work very closely together and depend on each other. 

6. SUMMARY 

I have tried in this talk to sketch for you the changing patterns of relationships 
between the machine builders, the nuclear physicists, the governments of our Member States, 
and European industry. I do not claim that CERN has anything particularly novel to offer 
in this respect since, as I said at the beginning, relationships of this type exist in all 
major engineering projects. 

D I S C U S S I O N 

CHAIRMAN: Dr. M.G.N. Hi ne 

- CHAIRMAN: 
Dr. Adams, thank you for this account of what constitutes a most exciting period in the 

life of CERN and of European high-energy physics in general. It would be interesting to 
have a brief summary of the events leading up to the decision not to use superconducting 
magnets in the SPS at present. 

- ADAMS: 
When the decision to go ahead with the SPS was taken, the use of superconducting 

magnets was still under discussion. Although the development of the filamentary conductor 
meant that pulsed superconducting magnets were feasible, no good designs or models were 
available at that time. Consequently, the SPS was designed deliberately to allow a deci
sion on the installation of superconducting magnets to be taken later on. According to 
this design, known as the missing magnet scheme, only one half of the full complement of 
bending magnets would be installed initially, giving a peak energy of about 200 GeV. The 
gaps could be filled later either by a second set of conventional magnets, giving a total 
field of 18 kG and an energy of 400 GeV, or by superconducting magnets which by themselves 
would raise the energy to above 500 GeV (assuming a field of 45 kG). 

The task of designing superconducting magnets for the SPS was entrusted to the Group 
for European Superconducting Synchrotron Studies (GESSS), consisting of experts in the 
Karlsruhe, Rutherford, and Saclay laboratories. The decision on whether to complete the 
machine with conventional or superconducting magnets was due in the middle of 1973, by 
which time designs were available from the three laboratories. This decision obviously had 
to be based not only on the design of the magnets, but also on their cost and their relia
bility and reproducibility in industry. It was concluded that there was not yet sufficient 
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evidence to show that industry was capable of mass-producing superconducting magnets of 
the very high standard required for the machine. Moreover, it was still too early to say 
wnether these superconducting magnets would operate reliably in the long term as major 
components of a very large accelerator. Lastly, the cost of installing a set of supercon
ducting magnets was beyond the resources of the 300 GeV program. It was therefore decided 
in June 1973 to complete the machine with a second set of conventional magnets in order to 
arrive at a peak energy of 400 GeV. 

- BLEWETT (Brookhaven National Laboratory): 
How much is the operating cost of the machine? 

- ADAMS: 
It will be approximately 50 million Swiss francs per annum, excluding expenditure on 

staff and overheads (approximately 15 million Swiss francs) and on development (approxima
tely 30 million Swiss francs). 

- HUNT (University of Aston): 
It would be interesting to know the reasons why there had been such a keen debate on 

possible sites for the SPS away from Geneva, when it appeared self-evident to build the 
machine alongside the existing Laboratory. 

- ADAMS: 
It was known as early as 1963 that while the ridge of molasse on which the PS and SC 

had been built by the cut-and-fill method extended into France, it was quite narrow and 
would not accommodate a machine of more than 100 GeV if the same techniques were used. The 
only way was to build a tunnel of the right diameter and stability to go further down and 
excavate by boring, a technique which was judged too expensive in those days. That was one 
reason why it was decided to look elsewhere for a site. Another reason was that it was ori
ginally felt that the population of the Laboratory at Meyrin should not be allowed to grow 
much beyond the level of 3000 lest it reach unmanageable proportions. It was only later, 
when tunnel-boring by specialized machines became technically and economically feasible, 
and when the national science research budgets reached a plateau, that the location of the 
SPS alongside the existing Laboratory emerged as a possible solution. 

- CHAIRMAN: 
A further reason why the present site was originally excluded was that the problems of 

extracting beams from such a deep tunnel to the experimental areas on the surface had not 
yet been solved. Furthermore, it was thought desirable to spread international high-energy 
physics more widely over Europe. 
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When FORTUNE magazine in the mid-1960's surveyed 1,003 young executives employed by 
major American corporations, it found that fully one out of three held a 30b that simply 
had not existed until he stepped into it. Another large group held positions that had 
been filled by only one incumbent before them. Even when the name of the occupation 
stays the same, the content of the work is frequently transformed, and the people filling 
the jobs change. 

Alvin TOFFLER - "Future Shock", Bantam Export Edition, 1970. 

La spécialisation donne la possibilité d'approfondir un domaine, de devenir parfois, 
à un moment particulier de sa vie, le meilleur. Il faut avoir résolu bien des problèmes, 
lutté passionnément contre les réactions de la matière ou des hommes, gagné une partie. 
C'est manifestement un élément de valeur humaine : la culture actuelle passe par la spé
cialisation. 

Louis LEPRINŒ-RINGUET - "Science et Bonheur des Hommes", Flammarion, 1973. 



H i g h - p r e c i s i o n survey and alignment techniques 
in a c c e l e r a t o r cons truct ion 
J. Gervaise 

CERN, Geneva, Switzerland 

ABSTRACT 
Basic concepts of precision surveying are briefly reviewed, and an historical 
account is given of instruments and techniques used during the construction 
of the Proton Synchrotron (1954-59), the Intersecting Storage Rings (1966-71), 
and the Super Proton Synchrotron (1971- ). A nylon wire device, distinvar, 
invar wire and tape, and recent automation of the gyrotheodolite and distinvar 
as well as auxiliary equipment (polyurethane jacks, Centipede) are discussed 
in detail. The paper ends summarizing the present accuracy in accelerator 
metrology, giving an outlook of possible improvement, and some aspects of 
staffing for the CERN Survey Group. 

* * * 

Over the last two decades, particle accelerator energies have grown from several tens 
of GeV to several hundred GeV, and unavoidably accelerator diameters have similarly increased 
by a factor of ten, from two hundred metres to two kilometres. Despite this escalation, 
tolerances on magnet positioning have remained not only as tight as in the past, but have be
come even more exacting owing to the very survey results obtained. 

The sequence of large projects undertaken by the CERN Laboratory, the 28 GeV Proton 
Synchrotron (PS, 1954-1959), the Intersecting Storage Rings (ISR, 1966-1971), and the 400 GeV 
underground Super Proton Synchrotron (SPS, 1971- ) has ensured continuity in the work of the 
CERN Survey Group, and each project has been in itself a major challenge. The Group has thus 
been constantly searching to improve the reliability and speed of measurement without sacri
ficing in any way the accuracy essential to proper accelerator operation. 

1. BASIC CONCEPTS 

An accelerator consists basically of magnets arranged in series according to a certain 
configuration. The magnets are separated by straight sections where there is no magnetic 
field, and form a lattice having a certain periodicity. The proton trajectory is not, there
fore, a circle but a complicated curve which can be computed from the machine's parameters. 

To an observer standing outside, the magnetic structure resembles an underground train 
in a circular tunnel. However, for the accelerated proton, which sees things from the in
side, the picture is quite different. It has the sensation that it is running round a 
magnetic circuit, and this circuit must be as smooth as possible to ensure that no oscilla
tions are induced which would broaden the particle beam to which it belongs. The protons 
are sensitive to any bumps occurring in the circuit; these bumps may be due to three causes, 
each independent of the other, but which have the same effect on the magnetic field that 
guides the beam around the machine. These are: 

- slight movements of the foundation rock or of the concrete structures supporting 
the magnets, 

- random errors in magnet alignment, 
- errors in the beam guidance field itself. 
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In practice, it is smoothness rather than perfect circularity of a string of magnets 
which is important, but the "smoothing" distance is in the region of 100 m on a large 
accelerator. 

For the PS, the task facing the Survey Group was to measure ground movements and the 
alignment of the magnets. In the case of the ISR, the Group dealt with magnet alignment. 
For the SPS, it carried out, during 1964-1970, ground stability studies on sites proposed 
in Europe for the 300 GeV project, with experts from Member States, especially in Belgium, 
France, Germany, Italy, and the United Kingdom, and is now working on magnet alignment. 
For the first time it was entrusted by the Magnet Group with building measuring equipment 
to determine the geometric shape of the pole-pieces of the quadrupoles. 

Intuitively, it is not difficult to guess that the measurements which call for tight 
tolerances are those related to beam trajectories. The geodesist will observe angles, 
measure distances and tilts and, after least squares adjustment, provide the beam orbit 
specialists with the following values: 

dr: the radial deviation of the magnet centre line, 

dz: the vertical deviation from the mean plane selected for the closed orbit along 
which the accelerated protons circulate, 

dt: the deviation in the transverse tilt of the magnets, which introduces coupling 
between the horizontal and vertical planes and makes orbit corrections difficult. 

2. INSTRUMENTS AND TECHNIQUES AVAILABLE IN 1954 

When the problem of aligning the magnets of a circular particle accelerator was met 
in 1954, following the decision to build a 28 GeV proton synchrotron in Switzerland, at 
Meyrin, the selection of survey instruments and, therefore, the techniques available for 
meeting the tolerances required, were fairly limited. At that time, the logical consequence 
was to use traditional geodetic methods in order to work out a possible approach to this 
problem. The estimated values of the achievable tolerances were introduced in the computa
tions for the closed orbit, in order to define the size of the magnet aperture. This aper
ture determined the dimensions of the magnets and therefore the dimensions of the tunnel and, 
in part, the over-all cost of the accelerator. The geodesists were, therefore, part of the 
group of "pioneers". Their position was similar to that of the other specialists: they 
were working at the limit of the possibilities offered at that time in their own field. 

What tools did the surveyor have at his disposal in 1954? Digital computers had only 
just made an appearance and adjustment computations had still to be made on calculating 
machines (Facit, Friden, Monroe, etc.). The direct consequence was that the geodetic re
ference figure had to be as simple as possible to avoid major adjustments which were always 
time-consuming with calculating machines. Figure 1 illustrates the octagon (P.1-P.8) with 
a central point (P.0), which was the basic network of the synchrotron's geodetic system. 
It also shows the elements (r, a, OJ) to be measured so that the magnets were properly aligned 
on the calculated orbit. The second consequence was that as calculations had to remain 
simple maximum accuracy had to be achieved in the measurements. 

At that time geodesy relied essentially on angle measurement using a theodolite. Fur
ther improvements in accuracy could not be achieved by increasing the magnification of the 
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F i g . 1 B a s i c survey c o n f i g u r a t i o n f o r the 28 GeV Proton Synchrotron 

telescope or the precision of the graduations of the circle. Better accuracy could be ob
tained by using forced centring when locating the various instruments, and by building the 
sighting targets with the same precision as the reference holes of the forced centring system. 

In addition to the need for forced centring, the other pre-requisite for measuring 
angles was the absence of temperature gradients in the synchrotron and radial tunnels, which 
implied installing a costly air conditioning system to satisfy, among other things, the 
survey requirements. The curvature of a light-ray varies with the angle between its trajec
tory and the normal to the surfaces of equal temperature. Over a distance of 100 m and for 
a temperature gradient of 1°C per metre, a light-ray forming an angle of 10 degrees with 
the normal is deviated by 1 mm. 
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The angles were measured with Wild T3 theodolites, each modified for forced centring, 
with a 30 mm diameter ball and equipped with a special target fixed directly over the rota
tion axis of the theodolite. With the method of direction and sixteen sets of measures, 
the standard deviation equalled 1 dmg (deci-milli-grade = 10""). The resulting azimuthal 
positioning errors of the octagon monuments in relation to the central monument P.O, 105 m 
distant, were thus 0.166 mm. 

Distance measurement was the second method available. In 1954, length measurement by 
electromagnetic methods was just making its appearance, with instruments such as the geodi-
meter or tellurometer. The original model of the geodimeter was tried out in 1947 with light 
modulated at 10 MHz. The standard deviation of this instrument (5 mm + 10" s of the distance) 
makes it unsuitable for very short distances. The same also applies to the tellurometer, 
which is based on the use of transmitters and receivers operating on very short wavelengths 
(3000 MHz and above). 

The only available tool was, therefore, the invar wire (or tape) used for measuring 
the bases at the end of a primary triangulation covering the whole country. It was Jäderin, 
from Sweden, who in about 1885 suggested measuring distances with wires in catenary hung at 
a constant tension, but this process could not be used until the discovery of the metal invar 
with almost zero expansion, thereby solving temperature difficulties. 

The third of the three tools was the Wild N3 bubble level used with Taylor spheres 
placed on the bevel edges of the sockets. This method offers a standard deviation of 
0.3 mm/km. 

After the initial layout, it was necessary to be able to correct the position of the 
magnets according to the results of measurement. For this purpose, the magnets were ins
talled on three jacks enabling movements in three directions (translation) and movements 
through three angles (rotation), corresponding to the six degrees of freedom of all non-
deformable bodies. 

3. RESULTS OBTAINED AT THE END OF 1959 WITH THE 28 GeV PROTON SYNCHROTRON 
AND THEIR CONSEQUENCES ON ACCELERATOR METROLOGY 

When the synchrotron was first operated on 29 November 1959, there were no apparent 
problems due to misalignment. Because of the synchrotron's radial tunnels, it was possible 
to measure the radius between the central monument P.O and the monuments at the top of the 
octagon; in this way the geometrical reference figure made it possible to determine eight 
points of the proton orbit facing the monuments with the accuracy of a single length measure
ment, i.e. 0.015 mm. In each octant, the further the magnets are located from the reference 
monument, the smaller the influence of distance measurement becomes, whereas the influence 
of angle measurement increases. The dr of a magnet, located at the centre of the octant, 
and measured from two monuments, depends solely on angular measurements. The standard 
deviation of these dr, calculated from a large number of measurements, is 0.15 mm. Figure 2 
shows the distribution of the standard deviations of the dr and reveals a harmonic of order 8, 
corresponding to the number of monuments in the reference figure. 

The immediate consequence of this can be seen, namely that distance measurements with 
invar wire in a tunnel are ten times more accurate than angle measurements over the larger 
distances. Table 1 shows the results obtained compared with the standard deviations e t in
troduced into the calculations made when determining the dimensions of the useful aperture. 
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Table 1 

PS diameter 200 m 

dr * 
dz ++ 

1954 Project 1959 Results 

dr * 
dz ++ 

0.6 
0.3 

0.15 
0.12 

This immediately calls to mind two fundamental problems. 

Firstly, whether magnets which have been positioned with this degree of accuracy can 
maintain it over a period of time, and whether their supporting structures are able to pro
vide a similar degree of stability. As the coefficient of expansion for concrete is 
1 x 10~V°C, a variation in temperature of only I o will lead to a 1 mm change in the machine 
radius, since the 200 m diameter toroidal concrete beam serves as the sole support for the 
synchrotron's 100 magnets. This would not be serious if the temperature variations were 
uniform around the accelerator's circumference. In the event of a lengthy shutdown, when 

Fig. 2 D i s t r i b u t i o n of r a d i a l d e v i a t i o n s dr depending 
on the az imuthal p o s i t i o n of the magnets (28 GeV 
Proton Synchrotron) 
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22.8.67 

surveys are being carried out, all of the doors are open and the temperature is unevenly dis
tributed. Measurements and realignments cannot be performed in the accelerator operating 
conditions, and it is virtually impossible for the beam orbit specialists to make precise 
correlations between the dr based on the survey and those supplied by the pick-up units, 
which measure the position of the circulating beam of protons at a limited number of points 
around the ring. 

Over a ten-year period, repeated measurements of the monument positions in the PS ref
erence figure showed the long-term consistency — taking into account movement of the mo
lasse, movement of the monuments, and random errors in measurements — to be 0.1 mm per 
100 m per year. A measurement carried out independently of any triangulation confirmed this 
figure. From 24 August 1965 to 13 February 1968 a pair of Marussi horizontal pendulums were 
mounted on the centre P.O anchored in the molasse 10 m below ground level. These instruments 
measure the variations of their support in relation to the direction of the vertical, and 
therefore of the movement of the vertical axis of the 10 m pillar. Figure 3 shows that the 
over-all movement of the molasse, and of the monument itself, scarcely exceeded 0.15 mm in 
a north/south direction over a period of two and a half years. 

i. The second matter to be considered 
relates to invar wire measurements. The 
requirements of the CERN Survey Group 
have been such that more than 10 km of 
invar wire have been used to date, pro
bably the largest amount used in the 
world. When the PS was being built it 
was necessary to use wires having a 
length of 105 and 81 m. It was 
necessary to use frictionless pulleys, 
because an excess tension of 1 g on 
wires of such length resulted in varia
tions di of the order of 10 ym. The 
development of pulleys in which the ball
bearings were replaced by balance knife-
edges enabled the excess tension to be 
reduced to 0.002 g. During microscopic 
measurements of the scales fixed at 
each end, it was noted that the wires 
were constantly becoming elongated under 
a tension of 196.18 N (Newton). As we 
were the first to use wires longer than 
100 m with pulleys that were virtually 
frictionless, we were naturally in a 
position to detect this non-elastic 
elongation. The International Office 

Fig. 3 Over-all displacement of the centre monu- of Weights and Measures in Sèvres (Paris) 
ment of the PS a c c o r d i n g t o measurements • j • ¿. -, • <- j j 5 ! was immediately informed, and as a re-w i t h two h o r i z o n t a l pendulums over the ' 
period 24 August 1965 to 13 February 1968 suit carried out a series of tests on 
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24 m length of invar wire which subsequently confirmed our results. Figure 4 shows the 
elongation of invar wire and tape when subjected to tension for a prolonged period. 

These results were taken from the reports of meetings of the International Committee of 
Weights and Measures (49th, 51st, and 52nd sessions held in 1960, 1962, and 1963 respectively). 

These elongations were detected because CERN possesses, for standardization of its wires, 
a 64 m bench constructed by the Société Genevoise d'Instruments de Physique and located, be
tween 1959 and 1969, in one of the radial tunnels of the synchrotron. After 1969 the bench 
was installed in a specially equipped tunnel near the ISR. Only the 4 m rule and the micro
scopes were retained. The rest of the equipment was modernized and the latest refinements 
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Fig. 4 E l o n g a t i o n of i n v a r w i r e and tape as a f u n c t i o n of 
the number of y e a r s u s e 

incorporated. Until the advent of laser interferometers, this standardization bench was 
the only one in the world capable of calibrating invar wires of any length between 0.40 and 
64 m. 

In brief, much was learnt from this initial metrology experiment applied to large 
engineering structures, and in particular that it was essential to fit the work into the 
over-all project schedule as a dummy activity and exploit to the full the possibilities 
offered by applied metrology. 

The first consequence of this was the need to develop a rapid and reliable distance-
measuring apparatus using invar wire. As was remarked above, distance measurement using 
invar wire is ten times more accurate and a hundred times faster than angle measurement by 
means of a theodolite. To avoid any non-elastic elongation of the wire, it was necessary to 
ensure that the tension exerted by the equipment was less than 196 N. Furthermore, it was 
necessary to carry out the measurements in an extremely short.time so that the wire was not 
left under tension for prolonged periods. 
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The standard of the measurements performed in the PS clearly had repercussions throughout 
Europe, since the reference survey figure as well as the instruments and methods employed 
were used in the two electron synchrotrons built subsequently: DESY (Deutsches Elektronen 
Synchrotron) in Hamburg, Germany, and NINA (Daresbury Nuclear Physics Laboratory), Daresbury, 
Warrington, England. 

4. EVOLUTION OF INSTRUMENTS AND METHODS (1962-1971); 
CONSTRUCTION OF THE ISR (1966-1971) 

From 1962 onwards, CERN began to acquire a large variety of computers, namely a Mercury 
and an IBM 709 computer, and at the end of 1963, an IBM 7090. The use of computers for geo
detic calculations made a fundamental change in the philosophy of measurement and, to a cer
tain extent, in accelerator design. 

The PS and the machines whose design was based on it were the last to have radial 
tunnels. The studies carried out at that time for the ISR (Fig. 5) and the SPS (Fig. 6) 
already illustrate a basic survey system based on a chain of braced quadrilaterals. In the 
case of the PS, the centre is real and physically exists, whereas in the case of the ISR 
and SPS the centre is virtual. It was therefore necessary to find a way of superimposing 
two sets of successive measurements. Furthermore, the elimination of all angle measurement 
and the sole use of distance measurement modified the observation equations in the computa
tions, and obliged us to reconsider the entire problem of trilateration adjustments. The 
studies were carried out simultaneously for the ISR and 300 GeV Program. Today, Table 1 
can be replaced by Table 2. 

Table 2 

et PS dia. 200 m ISR dia. 300 m SPS dia. 2,200 m 

1954 
Project 

1959 
Results 

1965 
Project 

1971 
Results 

1971 
Project 

1976 
Results 

dr t 0.6 0.15 0.15 0.08 0.15 ? 

dz ++ 0.3. 0.12 0.15 0.10 0.15 ? 

How were these results obtained and what do they mean? For the PS, the results shown 
in Table 2 are not only those necessary for smoothing the curve but they also define the 
absolute spatial position of the magnets in a fixed system of coordinates. For the ISR, 
the standard deviations indicated are those of elements located inside two adjacent quadri
laterals. The orbit has a FODO structure consisting of 48 magnet periods divided into four 
superperiods, whereas the complete geodetic figure comprises 32 quadrilaterals. Figure 7 
shows one of the eight octants of the over-all framework. 

Starting from one monument as reference, the ellipses of errors were calculated for 
each monument up to those diametrically opposite (Fig. 8). In this way, it is possible to 
judge the distortion of the reference figure. The value of the semi-major axis of the 
largest ellipse of errors is 0.2 mm for a probability of 0.40. For a probability of 0.99, 
this value must be multiplied by three, which gives a figure of 0.6 mm for the semi-major axis. 



F i g . 7 Re ference braced q u a d r i l a t e r a l s i n o c t a n t 5 of t h e ISR 
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F i g . 8 E l l i p s e s of e r r o r s computed when t a k i n g monument 11 as the s t a r t i n g 
p o i n t and d i r e c t i o n 11-51 as o r i e n t a t i o n v e c t o r . They show the way 
i n which e r r o r s accumulate around t h e S t o r a g e R i n g s ' c i rcumference 

This means that from one set of alignments to the next, the variation dr in the radius 
of the orbit is of the order of 0.08 mm in relation to the theoretical orbit, but its posi
tion in space has a 991 chance of being inside a circle of errors of 1.2 mm in diameter. 
The virtual centre of the ISR is therefore located in its horizontal plane inside a 1.2 mm 
diameter circle, i.e. with a relative precision of 4 x 10~ 6, whereas the precision in the 
position of a magnet in relation to another one, inside two adjacent quadrilaterals, is 
better than 0.1 mm. 

In order to achieve this, it was decided to eliminate systematically all angle measure
ment and to make all trilateration adjustments on our CDC 6000-series computers. At present, 
this is being done on a CDC 7600. The distances were measured with invar wire, using a new 
instrument developed at CERN: the "distinvar" (see Fig. 9 and Technology Note P14). It has 
been universally used for measuring the reference geodetic figure and for positioning the 
magnets. Only two days were needed to measure the 32 quadrilaterals of the reference figure 
and to calibrate the invar wires before and after measurement in the ring. 
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a) t o t a l v i ew 

contact 
^_ l n v a r bars tensioning weight P jack-plug . | 

b) schemat ic v i ew 

Fig. 9 D i s t i n v a r 

On top of each ISR magnet, which is supported by three jacks for fine position adjustment, 
there are two reference sockets precision-machined to within a few microns. The socket di
rectly above the single jack at one end is brought into position by referring to the two 
closest monuments. The second socket of this magnet is aligned in relation to the straight 
line between the first socket of this magnet and that of the next magnet, using the nylon 
wire alignment equipment described in Technology Note P15 (Fig. 10). In this way the curve 
can be smoothed out and kicks on the proton are avoided between one magnet and the next. 

The nylon wire alignment equipment has been extremely widely used for the layout of 
the operating components in the transfer tunnels between the PS and the ISR (see Fig. 5). 
These tunnels are more than 2 km long and have as many dipoles and quadrupoles as the ISR. 
Nylon wire was chosen because it is very easy to handle and is inexpensive. Furthermore, 
it has a very low density and a high tensile strength. When using a 0.2 mm 0 nylon wire, 
the maximum tension required is only 1.5 kg in order to reduce the sag to a minimum. Long
distance alignments are measured by determining the deviation between the broken line formed 
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by joining up the pre-aligned reference sockets and the straight line given by a stretched 
nylon wire. These deviations are processed by the least squares method, and the sockets are 
moved accordingly in order to construct the straightest possible line. Two, and in excep
tional cases three, sets of measurements and calculations are sufficient to arrive at this 
result. 

In the transfer tunnels between the PS and the ISR a concrete monument has been instal
led every 27.69 m. These monuments have the same sockets as those fitted to the monuments 
of the geodetic reference figure in the ring. After the tunnel ventilation system has been 
shut down to eliminate draughts, the nylon wire is stretched between monuments 1 and 4, over 
a distance of 83 m. Measurements are made of the offsets of sockets 2 and 3 in relation to 
the straight line given by the nylon wire. The wire is then fitted to monuments 2 and 5, 
and the offsets of monuments 3 and 4 are measured, and so on until the last monument is 
reached. Every offset is therefore measured twice, except in the case of the second and 
the last but one. An additional measurement is made with the wire stretched between 1 

W. ,« male end-piece 

F i g . 10 Nylon w i r e d e v i c e f o r a l ignment 

and 3 for socket 2 and between n-2 and n for socket n-1. The histogram (Fig. 11) shows the 
distribution of the deviations for a set of 173 measurements made with an early prototype 
in which the readings were made without a microscope. The arithmetic mean is 0.00 and the 
standard deviation is 18 urn. 
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Fig. 11 D i s t r i b u t i o n of d e v i a t i o n s 
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One of the first prototypes of the 
distinvar was used in NINA, Daresbury, and 
another at the electron synchrotron at 
Frascati, Italy. The distinvar and nylon 
wire alignment equipment were successfully 
used for alignment work in the cyclotron of 
the Swiss Institute for Nuclear Research (SIN) 
at Villigen. The aircraft industry showed 
interest in the distinvar for measuring a 
calibration base for the triangulation of 
aircraft wings (Marcel Dassault). The distinvar 
and nylon wire alignment are now regularly 
used for verifying the stability of the 
Emosson dam. It has also been used in Belgium 
at Redu for the Satellite Tracking and Remote 
Measurement Station and is also being used in 
France by the Centre d'Etude des Tunnels (CET) 
for measuring the stability of road tunnels. 

5. THE 300 GeV PROGRAM — AUTOMATION OF THE EQUIPMENT SINCE 1971 

On 27 January 1971, beam collisions were produced for the first time in the ISR. On 
19 February the construction of the SPS was approved by the majority of Member States. This 
was straight away a new challenge to the CERN Survey Group. The PS and the ISR were surface 
structures built by the "cut and fill" method with prefabricated concrete tunnels. For this 
to be possible, it was necessary to raise the mean plane of the ISR 12 m above that of the 
PS. Unlike the NAL site (Batavia, USA), which is horizontal, flat, and free from vegetation, 
woods or forest, the new CERN site has a variegated topography, with a separation of 50 m 
between the highest and lowest points on the circumference of the tunnel, and the surface 
is almost completely covered with woods. For obvious reasons of economy, the SPS tunnel 
could only be located underground and bored with a special machine in the Chattian molasse 
plateau of the Geneva basin. 

The quality of underground geodesy depends directly on the accuracy of the surface 
triangulation-trilateration framework. All traverses made in the main tunnel must close on 
geodetic points once they have been transferred down to the floor of the accelerator. 

In the triangulation, all angles were measured with T3 theodolites, whereas in the 
trilateration all distances were measured with an MA 100 tellurometer. We have just re
ceived from NAL the geodolite which served for the survey of their accelerator. NAL claim 
that they have attained, with this instrument, an accuracy of 1 mm over a distance of 1 km. 
This equipment will be extremely useful for long-distances measurements, particularly for 
those relating to the North experimental area. 

The initial civil engineering work started by digging six vertical shafts spaced at 
equal intervals around the 6911 m circumference. When making the underground traverses 
which were to guide the Robbins machine, the geodesist could not measure an azimuthal 
bearing at both ends of one sextant. 
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At the very beginning, an additional shaft was drilled directly above the injection 
tunnel at a distance of about 200 m from shaft PP1. A tunnel was bored between these two 
shafts, which could have provided a starting azimuth. As the errors in such a system are 
cumulative, it would have been difficult to guarantee that the tunnel would be in the right 
position to within a few centimetres after boring over a distance of 1.2 km to the next 
shaft, this being the only point where a check could be made of its position from the 
surface. An absolute reference of some kind had to be found. As the magnetic north 
would not have been sufficient for this purpose, the axis of rotation of the earth was 
chosen as a reference. A gyrotheodoli te was used for measuring the bearings of the tra
verse. The legs of the traverse are all equal. Every 32 m a monument was built and the 
geographical north determined, thus avoiding any cumulative errors. This traverse ensured 
that the laser beam used to guide the boring machine was positioned in the right direction. 

It took two years to become fully familiar with the operation of the gyroscope, a Wild 
GAK 1 mounted on a Wild T2 theodolite, and to solve the series of difficulties which had 
discouraged many surveyors from using it. With the experience gained, the standard devia
tion specified by the manufacturer was halved, thus reducing the figure of 60 dmg to 30 dmg 
in site conditions, when operated manually. At the same time, the Mechanics and Electronics 

Section of the Group was developing an automa
tic measuring system for this gyroscope; al
though this system did not make a substantial 
improvement in the over-all accuracy when 
working in tunnel conditions, it nevertheless 
enabled operators to leave the gyroscope to 
carry out the work automatically and record 
the transit times on tape. The automatic gyro-
theodolite is shown in Fig. 12 and is described 
in Technology Note P17. 

The traverses of the first three sextants 
were carried out manually with the gyrotheodo-
lite. This system has worked remarkably well. 
After 1.2 km of boring, the transverse devia
tion of the axis of the tunnel was only 23 mm 
at shaft PA2, 19 mm at PA3, 14 mm at PP4, and 
10 mm at PP5. 

Accuracy is controlled in a very simple 
manner (Fig. 13). At each station of the gy
roscopic traverse, the bearings of two adja
cent monuments are measured. For each side 
of the traverse, therefore, two totally in
dependent values for the same bearings are 

obtained, since they originate from two different stations, each involving a determination 
of the meridian. The standard deviation, calculated over 107 differences, is 46 dmg. 
Figure 14 gives the differences between the direct and reverse bearings of the 36 sides of 
the sextant PP4-PP5, measured with the automatic gyrotheodolite. 

F i g . 12 Automatic g y r o t h e o d o l i t e and 
p r i n t - o u t equipment 
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Figure 15 shows the results of the determination of the geographical north using the 
transit method, without assistance from the operator and spread over a three-hour period; 
the theodolite is mounted with forced centring on a monument out of doors, and is not pro
tected against atmospheric conditions. The mean difference between the theodolite's axis 
and true north is 67 dmg; the standard deviation is 6 dmg. 

Fig. 13 P r i n c i p l e of g y r o s c o p i c t r a v e r s e 
(GN = g e o g r a p h i c a l north) 

* * * * * * * * * * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* * * * 

+ + + + + + + + + + + + + + + + + + + + + 
- 0.0 1 0 0 - 0.0 0 5 0 0.0 0 0 0 0.0 0 5 0 0.0 1 0 0 

Mean v a l u e of the d i f f e r e n c e s 0 . 0 0 0 1 grade 
Standard d e v i a t i o n 0 . 0 0 3 2 grade 
Minimum v a l u e - 0 . 0 0 7 5 grade 
Maximum v a l u e 0 .0085 grade 
Maximum d i s p e r s i o n 0 .0160 grade 
Each * r e p r e s e n t s 1% 

Fig. 14 D i f f e r e n c e s between d i r e c t and r e v e r s e 
g y r o s c o p i c b e a r i n g s on the 36 s i d e s 

Fig. 15 Determinat ion of the g e o g r a p h i c a l nor th 
f o r c a l i b r a t i o n p r o p o s e s 
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No doubt the work we have done at CERN will have dissipated the mystery surrounding the 
gyroscope. The results obtained prove the gyrotheodo1ite to be a reliable instrument which 
can be used without hesitation, provided due care is exercised. 

There was another important check that could only be carried out early in 1974: when 
the 800 m injection tunnel was bored in a reverse direction to connect with the ISR trans
fer tunnel. Between the two theoretical axes of these tunnels, the transverse deviation 
was less than 1 cm. This figure proves that the new machine was correctly centred on the 
site with respect to the surface geodetic network. 

The distinvar is gradually being converted to automatic operation. The latest proto
type (Fig. 16) already offers increased reliability and easier operation. Development work 
is being carried out to display the results either on a digital voltmeter or on a print-out 
unit, or to feed them directly into an on-line computer. 

F i g . 16 Automatic d i s t i n v a r 

The geodetic reference figure of the SPS is a modified version of that of the ISR. In 
the latter, because of the relatively favourable ratio between the width and length of a 
braced quadrilateral (1:2.5) distance measurements alone were used for the ISR framework 
consisting of 32 braced quadrilaterals. In the SPS, this ratio is approximately 1:10. To 
keep the deviation of the radius within the tolerances, the reference figure must be stif
fened by measuring the offsets of the monuments of three consecutive quadrilaterals with 
the nylon wire equipment (Fig. 17). As the SPS is a separated-function machine, the compo
nents which must be accurately positioned are the quadrupoles situated at one end of each 
semi-period of the accelerator's lattice, every 32 m. In this case, therefore, it is neces
sary to adapt the metrology system to the periodicity of the quadrupoles. Opposite each 
quadrupole two brackets will be fixed, one on the outer wall, the other on the inner wall. 
In addition to the distance measurement of each braced quadrilateral, nylon wire alignment 
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inside three consecutive quadrilaterals will ensure the precise shape of the geodetic frame
work in each sextant, and it is expected that the radial standard deviation of three conse
cutive quadrupoles in one period will not exceed 0.1 mm. 

Computation of the surface network shows that, for monuments built on two adjacent 
shafts 1.2 km apart, the semi-major axis of the ellipse of errors is 1.5 mm, namely a rela
tive accuracy of 10~ 6. The underground invar nylon traverse over a sextant will reduce this 
value by a factor of 2, giving an expected accuracy of 5 x 10" 7. 

In the ISR, the reference sockets mounted on the top of each monument were located in 
a pair of eccentrics in such a manner that they could occupy any position within a radius 
of 20 mm. In this way it was possible to build a geodetic framework that was as close as 
possible to the theoretical one. For economy reasons, and owing to the experience gained 
in working with computers, it was decided for the framework of the SPS not to use adjustable 
sockets but fixed ones. Consequently, after each set of measurements, it is necessary to 
compute the coordinates of the reference sockets and to use these coordinates when locating 
the quadrupoles. 

To facilitate precise positioning of the quadrupoles, a new type of jack has been 
developed by the Mechanics and Electronics Section of the Group. The special feature of 
these jacks, shown in Fig. 18 and described in Technology Note P16, is that they have flexi
ble polyurethane pads which allow horizontal and vertical displacements to within 0.01 mm. 
They are very easy to operate, since the maximum torque on the adjustment screws is less 
than 2 kg/m. 

F i g . 18 Po lyure thane j a c k s 

For the first time, the Survey Group has dealt with a problem of workshop metrology 
involving the development of equipment known as the "Centipede" (Fig. 19) for measuring 
the geometry of the 3.6 m long pole pieces of the SPS quadrupoles. 
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This equipment is described in Techno
logy Note P18. It is guided along a virtual 
axis between the four magnet poles provided 
by a laser beam aimed at a target consisting 
of four differential cells; the transverse 
tilt is measured by a newly designed automa
tic clinometer. The nodal point of the cor
rection lenses ahead of the laser is 5 m 
from the target. In workshop conditions, it 
is impossible to ensure a reproducibility 
better than 0.05 mm. If it had been possi
ble to use a nylon wire, accuracy could have 
been increased by a factor of 2. 

6. CONCLUSIONS AND OUTLOOK 

After this rather comprehensive review of the methods, instruments, and results of 
accelerator metrology, it is, in my opinion, important for the non-specialist to keep in 
mind the following basic standard deviations : 

Table 3 

Calibration of a distance between two microscopes on 
the reference base, between 0.40 and 60 m ... 1.5 Vim 

Transfer of this length to between two forced centring 
sockets in the tunnel by means of the distinvar ... 15 urn 

Combination of several length and alignment measurements 
in the reference geodetic framework; for example in braced 

... 150 Vim 

Note: 1 dmg (10~* grade) at a distance of 1 m equals 1.57 ym 

To improve on these values by one order of magnitude would no doubt be possible, but 
only in laboratory conditions. The use of lasers both for distance measurement (interfero-
metry) and for alignment in evacuated tubes (at about 10" 3 Torr) would probably provide a 
solution, but it would be complex and expensive. 

An approach in this direction has been made in the alignment of the electron linear 
accelerator at Stanford (California), designed for an energy of 20 GeV. This 3000 m accel
erator is housed in a straight tunnel 7.5 m below ground level. The electrons travel along 
a 10 cm diameter copper waveguide and are accelerated by electromagnetic waves produced by 
240 klystrons. The smaller tube at the top of Fig. 20 is the one in which the electron beam 
travels. The large aluminium pipe underneath acts as a supporting structure ; this tube is 
evacuated and a laser beam is sent through for alignment purposes. The accuracy achieved 
is 1 mm over 3 km length of the accelerator. The size of the tube containing the laser beam 
was determined on the basis of the maximum beam divergence. This solution is only possible 
because the linac's components are extremely light, quite unlike the magnets and lenses of 
circular proton accelerators. 

F i g . 19 Cent ipede 
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Fig. 20 Stanford l i n e a r a c c e l e r a t o r 

As far as can be predicted, if it proves necessary to satisfy tighter tolerances, 
much more sophisticated and therefore more costly equipment will have to be built than that 
described in this paper, involving a measurement time which may be 10 to 100 times greater. 
It is quite possible that when setting up 300 GeV physics experiments in the halls, such 
equipment will be necessary, and metrology will thus have a further field in which exciting 
research can be made. 

However, research in the field of accelerator metrology, as practised at CERN, has 
always been directed at developing and building equipment with increasingly better perfor
mance and suited to the exceptional size of the structures to be measured. This equipment 
has satisfied the accuracy requirements, whilst reducing the time required for initial posi
tioning and re-checking the positioning of accelerator components. 

At present, out of a total staff of 40 persons, about 30 are involved with geodetical 
and metrological work. For the future, it is essential to develop instruments which are 
both highly reliable and offer maximum ease of operation, because once the SPS has started 
to operate, a staffing problem will arise. As the PS is the sole injector for all the CERN 
machines, the Survey Group may well find that during prolonged shutdowns it is engaged in 
realignments in the PS, the Booster, the ISR and the SPS simultaneously. During the same 
period, the Group will be expected to set up experiments in the ISR intersection regions 
and in the SPS experimental halls. In order to cope with this type of situation, it will 
be necessary to form teams consisting of only one specialist from the Survey Group, CERN 
mechanics, and contract labour. This is essential if the staff number is to be kept at a 
reasonable level, but it also implies that increasing emphasis must be laid on the reliabi
lity and performance of the equipment, which should be constantly adapted to the require
ments of the tasks to be carried out. 
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ABSTRACT 

A short description is given of a number of deflecting devices in use at CERN, 
with emphasis on some of their technological aspects. In particular, the cyclo
tron magnet, the Split-Field Magnet at the ISR, and the magnet of the 2 m Liquid-
Hydrogen Bubble Chamber are discussed, as well as the magnets of the synchrotron 
lattices of the Proton Synchrotron, Intersecting Storage Rings, and Super Proton 
Synchrotron. In addition, some remarks are made on the technology of septum 
magnets and fast pulsed magnets. Finally, the application and the technology of 
electrostatic separators and electrostatic septa are described. 

* * * 

The subject of magnetic and electrostatic deflecting devices, even when considering 
only their applications at CERN, is so vast that a thorough treatment could fill several 
books. This short review article has therefore to be restricted to a factual description 
of a selection of devices, with particular emphasis on technological aspects and innova
tions. The application of super-conductivity in magnet design is dealt with in another 
paper in these Proceedings. Wherever possible, reference is made to the appropriate Tech
nology Notes. 

1. SPECIAL-PURPOSE LARGE CERN MAGNETS 

Besides the normal bending and focusing magnets with a weight of up to 30 tons, there 
are a few special-purpose magnets of outstanding dimensions at CERN. Three examples of such 
large-size magnets will be described. 

1.1 Synchro-cyclotron magnet 

The CERN Synchro-cyclotron is of the weak-focusing type. It came into operation in 
August 1957, and since then it has delivered a 600 MeV proton beam with an intensity which 
has progressively gone up from 0.3 to 1.5 uA (y 1 0 1 3 protons per second). The cyclotron 
was stopped last year in order to undergo a major improvement program, which should keep it 
competitive with other accelerators in the same energy range for another 10 years. The new 
intensity aimed at is 10 uA, i.e. 6 x 1 0 1 3 protons/sec, and the machine will be equipped 
with a new and more efficient regenerative beam extraction system. The extraction effi
ciency is expected to increase by an order of magnitude from its old value of 51 to 71. 
The over-all duty cycle for long burst operation of the external proton beam will be 151 
and can be made 801 for a beam with increased energy spread 1> 2). 

The intensity increase will be mainly due to the use of a new type of ion source 
(Technology Notes B46 to B52) and to the increase of the repetition rate of 54.1 to 466 Hz. 
This latter increase results from the use of a rotating capacitor (Technology Notes E26 to 
E28) for generating the frequency swing of the RF system from 30.6 to 16.6 MHz instead of 
the tuning-fork system which was used previously. At the same time, the energy gain per 
turn is increased from 3.0 to 20 keV. 
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The H-magnet has a soft iron core with pole pieces of 5 m diameter. The external di
mensions of the magnet are 11 m x 6.5 m x 6 m and it weighs about 2500 tons. It has in its 
centre a magnetic field of 1.94 T (tesla = 10 kG) and the field decreases gradually with a 
field index n = 0.2 to a value of 1.81 T at the extraction radius of 225 cm. Figure 1 
shows the front view of the cyclotron before its modification under the improvement program. 

Under the improvement program, the magnet has been fitted with new coils which are 
again made of hollow aluminium conductor. Each of the two coils is made from 7 double 
pancakes with 48 turns, vacuum-impregnated in epoxy resin. The aluminium conductor cross-
section is 36 mm x 48 mm with a hole of 18 mm diameter. The current per coil is 1830 A and 
the power dissipation per coil is 900 kW. 

1.2 The Split-Field Magnet of the ISR 3) 

One of the beam crossing regions of the ISR is equipped with a large magnet system, as 
the main component of a general-purpose facility (Technology Note X15) for measuring the 
momenta and the emission angles of particles generated by proton-proton collisions in a 
solid angle close to 4"f. The magnetic system shown in Fig. 2 provides zero field at the 
beam crossing point and fields of opposite sign upstream and downstream of that point. The 
distinctive shape of the main magnet resulted from a compromise between the conflicting re
quirements of assuring the largest acceptance for secondary particles, while maintaining 
within reasonable limits the disturbance to the ISR beams, and the financial implications. 

Each proton beam passes successively through an upstream compensator magnet, the two 
parts of the main magnet with vertical field components in opposite directions, and a 
downstream compensator magnet. This last magnet will also be used as an analyser for high-
energy particles produced at small angles, and was, therefore, also designed with a large 
air gap. 

In order to protect the beams from the edge gradient effects where they enter the Split-
Field Magnet (SFM), the vacuum pipes in these regions are surrounded by magnetic channels. 

The trajectories of the central orbits of the ISR beams through the system are shown 

ment program. The magnet 
c o r e , the c o i l s , the tank 

Front v i e w of the 600 MeV 
c y c l o t r o n b e f o r e the improve-

w i t h the tun ing f o r k , and one 
of the o i l d i f f u s i o n pumps 
can be c l e a r l y d i s t i n g u i s h e d . 

Fig. 1 

in Fig. 3. 
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Fig. 2 Schematic l ayout of the S p l i t F i e l d Magnet f a c i l i t y on the i n t e r s e c t i o n r e g i o n 1-4 
of the ISR 

S CROSSING ANGLE: 14.77' 

Fig. 3 
Disp lacement of the ISR c e n 
t r a l o r b i t s in the SFM at 
p = 25 GeV/c and B„ = 1 .14 T 

,6 CM " « " « A S t C T 

The SFM can be regarded as being composed of two horseshoe-type magnets placed at 
equal distances on either side of a horizontal symmetry plane. The yokes, each provided 
with two excitation coils, are the mirror images of each other and consist of two parts 
symmetrically located with respect to the central vertical plane. This latter plane coin
cides with the vertical radial plane of the ISR at the intersection of the beams. 

The magnetic flux crosses the air gap twice, upwards in the left part and downwards 
in the right half of the magnet, respectively. The weight of the top part of the magnet 
and the magnetic forces between the poles (amounting to a total of more than 1600 tons) are 
supported by four non-magnetic pillars made from austenitic steel with a high content of 
manganese (18.51). 

The yokes were subdivided into parts, taking into account the mechanical stability of 
the structure, simplicity of machining, and of handling. The maximum weight of any indi
vidual piece was limited to 60 tons, which corresponds to thé maximum crane capacity in the 
assembly and experimental halls. All main components of the core, with the exception of 
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the pole pieces, were cast from low carbon steel. The four pole pieces were obtained from 
two forgings of an initial weight of about ISO tons each. 

The four excitation windings, consisting each of four double pancakes, are of classi
cal construction. The interturn insulation was wound with glass and glass-mica tapes, and 
the pancake insulation with glass and polyester tapes. The whole was impregnated under 
vacuum with an epoxy resin. The windings are made of hollow copper conductor, water-cooled 
to an upper temperature limit of the coils below 60°C for a maximum water inlet temperature 
of 30°C. 

Some of the main features of the split field magnet are summarized in Table 1. 

Table 1 

Main features of the Split-Field Magnet (SFM) 

Useful magnetic field volume 28 m 3 

Max. induction in median plane 1.14 T 
Gap height 1.100 m 
Length of magnet 10.5 m 
Width of magnet at the ends 2.0 m 
Width of magnet at the centre 3.5 m 
Over-all height 7.2 m 
Number of coils 4 
Current 6250 A 
Voltage 650 V 
Stored energy 16 MJ 
Total steel weight 840 t 
Total copper weight 42 t 

1.3 Magnet of the 2 m liquid-hydrogen bubble chamber 

A third example of a large d.c. magnet is the Helmholtz coil-type of magnet of the 2 m 
liquid-hydrogen bubble chamber1'). A vertical cross-section of the magnet is shown in 
Fig. 4. It produces a horizontal field of 1.7 T inside the chamber and serves to measure 
the momenta of the particles whose tracks are detected in the chamber. 

NORMAL d.c. OR SLOWLY PULSED MAGNETS 

In CERN, magnets are normally used to deflect charged particles, either to keep them 
on a circular orbit as in our proton accelerators, or to transport particle beams from an 
accelerator to an experiment. In general, a magnetic field must be provided over a limited 
volume determined by the aperture of a vacuum chamber through which the particle beam is 
transported. The deflection may be due either to a dipole field which causes the beam to 
follow a curved trajectory, or to a quadrupole (or higher-order-like sextupole and octupole) 
field which affects the beam envelope through a focusing or a defocusing action on the beam. 

In case of a normal dipole magnet with a field orthogonal to the beam direction, the 
magnetic bending radius R 0 is given by 
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F i g . 4 V e r t i c a l c r o s s - s e c t i o n of the H e l m h o l t z - c o i l - t y p e of magnet of the 2 m l i q u i d -
hydrogen bubble chamber 

where e is the charge of the particle (1.59 x 10" 1 9 Coulomb) 
p is the relativistic momentum of the particle, and 
B is the magnetic induction. 

The relation determines, in practice, the size of a circular accelerator and the layout 
of the emerging beams, thereby creating the layout of the experimental facilities on the 
CERN site. The maximum field in the gap of an economical dipole magnet is determined by the 
saturation properties of the steel, and is about 1.8 T. The resulting minimum values of R 0 

vary between 1.85 m and 740 m for particle momenta ranging between 1 GeV/c and 400 GeV/c. 

CERN is now constructing its third major alternating, gradient accelerator, the 400 GeV 
Super Proton Synchrotron (SPS), following the 28.5 GeV Proton Synchrotron (CPS) which came 
into operation in 1959, and the 28 GeV Intersecting Storage Rings (ISR) which became opera
tional in February 1971. Before describing the design of the main magnet systems of these 
accelerators, it should be mentioned that the CPS and the ISR have a so-called combined 
function lattice and that the SPS has a separated function lattice (Technology Notes X13 
and X14). All three machines are of the strong-focusing type. 

In a combined function lattice the magnets are C-shaped and have an approximately 
hyperbolic pole profile. The resulting field is a superposition of a dipole field which 
guides the beam along its curved orbit and a gradient field which focuses or defocuses the 
beam. In a separated function machine, however, the deflection is given by dipole magnets 
and the focusing by separate quadrupole magnets. 
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The CPS and the SPS accelerate protons from the injection energy to their maximum 
energy, and their magnets must be pulsed in order to keep the beam on a constant orbit at 
any moment during the acceleration cycle. Their magnets must be laminated, and the sur
faces of the laminations insulated, in order to suppress the eddy currents in the iron to 
a sufficiently low level. 

The ISR have a constant magnetic field of which the value is set according to the 
energy of the protons to be stacked or, at most, a slowly varying field in case a stacked 
beam is slowly accelerated. Nevertheless, the ISR magnets are also laminated, one of the 
arguments being that a large series of magnets can be more economically constructed out of 
die-punched laminations rather than machined out of solid steel. 

Experience has shown that 1.5 mm is the maximum lamination thickness for die-punching 
of soft-steel sheet, and this thickness has been used for the CPS, ISR, and SPS magnets. 

All laminated magnets are made from a soft, low impurity and low carbon content, cold-
rolled, rimmed steel sheet. The use of this type of steel, which is used in large quanti
ties in the car industry because it is suitable for deep drawing, is more economical than 
the use of a 21 silicon steel which could be considered as an alternative. 

Steel used for magnets must have a low and constant coercive force Ii,, a high per
meability at all field levels, and a high saturation magnetization. The need for a low 
and constant H c value is due to the resulting permanent field distribution inside the gap, 
which is different from the distribution of the normal field obtained from the accurately 
determined pole shapes. A low value for H c as well as a high permeability at low fields is 
obtained from a high-purity rimmed steel which is specially treated by cold-rolling and 
annealing to obtain a large grain size. 

Table 2 compares some of the properties of the produced steel for the CPS, ISR, and 
SPS magnets. It is satisfying to see that industry has so far managed to steadily lower 
the coercivity by reducing the carbon content of the steel. 

Table 2 

Some properties of the steel for the magnets of the 
CPS, ISR, and SPS 

CPS ISR SPS 

Carbon content 
Coercivity (Oe) 

Total steel weight (ton) 

0.061 
1.04 ± 0.084 a ) 

4000 

0.0051 
0.65 ± 0.15 b ) 

10,000 

0.00161 
0.48 ± 0.05 a ) 

8000 c-> 

a) Standard deviation. 
b) Full spread. 
c) The first 8000 tons out of a total production of 15,000 tons for 

the SPS. 

The pole profile of the magnets must be accurately defined in order to obtain the 
required field distribution in the magnet gap 5). Figure 5 shows the pole profile of a 
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X Y I I Z I Z I 
-150,000 106,0» -88,000 68,560 -31,0» 55,336 2 6 , 0 » 46,198 

BtxiUght lina -87,000 68,256 • 3 0 , 0 » 55,146. 27, MO 46,062 
-154,410 94,904 •66,000 67,955 -29,000 54,961 28,000 45,927 

«e Bf Circle, -65 , MO 67,658 -26,000 54,775 29,0» 45,792 
-140,340 81,281 -64,»0 67,365 -27,»0 54,590 30,0» 45,658 
-140,000 SI ,230 -63,000 67,077 -26,000 54,407 31,000 45,525 
•139,000 s i ,cao -82,0» 66,794 -25,MO 54,225 32,»0 45,393 
-IM,000 80,930 -61,0» 66,516 -24, »0 • 54,044 3 3 , 0 » 45,262 
-137,000 60,780 -80,000 66,243 -23,0» 53,864 34 ,»0 45,131 
-136,000 60,679 -79,0» 65,975 -22,000 53,665 35,000 45,001 
-133,000 30,477 -78,0» 65,711 -21,0» 53,507 56,000 44,872 
-134,000 89,324 -77,0» 65,451 - 2 0 , 0 » 53,330 37,0» 44,743 
-133,000 SO,169 -76,0» 65,194 -19,0» 53,154 38 ,»0 44,614 
-132,000 60,012 - 7 5 , 0 » 64,940 - 1 6 , 0 » 52,979 39,000 44,46« 
-131(000 79,853 -74,0» 64,689 -17,0» 52,605 40,0» 44,359 
-130,000 79,691 - 7 3 , 0 » 64,440 -16,0» 52,632 41,0» 44,233 
-»9,000 79,52$ -72, »0 64,193 - 1 5 , 0 » 52,460 42,0» 44,1» 
-128,000 79,158 -71,000 63,946 -14,0» 52,269 43,0» 43,983 
-i27,00o 79,186 •70,000 63,704 - 1 3 , 0 » 52,119 44, «0 43,659 
-126,000 79.010 -69,0» 63,461 -12,0» 51,951 45, »0 43,735 
-125,000 78,830 -68,000 63,219 -11 ,»0 .51,733 4 6 , 0 » 43,612 
-134,000 78,645 -67,0» 62,979 -10,000 51,616 47,0» 43,489 
-123,000 78,455 •66,000 62,741 -9,000 51,450 48,0» 43,367 
-121,000 78,260 -65,0» 62,505 -8,000 51,285 49,000 43,246 
-121,000 78,059 -64,0» 62,271 -7 ,0» 51,121 50,0» 43,125 
-120,000 77,852 -63,OTO 62,039 -6,000 50,956 51,0» 43,005 
-1X9,000 77,639 -62,0» 61,806 - 5 , 0 » 50,796 52, MO 42,885 
•110,000 77,419 -61,0» 61,578 •4,0» 50,635 53,000 42,766 
-117,000 77,192 - 6 0 , 0 » 61,349 - 3 , 0 » 50,475 54 ,»0 42,648 
-IIS,000 76,958 -59,0» 61,122 -2,0» 50,316 55,WO 42,531 
-113,000 76,716 -56,0» 60,896 -1,000 50,157 56, »0 •42,414 
-114,000 7S,4b6 - 5 7 , 0 » 60,672 0 , 0 » 50,0» 5 7 , 0 » 42,297 
-113,000 76,208 -56,O» 60,449 1,000 49,644 58,0» 42,161 
-112,000 75,942 -55,0» 60,228 2 , 0 » 49,688 59,0« 42,066 
-111,000 75,668 -54,000 60,»9 3,000 49,333 60,0» «1,951 
-110,000 75,387 -53,000 59,791 4,000 49,379 6 1 , 0 » 41,837 
•109,000 75,099 -52,000 59,574 5,0» 49,226 62,»0 41,723 
-106,000 74,805 -51,000 59,358 6,0» 49,074 63, »0 41,609 
-107 ,0» 74,506 - 5 0 , 0 » 59,144 7 , 0 » 48,923 64,»0 41,496 
-106 ,0» 74,203 -49,0» 56,932 8 , 0 » 48,772 65,000 41,364 
•109,000 73,897 - 4 8 , 0 » 38,721 9,0» 48,622 66 ,»0 41,273 
-104,000 73,588 -47,0» 58,511 10,000 48,473 67,0» 41,162 
•103,000 7Ï.2/Y -46,0» 58,303 11,0» 49,325 68,000 41,052 
•102,000 7?,9*4 - 4 5 , 0 » 58,096 12,0» 48,176 6 9 , 0 « 40,942 
-101,000 / 2 , 6 » -44,000 57,893 13,0» 48,031 70,»0 «0,832 
-100,000 72,335 •43,000 57,668 1 4 , 0 » 47,865 71,0» 40,723 
•99,000 72,019 -42,000 57,486 15,0» 47,7*0 72.MO 40,615 
-98,000 71,702 - 4 1 , 0 » 57,285 16 ,»6 47,598 73,000 40,507 
- 9 7 , 0 » 71,384 -40 ,»0 57,085 17,000 47,453 74,MO 4 0 , 4 » 
-96,000 71,066 -39,0» 56,886 18,0» 47,311 75,0» 40,299 
-99,000 70,748 -38,000 96,686 19,000 47,169 76,0» 40,166 
- 9 4 , 0 » 70,431 -37,0» 56,491 20,000 47,028 77,000 40,060 
-93,0» 70,113 •36,000 96,295 21,000 46,888 78,000 39,973 
-92 , » 0 6 9 , 8 » -35,0» 96,101 22,000 46,746 79,0» 39,870 
-91,0» 69,487 - 3 4 , 0 » 95,906 2 3 , 0 » 46,609 80,000 99,769 
- 9 0 , 0 » 69,176 -33,0» 55,716 24,0» 46,471 81,0» 39,660 
-69,000 6B,a67 - 3 2 , 0 » 93,585 25,000 46,334 82,000 39,996 

36,914 
36,797 
36,680 
36,563 
36,447 
36,332 
36,218 
36,105 
35,993 
35,682 
35,772 
35,664 
3S.S5B 
35,454 
35,352 
55,252 
35,155 
35,062 
34,973 
34,689 
34,601 
34,739 
14,<T4 
34,616 
34,566 
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F i g . 5 The r e q u i r e d p o l e p r o f i l e of a C-shaped f o c u s i n g magnet of the ISR. The x , y c o 
o r d i n a t e s of t h e p r o f i l e are s p e c i f i e d to a p r e c i s i o n of one micron for the con
s t r u c t i o n of the d i e . The p o l e p r o f i l e of the stamped l a m i n a t i o n s must have a 
p r e c i s i o n o f ±0.01 mm f o r the shaded par t and of ±0.025 mm f o r the r e s t of the 
p r o f i l e . 

C-shaped focusing magnet for the ISR. The required tolerance on the gradient of the result
ing magnetic field is ±10" 3 over the full horizontal aperture of the 160 mm and at medium 
field. This requires a tolerance on the geometry of the pole profile of the punched lami
nation of ±0.01 mm for the shaded central part and ±0.025 mm for the remaining profile. 

For the main magnets of the SPS (Technology Notes M25 to M27) a total of 6 x 10 6 lami
nations are required, and the accurately shaped die must be resharpened once every 40,000 
punched laminations. 

Each of the CPS magnets 6) is made up of 10 blocks of about 0.4 m length in which the 
laminations are glued together with araldite, whilst the cores of the ISR and SPS magnets 
are made by stacking and welding together the punched laminations. The stacking tolerances 
are less critical than those on the pole profile. This is because the proton orbits are 
not very sensitive to local irregularities, provided that the average magnetic deflections 
over distances small enough with respect to their radius of curvature and to their betatron 
wavelength are maintained within tight tolerances. Figure 6 shows a finished ISR magnet 
unit. 
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Fig. 6 
An ISR magnet ready for 
i n s t a l l a t i o n 

The surface insulation of the laminations of the CPS magnets is provided by a sheet of 
paper and the araldite used for gluing. This technique is not the best for avoiding degra
dation of the magnets due to radiation damage and, moreover, is not compatible with a 
welded construction of the core. The laminations of the ISR magnets therefore have 
phosphatized surfaces. Phosphatization is a very satisfactory but somewhat expensive pro
cess and is replaced for the SPS magnets by oxidization done by means of blue steaming. The 
surface resistivity obtained by this process is, however, of the order of 100 times smaller 
than that given by phosphatization. 

The coils are made from water-cooled hollow conductors. The magnet designer has a 
definite preference for the use of copper instead of aluminium conductors, since the resis
tivity of the latter is 1.6 times that of copper; however, the final decision is dictated 
by economy. Owing to the high price of copper at the time of construction of the CPS, alu
minium was chosen for the coil conductors of its magnets. Moreover, the available maximum 
length of aluminium conductor was sufficient for the five turns of one pancake without in
termediate brazings. 

The ISR and SPS magnet coils are made with hollow OHFC copper conductors with one 
brazing per turn. The applied brazing technique usually uses an alignment bushing with the 
joint at right angles, the brazing solder being fed from inside with a complement from the 
outside. 

The interturn and ground insulation of the ISR magnet coils7) consists of two layers 
of half overlapping glass fibre/mica/glass fibre tape. The insulation of the SPS magnets 
is similar, except that it contains no mica. All coils are vacuum impregnated in a mould 
with an epoxy resin. The SPS coil is radiation-resistant up to 2 x 10 9 rad. 
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The coil insulation is the most delicate part of a magnet. For this reason, CERN 
prescribes a severe performance specification for the acceptance tests to be made by the 
manufacturer. The most severe among these tests is that a finished coil immersed in water 
for six: hours must withstand, without breakdown, an a.c. voltage of 7 kV__ during half a 

' rms ^ 
minute. There have so far been almost no breakdowns of coils at CERN after their acceptance 
from industry. 

Figure 7 shows a cross-section for one of the two types of SPS magnets. First, the 
half-cores are stacked and welded together. Then the coil and the vacuum chamber are 
mounted as shown in Fig. 8. Thereafter, the second half-core is pressed hydraulically and 
magnetically onto the first half-core, and the two halves are attached together via welded 
side strips. A completed SPS magnet is shown in Fig. 9. 

Figure 10 shows the end-face of a prototype SPS quadrupole. 

Some of the more important parameters of the CPS, ISR, and SPS magnets and quadrupoles 
are summarized in Table 3 . 

« 8M - , 

Fig. 8 Fig. 9 A completed SPS magnet 
The mounting of the c o i l and 
vacuum chamber on the lower 
h a l f of the s tacked magnet 
core 
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Fig. 10 
The e n d - f a c e of an SPS 
quadrupole 

Table 3 

Some parameters of the magnet systems of the CPS, ISR, and SPS 

CPS 
magnets 

ISR 
magnets SPS 

Short Long 

Dipoles Quadrupoles 

Short Long MBA MBB 

Quadrupoles 

Number of magnets 100 72 60 360 384 204 (+12) a ) 
Over-all length (m) 4.9 2.44 5.18 6.500 6.476 3.045 
Total weight (ton) 32 ^ 2 6 ^ 5 0 17.7 17.4 7.5 
Number of windings 20 32 12 16 9 (per pole) 
Peak current (A) 6400 3750 4900 4900 1938 
r.m.s. current (A) 3750 3123 3123 1217 
Peak stored energy (kJ) 150 88.2 113 31.5 
Aperture (mm * mm) 145 x 70 160 x 52 129 x 39 92 x 52 
Radius inscribed circle (m) 44 
Norn. max. induction (T) 1.4 1.2 1.8 1.8 
Norn. max. gradient (T/m) 20.7 
Total steel weight (ton) 3000 5360 15,000 3670 
Total copper weight (ton) ^ 110 (Al) 560 1220 182 
Maximum power (MVA) 34.6 6.8 120 

b) 
14.9 

Total max. voltage (V) 5400 1875 24.490 b) 7665 C ) 

Max. total dissipation (MW) 2.8 6.8 35 .2 

a) These are twelve enlarged quadrupoles with dimensions which are 11/9 times those of 
the normal quadrupoles. 

b) Total voltage of 12 power supplies distributed via six accesses around the SPS ring. 
c) Total voltage of two power supplies which excite the F and D quadrupoles separately. 
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3. POWER SUPPLIES FOR PROTON SYNCHROTRONS 

At the time of construction of the CPS, i.e. 1954-1959, it was still customary to use 
rotating motor generator sets to power magnets. A problem inherent to proton synchrotrons 
is that the magnets must be excited by accurately defined pulsed currents, so that the 
field will hold the protons in an orbit of constant radius during the process of accelera
tion. The time variation of current and voltage for the CPS is shown in Fig. 1 of the 
Technology Note X10. The large load variations at the magnet terminals of up to ±60 MVA, 
which are not acceptable to the local electricity supply network, necessitate the inclusion 
of an energy storage in the power supply by means of a flywheel. 

During a magnet cycle part of the kinetic energy is converted into magnetic energy and 
vice versa. The motor power is maintained constant and equivalent to the mean losses in 
the magnet and in the power supply. Figure 3 of Technology Note X10 shows schematically 
the power flow between the generator and the magnet as compared to the constant motor load. 

However, the solution of a motor generator set with a flywheel has proved to be not 
entirely satisfactory, and several accelerator laboratories, among which CERN, have suffered 
a long shut-down of their major accelerator because of a mechanical breakdown of their power 
supply. 

In the meantime, the development of the silicon-controlled rectifier has permitted the 
construction of solid-state power supplies for large powers. The ISR, therefore, uses no 
more motor generator sets, although the problem is simplified since the storage rings 
operate at constant current. 

At the SPS, we are again confronted with the problem of a total power swing of 230 MW 
at the terminals of the magnet. Figure 11 illustrates a 400 GeV cycle for the magnet 
current and power with an 0.7 sec flat top. Instead of using a motor generator with fly
wheel, the rectifiers of the pulsed SPS supply will be directly connected via a 380 kV line 
to a strong point of the French distribution system at Gênissiat, about 33 km from CERN. 

I(kA) P(MW) 

Fig. 11 
The current and power c y c l e 
f o r an SPS p u l s e f o r 400 GeV 
w i t h a f l a t top of 700 msec 

t i ! I 

--too 
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Two 90 MVA, 380/18 kV transformers will be used, one for the pulsed supplies and one 
for constant loads. The two 18 kV systems will remain strictly separated, mainly in order 
to reduce phase changes in the constant load network. A reactive power compensator is 
foreseen in the network for pulsed loads, consisting of a saturable power compensator and a 
capacitor bank in order to limit the reactive power and voltage fluctuations on the French 
supply network and on the Laboratory II network for constant loads. 

The total duration of a cycle is a function of the energy to which protons are acce
lerated and of the duration of the flat top. In the example of Fig. 11, the mean power 
loss in the dipole and quadrupole magnets and their supply cables is 35.2 MW. With this 
same mean power loss, one can also make a cycle with a flat top of 2 sec and a total dura
tion of 8.9 sec. 

4. SEPTUM MAGNETS 

Septum magnets are used for beam injection into or extraction out of a synchrotron. 
The principle of their application for the case of fast extraction is demonstrated in 
Fig. 1 of Technology Note M19. Figure 2 of the same Note shows the homogeneous field dis
tribution inside the gap and the low fringing field outside the septum. This fringing 
field must be as low as possible in order not to perturb the circulating beam of the acce
lerator outside the septum. In a carefully designed septum magnet the fringing field can 
be made as low as \%> of the field in the gap for fields up to 1.5 T. For higher fields of 
up to 2 T, the minimum fringing field increases up to Z%o. 

The septum magnets are in general iron-cored C-magnets in which the outer half of the 
coil is replaced by a thin current-carrying septum (Technology Note M44). The iron is either 
made out of solid iron for d.c. magnets, or 
laminated in the case of pulsed excitation. 
The copper septa must be as thin as possible 
and must therefore operate with high current 
densities of up to 300 A/nrn2 for slow ejec
tion (d.c. or slowly pulsed) septum magnets 
used for injection or fast extraction. This 
requires a forced water-cooling of the septum. 

Moreover, the septum and its fixation must 
withstand the strong lateral magnetic forces 
which are 90 kp/cm2 for a field of 1.5 T. 

For an optimized design it is necessary 
that the water-cooled septum is manufactured 
to precise mechanical tolerances and that it 
fits accurately inside the gap. It is also 
necessary to choose a steel for the magnet core 
which a low coercivity and a high permeability 
up to high field levels. 

Figure 12 shows a 16 mm thick copper sep
tum with its return coil mounted in the gap 

" 3 P ' i i i 

A w a t e r - c o o l e d 16 mm t h i c k septum 
w i t h i t s r e t u r n c o i l mounted in 
t h e gap of a septum magnet f o r 
t h e SPS e x t r a c t i o n system 
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of the septum magnet. Some parameters of the septum magnets for the SPS extraction channels 
(Technology Notes M28 to M31) are given in Table 4. 

Table 4 

Parameters extraction septum magnets at 400 GeV/c 

TS EM 

Effective septum thickness (mm) 4.2 16.2 
Effective length (m) 8 x 1.125 10 x 1.125 
Magnetic induction (T) 0.35 1.5 
Vertical aperture (mm) 20 20 
Horizontal aperture (mm) 60 60 
Deflection (mrad) 2.36 12.6 
Peak current (kA) 7.5 24 
Septum resistance (rrfl) 0.38 0.092 
Total means power dissipation (kW) 450 1500 
Peak voltage 
(incl. inductive surge) (V) 61.6 65.8 

5. FAST PULSED MAGNETS 

This particular class of magnet gives a small deflection to the beam during one revo
lution or a fraction of a revolution. They are typically used in synchrotrons for injec
tion, fast extraction, and beam dumping. Figure 1 of Technology Note Ml 9 demonstrates the 
application of a fast pulsed magnet for fast extraction. 

The fields of these magnets are pulsed with a pulse duration not longer than the revo
lution time, and with rise and fall times which are short compared with the revolution 
time. The latter is 2.1 ysec for the CPS, 3.15 ysec for the ISR, and 23 ysec for the SPS. 
The magnetic field must be constant to ±1 or 2% during the flat top. The rise and fall 
times of the field of the full aperture, fast extraction system of the CPS are 75 ysec, 
while similar systems for the SPS will have rise and fall times of up to 1 ysec. 

These magnets are excited by rectangular current pulses of up to 10 kA and 40 kV with 
rise and fall times of 0.05 to 0.2 sec. The fast pulse response of the magnets necessitates 
the use of ferrite for the magnet yoke. The pulses are generated by the discharge of a 
pulse-forming network (pfn) of characteristic impedance Z through the magnet into a termi
nation resistor with a resistance value Z. The magnets are generally designed as delay-
line-type magnets, also of impedance Z, by the distribution of capacitors in parallel with 
the magnet inductance in order to have a completely matched circuit. This minimizes the 
rise and fall times of the magnetic field as well as the fluctuations on the flat top and 
the reflections after the pulse. The impedance values of these systems range typically 
from 3 to 15 fi. 
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For pulse durations of up to 4 ysec, the pfn can be a coaxial high-voltage cable. 
This is not possible for longer pulse durations as the cable losses will cause too large a 
droop on the flat top of the generated pulse. Therefore, for the pulse durations required 
for the SPS (Technology Note Nß4) it is necessary to construct lumped parameter pfn 1s with 
a limited number of LC cells. 

The pfn's are discharged by high-power fast switches, which are triggered at a suitable 
moment. These switches can be either spark gaps or high-voltage deuterium-filled tetrode 
thyratrons as developed by the English Electric Valve Co. A serious limitation of the 
spark gaps at our power levels is the erosion of the electrodes due to the sparks, which 
limits their maintenance-free lifetime. This is not the case with thyratrons which have a 
hot cathode and continually maintain a plasma between the cathode and their first grid. 
They can then be accurately fired by applying a trigger pulse to their second grid. Spark 
gaps are therefore now only used for some special cases (Technology Note M14), whilst the 
application of deuterium thyratrons as high-power switches has become standard practice. 

The full aperture, fast extraction system of the CPS 8) is described in the Technology 
Note M45. Figure 13 shows a magnet module of this system and Fig. 14 the form of an elec
trical pulse used for the excitation of each magnet module. 
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For the generation of the high-current rectangular pulses of up to 23 ysec duration9) 
for the fast pulsed magnets of the SPS, a newly developed deuterium thyratron (EEV CX 1171 B) 
will be applied, in which the anode is replaced by a second hot-cathode assembly. This 
increases the amount of plasma available for conduction, and this thyratron can also con
duct, without damage, reverse currents. A circuit developed for these long pulses in the 
"thyragnitron" circuit shown in Fig. 15. This circuit combines the advantages of the accu-

t H V Supply 
120Kfl CX1T71 3.BK474 

Fig. 15 
"Thyragnitron" e l e c t r i c a l c i r 
c u i t w i t h t h r e e i g n i t r o n s 
BK 474 i n p a r a l l e l w i t h a d e u 
ter ium t h y r a t r o n EEV CX 1171 

Ignitrón current ¿ T r i99 e r 

rately defined time of triggering and the fast current rise time of the thyratrons, with 
the higher current capability of the ignitrons. The application of the "thyragnitron" cir
cuit can be easily extended to pulses of longer duration. Figure 16 shows some typical 
current pulses of this latter circuit. Pulse forms generated with the circuit of Technology 
Note M34 are shown in Fig. 17. 

a) o v e r - a l l current 
+ t h y r a t r o n current 

1 k A / d i v . 
5 y s e c / d i v . 

Fig. 16 
Current s h a r i n g i n the thyra
g n i t r o n s w i t c h 

b) o v e r - a l l current 
+ i g n i t r ó n current 

1 k A / d i v . 
5 y s e c / d i v . 

c) i g n i t r ó n current 

t h y r a t r o n current 
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Fig. 17 
P u l s e shapes f o r p u l s e 
c l i p p i n g by a c l i p p e r s w i t c h 
i n f r o n t of the main s w i t c h . 
The pfn c i r c u i t shown i n 
Technology Note M34 was 
charged a t 60 kV. 

" F x •*— pulse-on-dump r e s i s t o r 

p u l s e - o n - l o a d r e s i s t o r 

c l i p p e r c u r r e n t 

ELECTROSTATIC DEFLECTING DEVICES 

The main electrostatic deflecting devices at CERN are the electrostatic separators and 
the electrostatic septa. A particular application is the pulsed electrostatic quadrupole 
focusing for the CERN Muon Storage Ring reported in Technology Note B58. The application 
of electrostatic separators for the separation of particles of different masses is discussed 
in the Technology Note M18. 

Electrostatic separators provide an electric field of up to 100 kV/cm over a gap of 
6 to 8 cm between parallel-plate electrodes with standard lengths of up to 9 m. They are 
mounted in a vacuum tank in which the pressure is maintained between 10 _ l f and 10~ 3 Torr. 
Experience has shown that at these pressures the high-voltage holding of the separators is 
optimum. Figure 18 shows an electrostatic separator. A schematic assembly drawing of such 
a separator is shown in Technology Note M18. 

An electrostatic septum is used as the first element in beam extraction channels of 
synchrotrons. It acts as a knife which slices off the part of the circulating proton beam 
which is to be extracted, and it deflects this part of the beam by an electrostatic field 



- 83 -

in order to separate it from the circulating beam. A 0.91 m long electrostatic septum has 
been in use at the CPS for some years. Its construction is described in some detail in 
Technology Note M17, which also shows two drawings of the device. 

The electrostatic septum which is developed for the extraction channels of the SPS is 
discussed in Technology Notes M32 and M33. Each electrostatic septum will consist of four 
units of 3 m length. It will operate at a field of 100 kV/cm for a gap width which can vary 
between 10 mm and 35 mm. The knife (septum) is made from 0.15 mm thick tungsten or molyb
denum wires, 1.5 mm apart, and the four septa must be aligned with a tolerance of ±0.05 mm. 
Figure 19 shows the electrostatic wire septum for the SPS. 

V * . " . . * * 

Fig- 19 ¿a* vL •v&Êm&z&tt 
P r o t o t y p e e l e c t r o s t a t i c septum ; i S j è -sK, %ß^SSiEUiS3ßS9tr wÄsiX A for the SPS. I t u s e s 0 . 1 5 mm . ' v * t \, aft»Ä3"t 
t h i c k molybdenum w i r e s , 1.5 mm 
a p a r t . A s p r i n g i s a t t a c h e d 
t o e i t h e r s i d e of the wire i n 
order t o keep i t s t r e t c h e d and 
t o p u l l i t out of the aper ture 
i f ever a w i r e i s broken 
because of a spark . 
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Superconducti vi ty 
D.B. Thomas 
Rutherford Laboratory, Chilton, Berks., England 

ABSTRACT 

A short general review is presented of the progress made in applied superconduc
tivity as a result of work performed in connection with the high-energy physics 
program in Europe. The phenomenon of superconductivity and properties of super
conductors of Types I and II are outlined. The main body of the paper deals with 
the development of niobium-titanium superconducting magnets and of radio-frequency 
superconducting cavities and accelerating structures. Examples of applications in 
and for high-energy physics experiments are given, including the large superconduc
ting magnet for the Big European Bubble Chamber, prototype synchrotron magnets for 
the Super Proton Synchrotron, superconducting d.c. beam line magnets, and super
conducting RF cavities for use in various laboratories. 

* * * 

The extent to which magnetic and electric fields are used in the apparatus of high-
energy physics has already been stressed in preceding papers. It is not surprising that 
superconductivity, which in its simplest interpretation offers the prospect of loss-less 
transport of electric currents (and hence the production of magnetic and electric fields 
in a highly economical fashion), is of great interest to the high-energy physics experi
menter. As a direct result of this interest, real progress has been made in superconduc
ting magnet technology and in radio-frequency superconducting cavity development over the 
last ten years, largely through research and development carried out in the high-energy 
physics laboratories of the world and in industrial concerns working in collaboration with 
these laboratories. In the case of superconducting magnet technology it is apparent that 
the new materials and techniques developed in this way are already finding use in other 
branches of science, and their future use is now being seriously studied for full-scale 
industrial application in superconducting a.c. generators, magnetically levitated vehicles, 
nuclear fusion reactors, ore separation, etc. The work on superconducting cavities has much 
in common with that on superconducting a.c. transmission lines, which are now also being 
studied industrially, and as such could have wider importance, perhaps on a longer time 
scale. 

The use of superconducting devices operating at a temperature only a few degrees above 
absolute zero has stimulated a major part of the present industrial activity in liquid-
helium refrigeration plants and associated cryogenics. Here high-energy physics has served 
principally as a purchaser of equipment (often to specifications which require advanced de
velopment work by the manufacturer) and after delivery as a proving ground for the new equip
ment. 

Progress in applied superconductivity can thus be cited as an example of how research 
in a pure science can provide challenges in technology which, when met, lead to longer-term 
benefits over a wide field of activities outside the subject which sponsored the original 
work. 
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1. THE PHENOMENON OF SUPERCONDUCTIVITY 

Superconductivity was first discovered in 1911 in Leiden by Kamerlingh Onnes, when he 
was examining the variation in electrical resistance of metals with temperature. He found, 
as expected, that the electrical resistance of mercury decreased continuously with falling 
temperature but unexpectedly disappeared completely and sharply at 4.15 K. By establishing 
a current in a superconducting ring of mercury and observing the absence of decay of this 
current over many months, Kamerlingh Onnes was able to demonstrate the electrical resistivity 
to be zero in the superconducting state, within the accuracy of measurement. Other elements 
were found to exhibit superconductivity, and each of these has a critical temperature within 
the range 10 K to 1 K (i.e. above this temperature they are no longer superconducting). 

Zero electrical resistivity in the superconducting state was soon shown, however, not 
to be equivalent to infinite conductivity. Kamerlingh Onnes found that at any temperature 
below the critical temperature T , superconductivity can be destroyed by the application of 
a magnetic field exceeding a certain critical value H c. The lowering of T c in the presence 
of a magnetic field also requires that T c will be reduced by a current passing through a 
superconducting wire, since this current itself produces a magnetic field. Hence the super
conducting state can be destroyed hy raising the current above a certain critical value. 

All of these so-called Type I superconductors have critical magnetic fields less than 
about 0.2 T (1 tesla = 10 kG) and cannot therefore be used to construct electromagnets with 
field strengths greater than about 0.1 T. (Water-cooled copper magnets with iron yokes 
generally work at magnetic fields in the region of 2 T, this being dictated principally 
by magnetic saturation effects in iron above this level.) It follows therefore that Type I 
superconductors cannot be used to produce the high magnetic fields of interest in nuclear 
physics and elsewhere. 

The Type I superconductors have, however, one important property which makes them ideal 
for use in low magnetic field a.c. applications such as the transmission of 50 Hz power or 
in radio-frequency superconducting cavities. This property is that the supercurrents flow 
only in a thin layer adjacent to the surface of the conductor, the penetration depth being 

—1+ 

about 10 mm. The virtual absence of penetration of magnetic field into the current-carrying 
layer means that acceptable electrical losses are incurred even when radio-frequency currents 
are being carried. (In practical systems, impurities or regions of trapped magnetic flux may 
result in significant losses being observed unless special precautions are taken.) 

In 1961 a new class of superconductors was discovered by Kunzler, working at Bell Telephone 
Laboratories. These so-called Type II superconductors are distinguished by their ability to 
retain their zero resistance in very high magnetic fields, well above 10 T, and at the same 
time to transmit large currents. The importance of this discovery to the technological ap
plication of superconductivity was quickly realized, and work started immediately on the 
preparation of these new superconductors in a form suitable for use in large and small elec
tromagnets . 

The known Type II superconductors broadly divide themselves into two categories: the 
ductile alloys, of which niobium-titanium is the most important; and the brittle inter-
metallic compounds, of which niobium-tin is one example of increasing practical interest. 
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The current which these superconductors can carry per unit cross-sectional area is signifi
cantly higher than that which a water-cooled copper conductor of the type used in magnets 
can handle. This is illustrated in Fig. 1 which shows the current densities actually 
achievable in both Nb-Ti and Nb 3Sn. How far the full potential of these materials can 
be realized in practical superconducting magnets will become clear later. 

]QS 

The critical temperatures and critical magnetic fields of a number of important Type II 
superconductors are shown in Table 1 and, for the purposes of comparison, the same properties 
of several Type I superconductors. It will be noted that the Type II superconductors, in 
addition to having much greater critical magnetic fields, also have somewhat higher critical 
temperatures, in some cases slightly over 20 K. As a rough rule of thumb in the design of 
superconducting magnets, it is accepted that the operating temperature of the coils should 
not exceed 0.5 and that the peak magnetic field generated should not exceed 0.7 H^ if an 
economic design is to result. (Working too close to both T c and H means that the current-
carrying capacity of the superconductor is so severely reduced that it would lead to an 
uneconomic or indeed impossible coil design.) Now the boiling point of liquid helium at 
atmospheric pressure is 4.2 K, thus satisfying the rule of thumb on operating temperature 
for all important Type II superconductors. Liquid helium is thus used universally as a 
refrigerant for superconducting magnets. 

Unlike a Type I superconductor, the current in a Type II superconductor is distributed 
throughout the cross-section of the conductor and not confined to a surface layer. This of 
course explains in general why high current can be carried by Type II superconductors, but 
there is one resultant disadvantage. The fact that current, and therefore the magnetic field 
associated with this current, penetrates into the bulk superconductor, means that electrical 
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Table 1 

Critical temperatures and critical fields of 
some important superconductors 

Element of compound T C m H c (T) at 0 K Type 

Mercury 

Lead 

4.1 

7.2 

0.04 

0.08 
„ 'Soft1 or 

Type I 

Niobium -v. 9.3 0.2 

Niobium-titanium 
Nb 0. 5Tio . 5 

^ 9.5 * 14.5 

Vanadium-gallium 
V 3Ga 

-V 16.8 21 
( 'Hard' or 

Type II 
Niobium-tin 

Nb 3Sn 
-\. 18.5 ^ 25 

Ni ob ium- aluminium- germanium 
Nb 3(Al 0. 8Geo . 2 ) 

20.7 > 40 4 

Fig. 2 
Temperature dependence of 
c r i t i c a l current d e n s i t y 
v e r s u s f i e l d c u r v e s f o r a 
n i o b i u m - t i t a n i u m s u p e r 
conductor 

M A G N E T I C F I E L D , H X ( T E S L A ) 
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losses occur when current and field are changing and these losses produce local heating. This 
is an important point: Type II superconductors are not loss-less under conditions of changing 
current or magnetic field. In present practical systems the losses are high enough to preclude 
the use of Type II superconductors in any a.c. application other than pulsed magnets cycling 
perhaps once every few seconds. As will be described later, the magnitude of the losses is 
determined by the cross-sectional dimension of the individual superconducting strands. The 
smaller the dimension, the smaller will be the losses. At the present time it seems extremely 
unlikely that means can be found to prepare Type II superconductors in a form where losses at 
50 Hz would be acceptable. For this reason the present use of Type II superconductors is res
tricted essentially to d.c. applications. 

Most superconducting magnets built to date use niobium-titanium, since this superconduct
ing alloy is ductile enough to be prepared in a suitable form by standard metal extrusion and 
wire drawing techniques. The current-carrying properties of this alloy as a function of ap
plied magnetic field and temperature are given in Fig. 2. 

2. THE DEVELOPMENT OF NIOBIUM-TITANIUM 
SUPERCONDUCTING MAGNETS 

Following closely on the discovery of Type II superconductivity in niobium-tin in 1961, 
ductile alloys of both niobium-zirconium and niobium-titanium were shown to be superconduct
ing. Interest in Nb-Zr was short-lived once the superior properties of Nb-Ti were apprecia
ted, but some early magnets were built using it. 

The first obvious approach to superconducting coil construction was simply to produce 
Nb-Ti in wire form and wind it into a coil. In testing magnets of this type a difficulty 
quickly arose. In the superconducting state Nb-Ti has zero resistance, but if for some 
reason the temperature of a section of conductor rises above its critical temperature the 
material reverts to its normal conducting state, that of high resistivity. Although these 
first coils were energized only when fully immersed in liquid helium, some mechanism, not 
then understood, would raise the temperature of a region of the coil until it became re
sistive. The current flowing in the coil would then discharge itself into the resistive 
region and the magnetic field would collapse. In some cases the discharge of energy was 
sufficient to damage the coils. Typically only one-third of the expected magnetic field 
level would be reached by the coil before it 'quenched'. 

An immediate remedy was suggested: to place in parallel with the superconductor a low-
resistivity normal conductor. Niobium-titanium electro-plated with copper, sometimes formed 
into a cable with additional copper wires, was then used for the next series of coils. If 
sufficient copper was used it was found that stable operation up to the critical current of 
the superconductor was possible. The copper, which has to be fairly pure to ensure a low 
resistivity at 4.2 K, served two purposes. Firstly it would carry the current temporarily 
if a length of superconductor went 'normal' and would continue to do so until the supercon
ductor recovered. Secondly, because of its high thermal conductivity, it would serve to 
disperse any local heating by conduction along its length so that any discharge of magnetic 
field energy would not be concentrated in a local region but Would be spread as uniformly 
as possible throughout the coil. 
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The main penalty paid for the inclusion of so much copper in the conductor (perhaps 
more than 10 times the volume of superconductor itself) is of course the loss of over-all 
current density in the magnet windings since in normal operation the copper carries no 
current. In applications in which high over-all current density is important, this type 
of 'fully stabilized' composite could not be used, but in large magnets (i.e. magnets ty
pically of several metres diameter) the current densities achievable by this means are 
adequate enough for economic designs to result. Indeed in large superconducting solenoids 
the substantial force generated within the coils by the interaction of the magnetic field 
and the current producing the field must be restrained by a force-supporting structure, 
and in some designs of coil the copper of the 'fully stabilized' conductor itself provides 
the necessary force restraint. 

The first big coil of this type was constructed in 1967/68 and operated successfully in 
1969. A solenoid of about 4 m bore producing a field of 2 T, this coil is part of a hydrogen 
bubble chamber at Argonne National Laboratory, USA. That a device of this size should come 
into regular operation on high-energy physics experiments only eight years after the discovery 
of Type II superconduction is in itself an indication of the effort which high-energy physics 
laboratories were prepared to put into this new technology. Since only a modest magnetic 
field strength was required for the bubble chamber, a conventional water-cooled magnet could 
have been used instead of a superconducting version. The choice between these alternatives 
was made on financial grounds. An analysis indicated that the capital cost of a conventional 
magnet plus its associated generators and water-cooling plant was roughly equal to the capital 
cost of the superconducting magnet plus its small power supply and liquid-helium refrigerator. 
The power consumption of the water-cooled magnet would, however, have been greater than 10 MW, 
whereas only 1 MW of electrical power is needed to run the refrigeration compressors and 
other equipment of the superconducting magnet. The resultant saving in power costs over the 
expected 10 years' running period was deemed significant enough to accept the risk of taking 
such a major step forward in the technology, a decision which has handsomely paid for itself 
since that time. 

The conductor used in this magnet is shown in Fig. 3. Copper strip and niobium-titanium 
rods are rolled together until a metallurgical bond is established between the two. The 
conductor is then finished to a size 50 mm * 3 mm. The sample shown in the photograph has 
had the copper etched away at one end to reveal the six superconducting filaments. 
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The largest superconducting magnet now completed is also a bubble chamber magnet, that 
of the CERN Big European Bubble Chamber (BEBC). Figure 4 shows one of the pair of super
conducting coils being assembled. A conductor similar to that of the Argonne Bubble Chamber 
is used but with very many more finer niobium-titanium filaments embedded in the copper matrix. 
Because this coil produces a higher magnetic field of 3.5 T, and therefore has higher internal 
force levels in the coils when energized, stainless-steel reinforcing strips are wound into 
the coil. A studded strip is also included to ensure that most of one face of the conductor 
is in direct contact with liquid-helium coolant. 

Fig. 4 
One of the p a i r of s u p e r 
conduct ing c o i l s of the CERN 
Big European Bubble Chamber Sous, T -^aS^SS?' 

w^**^&& iäm-tt^iA fSMSäB&fök 

Another successful approach to the problem of construction of a large superconducting 
magnet is that used on the Omega Project at CERN. Rather than operating the coils immersed 
in a bath of liquid helium as in the case of the Argonne and BEBC magnets, a hollow copper 
conductor with composite superconducting wires soldered to it has liquid helium circulating 
through it. This approach provides good conductor cooling with a minimum volume of liquid 
helium in the system but at the expense of some increase in complexity of the refrigeration 
system. A general view of the Omega magnet is shown in Fig. 5. 
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These big magnets of high-energy physics have demonstrated that the generation of large 
volumes of magnetic field is economically possible. Should nuclear fusion reactors with 
magnetic containment become power sources of the future, large superconducting magnets will 
certainly be used. The design of these magnets could benefit greatly from the work already 
performed for high-energy physics. 

Returning now to the problem of the thermal instabilities which were observed in small, 
high current density, superconducting coils, the trouble was eventually tracked down to the 
size of the individual superconducting filament being used. It was found that each filament, 
in addition to carrying its share of the energizing current of the coil, was also carrying cur
rents induced in it by the changing magnetic field of the coil. The induced currents were 
occupying a significant part of the available current-carrying capacity of the superconductor 
so that the energizing current of the coil could not be raised to its design value without 
the total current exceeding the critical value for superconduction. When this happened, the 
energy stored in the induced current system would quickly dissipate itself as heat. The 
temperature of the superconductor could then rise locally above its critical temperature and 
the coil would 'quench' with collapse of magnetic field. The energy released per unit volume 
of superconductor in this process, and therefore the temperature rise, was shown to depend on 
the width of the superconducting strip. If superconducting filaments one-twentieth of a milli
metre in diameter or less could be produced, the temperature rise would be insignificant and 
the critical temperature would not be exceeded. No thermal instabilities should then result 
in coils wound with such filamentary superconductors. 

One further important idea had to be incorporated before intrinsically stable super
conducting composites could become a reality. It was found that two (or more) supercon
ducting filaments embedded in the same low-resistivity copper matrix acted collectively 
almost as though they were joined together with superconductor. However, if the conductor 
were tightly twisted about its central axis in the manner shown in Fig. 6, the filaments 
would become essentially decoupled. 

Fig. 6 Diagram of f i l a m e n t a r y compos i te 
superconductor 

The final ideas leading to the concept of a twisted multifilament superconducting com
posite were put together by Smith and his colleagues working at Rutherford Laboratory. 
A development contract was placed with a leading UK metal-working company (Imperial Metal 
Industries, Birmingham), and in 1967/68 a range of samples of this new intrinsically stable 
conductor was produced. Tests showed that these composites, even with copper-to-supercon
ductor ratios as low as 1:1, would operate in a stable fashion right up to critical current. 
Multifilament conductors have now been adopted almost universally for the construction of 
high current density coils. 

These conductors usually have individual filaments of between 25 and 50 ym in diameter. 
Since a 25 ym filament of Nb-Ti will carry a current of about 0.5 A at 5 T, a conductor to 
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carry 200 A will have several hundred individual filaments embedded in a copper matrix. 
A cross-sectional photograph of a conductor with almost 1000 filaments is shown in Fig. 7. 

Coils wound from multifilament conductor can be very simple in construction. Although 
they must be operated at a temperature near 4 K, there is no need for the conductor to be in 
direct contact with the liquid-helium refrigerant. This means that coils can then be vacuum 
impregnated with an epoxy resin to produce a sound mechanical structure capable of withstanding 
the electromagnetic forces generated when the coil is energized. One example of such a coil 
is shown in Fig. 8. This is one of five identical coils which together form a i m long so
lenoid which has operated at a field strength of 6 T. This magnet, constructed in Europe 

F i g . 7 C r o s s - s e c t i o n a l photograph of 9 6 7 -
f i l a m e n t n i o b i u m - t i t a n i u m c o n 
d u c t o r : 0 . 5 4 mm d i a m e t e r ; 10 ym 
f i l a m e n t s ; copper m a t r i x ; 135 A 
a t 5 T (Thomson-Brandt, P a r i s 19 , 
F r a n c e ) . 

F i g . 8 Vacuum impregnated superconduct ing 
c o i l : This c o i l i s one of f i v e 
which t o g e t h e r comprise a i m long 
6 T magnet . The s i m p l i c i t y of con
s t r u c t i o n i s o b v i o u s ! Enamelled 
superconduct ing wire i s wound on a 
former and then vacuum-impregnated 
w i t h epoxy r e s i n ; the former i s 
s u b s e q u e n t l y removed. 

but destined for use in an experiment on the TRIUMF accelerator in Vancouver, has been se
lected here as an illustration of the present state-of-the-art in d.c. superconducting magnets. 
Figure 9 shows the magnet completely assembled in its cryostat. Unattended operation over a 
period of many hours is possible since the liquid-helium capacity of the reservoir in the 
cryostat is sufficient to keep the magnet at its operating temperature (4.2 K) for 30 hours, 
and all other systems are automatic. 

A number of superconducting d.c. beam-line magnets have already been in operation for 
many thousands of hours in various high-energy physics laboratories including Saclay and CERN, 
and they have proved to be so reliable that entire superconducting beam lines are now under 
discussion for use in the near future. A dipole magnet at present in operation on a CERN 
beam line is shown in Fig. 10 during a stage of assembly. 
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F i g . 9 A 6 T superconduct ing s o l e n o i d a s - F i g . 10 The assembly of a superconduct ing 
sembled i n i t s c r y o s t a t d i p o l e magnet a t CERN; t h i s mag

n e t i s a t p r e s e n t i n u s e on a 
beam l i n e s e r v i n g the B ig European 
Bubble Chamber. 

In addition to the development of a variety of d.c. superconducting magnets, prototype 
pulsed superconducting magnets of the type which could be used in a proton synchrotron have 
been successfully operated. It was noted earlier in this paper that Type II superconductors 
are not loss-less under pulsed conditions and that the losses depend on filament size. To 
achieve acceptable refrigeration loads from magnets that are to be continuously cycled from 
zero to full magnetic field and back again every few seconds requires the use of composite 
superconductors with even finer filaments, about 5 to 10 ym in diameter. For magnets with 
the fastest rise-time, one second or less, it is further necessary to partially insulate 
each filament from the copper matrix by surrounding it with a cupro-nickel sheath. An ex
ample of a complex conductor of this type with 180,000 filaments in a 3 mm diameter copper 
and cupro-nickel matrix is shown in Fig. 11. An alternative to a solid conductor is the 
type of braid shown in Fig. 12, which consists of a number of interwoven composite super
conductors, each wire containing perhaps 1000 to 5000 filaments. 

Prototype superconducting synchrotron magnets of the type that would be required to up-
rate the CERN 400 GeV accelerator to 1000 GeV have been built and successfully tested in 
three of the national high-energy physics laboratories in Europe, namely Karlsruhe, Saclay, 
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Fig. 11 Superconduct ing compos i te c o n 
d u c t o r : 4 . 2 1 mm x 2 .78 mm; 
1 7 7 , 2 4 1 Nb-Ti f i l a m e n t s i n 421 
c l u s t e r s each of 421 f i l a m e n t s ; 
5 . 8 um f i l a m e n t s ; Cu and Cu-Ni 
m a t r i x ; 5000 A at 5 T; a . c . 
l o s s e s double a t 1 .0 T / s e c [ i m 
p e r i a l Metal I n d u s t r i e s (Kynoch), 
Witton/Birmingham, EnglandJ. 

Fig. 12 A t y p i c a l superconduct ing b r a i d : 
25 s t r a n d s ; 0 . 3 mm strand d i a 
meter ; 380 Nb-Ti f i l a m e n t s per 
s t r a n d ; 10 um f i l a m e n t s ; Cu mat
r i x ; 1400 A a t 5 T (Vacuum-
schmelze , Hanau, Germany). 

and Rutherford Laboratory. One of these magnets is shown in Fig. 13. Although the prototypes 
are only about 1 m in length compared to the 7 m needed for the synchrotron, in all other 
respects they are identical. Their performance has demonstrated that superconducting magnets 
will be feasible for a high-energy synchrotron, but much detailed engineering work remains 
to be done before such magnets become economically attractive. The principal advantage of 
using superconductors for this type of magnet — the high over-all current density which 
can be obtained — is well illustrated by Fig. 14 which compares two different 5000 A con
ductors. The hollow copper conductor used for the conventional bending magnets of the 

Fig. 13 D2A, a p r o t o t y p e superconduct ing 
synchrotron magnet 
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Fig. 14 Comparison of 5000 A c o n d u c t o r s : 

On t h e l e f t i s a p a i r of w a t e r -
c o o l e d copper conductors for a 
c o n v e n t i o n a l magnet of the CERN 
400 GeV machine; on the r i g h t i s 
a p a i r of superconduct ing c a b l e s 
f o r a p r o t o t y p e synchrotron mag
n e t . 
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400 GeV machine has over fifty times the cross-sectional area of the superconducting cable 
used in one of the prototype superconducting synchrotron magnets. This indicates clearly 
how fully the potential advantage of superconductivity is being realized, although some 
problems remain to be solved. 

3. THE DEVELOPMENT OF RADIO-FREQUENCY SUPERCONDUCTING CAVITIES 
AND ACCELERATING STRUCTURES 

Superconducting RF cavities have been under development for several years in both 
Karlsruhe and the Rutherford Laboratory. The work at Karlsruhe is based on the use of 
niobium (which as a Type I superconductor has a critical field of 0.18 T) and at Rutherford 
Laboratory on the use of lead (H = 0.09 T). Supercurrents in the cavities flow only in a 
surface layer less than 10 mm thick. The quality and condition of the internal surfaces 
of the cavity are thus extremely important since they control the unwanted electrical losses 
and thus set the 'Q-value' of the cavity. 

Niobium cavities are machined from the solid and joined where necessary by electron 
beam welding. They must be thoroughly cleaned by techniques including electro-polishing 
before being anodized and finally heated in an ultra-high vacuum surface for 24 hours at 
180°C and 10~ 9 Torr. Only when the surfaces have been prepared in this way can satisfactory 
results be obtained. Cavities using lead as superconductor are made by plating on to ma
chined copper parts and then using special drying techniques to produce clean surfaces. 

The development work on both niobium and lead cavities has reached the stage where a 
20-cell section of niobium cavity and a 10-cell section of lead cavity have each been suc
cessfully tested. Operating at a temperature of 1.85 K, deflection fields of 2.5 MV/m have 
been obtained with Q-values in the range 10 s to 2 x 10 9. The 10-cell section of lead cavity 
is shown in Fig. 15 in its cryostat. Two 20-cell sections of niobium cavity are shown during 
assembly in Fig. 16. 

A beam line using two superconducting particle separators (each with 100 niobium de
flection cells) is planned for use at CERN in 1976. Unlike conventional RF separators which 
operate with microsecond pulse lengths, these superconducting separators will be able to 
operate continuously. 

F i g . 15 A 1 0 - c e l l superconduct ing RF c a v - F i g . 16 Two 2 0 - c e l l RF superconduct ing 
i t y assembled i n i t s c r y o s t a t s t r u c t u r e s d u r i n g assembly i n a 

d u s t - f r e e g l o v e - b o x (IEKP, 
Kernf orschungs Zentrum, Kar1s ruhe, 
Germany) 
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In addition to the work at Karlsruhe on cavities, there is a program of development of 
superconducting linear accelerators. Such accelerators will also be able to accelerate par
ticles continuously rather than in short pulses. 

4. FUTURE APPLICATIONS 

Development work on both superconducting cavities and magnets is planned to continue 
at CERN and in a number of the national high-energy physics laboratories of Europe. It is 
intended to bring superconducting cavities and accelerator structures to the stage where 
they can be used in actual high-energy physics experiments, and clearly this is not far 
away. It is intended to increase the number of operational superconducting magnets in use 
in secondary beam lines, particularly in experiments to be mounted on the 400 GeV accelerator, 
and at the same time explore the use of this type of magnet in accelerators. New supercon
ducting materials, for example multifilament niobium-tin, are beginning to become available, 
and these will be used as the basis for a new development program to produce even higher field 
magnets, 10 to 12 T rather than the 5 to 6 T from niobium-titanium. The demand for such ma
gnets already exists in high-energy physics, and perhaps wider based uses will be found for 
them in the future. 
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ABSTRACT 

The paper reviews some physical properties of materials at low temperatures and 
the general techniques which are used to produce and maintain temperatures in the 
liquid-hydrogen and liquid-helium region. Applications of low-temperature techno
logy encountered in high-energy physics are described, with particular reference 
to refrigeration, hydrogen and polarized targets, liquid hydrogen bubble chambers, 
superconducting devices and condensation cryopumping. 

The technology of low temperature has been developed and exploited industrially over 
the last 100 years or so, down to temperatures of about 80 K, principally for the separation 
of air into its constituents. Although the use of temperatures at this level is widespread 
in high-energy physics, liquid nitrogen being a convenient and relatively cheap source of 
cold, the technology involved is in no way novel and will not concern us here. On the other 
hand, it can be convincingly argued that, for temperatures in the liquid hydrogen and helium 
region, cryogenic engineering as we know it today has arisen in response to the needs of 
space research, high-energy physics, and plasma physics. In Europe, in particular, the prin
cipal stimulus has been high-energy physics. 

The increasing use of low temperatures is illustrated by the consumption of cryogenic 
liquids at CERN during the last decade (Fig. 1). These data represent something of an under
statement in fact, since they only show the quantities distributed in transport dewars. The 
recent fall in hydrogen consumption and the levelling-off of helium consumption is merely a 
consequence of the increasing use of large closed-circuit refrigerators. 

* * * 

F i g . 1 Consumption of c r y o g e n i c l i q u i d s a t 
CERN 

1963 64 65 6 6 6 7 6 8 6 9 70 71 72 73 
Y E A R 
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1. GENERAL LOW-TEMPERATURE TECHNOLOGY 

The fundamental problem of low-temperature technology can be stated quite simply. In 
Fig. 2 the lower curve shows the theoretical minimum power required to produce one watt of 
refrigeration at a given temperature. This is inversely proportional to the temperature of 
refrigeration and so tends to infinity as absolute zero is approached. Real refrigerators 
are less efficient than this, of course. The two upper curves give a rough idea of the 
range of power requirements encountered in practice. We are interested here in the low-
temperature end of these curves (below about 30 K), and it is clear how important it is to 
limit heat dissipation and improve the efficiency of thermal insulation as the temperature 
decreases. 

Many of the cryogenic techniques are common to applications throughout our temperature 
range. It may be useful to summarize these and take a brief look at some of the peculiar 
properties of the materials we use. 

The cold parts of almost all cryogenic systems working below 30 K are surrounded by 
high vacuum to suppress convection completely and reduce gas conduction to insignificant 
proportions. There remains thermal radiation across the vacuum space and this is potential
ly quite important. Figure 3 shows the maximum possible radiation from room temperature 

F i g . 2 R e f r i g e r a t i o n power requ irements F i g . 3 B lack-body thermal r a d i a t i o n from 
as a f u n c t i o n of temperature 300 K t o a s u r f a c e a t temperature T 

(taken as 300 K) as a function of the temperature of the cold surface. Since this radiation 
is proportional to the difference of the fourth powers of the two surface temperatures, it 
rises rapidly to a value which is very sensitive to the temperature of the warm surface. 
Fortunately, the radiant heat flux can be reduced by several orders of magnitude. The sur
faces may be coated with metals which strongly reflect in the infra-red. Extra reflecting 
surfaces may be interposed in the vacuum space, for example in the form of multiple layers 
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of thin aluminized plastic foil. In addition, some of these surfaces may be cooled at an 
intermediate temperature. Combinations of such techniques are used in most cryogenic systems 
below 30 K, depending on the degree of complication which is justified. 

Solid conduction is minimized by using the smallest permissible cross-section of materials 
with high ratio of strength to thermal conductivity; stainless steels, titanium alloy, and 
glass-reinforced plastics are typical. Figure 4 shows the variation of thermal conductivity 
of some common materials at low temperatures. Thermal contact resistance in a high vacuum 
is also sometimes used to reduce the heat conducted through supports, the aim being to intro
duce as many contacts as possible. For example, chains are used as tensile supports and 
piles of metal or plastic foils in compression. Heat transmission may be reduced by more 
than an order of magnitude in this way. 

The variation of electrical resistivity for some typical metals is illustrated in Fig. 5. 
High purity metals, whose resistivity at room temperatures is largely of thermal origin, can 
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Fig. 5 Normalized e l e c t r i c a l r e s i s t i v i t y 
of copper and s t a i n l e s s s t e e l as a 
f u n c t i o n of temperature 

show reductions in excess of four orders of magnitude at low temperature, while that of alloys 
with many chemical and physical lattice defects remains largely unchanged. 

One of the properties of solids which changes most strikingly is specific heat. Figure 6 
gives some examples. It is often difficult to appreciate the effect of these large changes. 
For example, a block of copper at 4 K has less thermal inertia than the same volume of air 
at room temperature. 

Figure 7 shows the thermal contraction of some solids at low temperature. Combinations 
of different materials may cause permanent deformation or even fracture of the assembly when 
cooled down, if precautions are not taken. Furthermore, some materials become brittle at low 
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temperatures ; unfortunately these include the ferritic iron alloys, so we are deprived of 
the use of irons and low-alloy steels at least for stress-bearing components. High nickel-
chromium stainless steels may be used since they have an austenitic structure and remain duc
tile. 

2. HYDROGEN TARGETS 

Hydrogen is of great importance as a target material in high-energy physics since its 
nucleus is the simplest of all elements, consisting of a single proton. It is clearly es
sential that the target present the maximum density of hydrogen and the minimum mass of other 
materials which make up the container. This condition is most easily satisfied by using 
liquid hydrogen at a pressure only slightly above atmospheric and a temperature of about 20 K. 
The flask separating the liquid from the vacuum may then be a very light structure. In the 
case of small targets, plastic walls, a few tenths of a millimetre thick, are sufficient, 
and allow hydrogen-to-container mass ratios in the beam direction of the order of 50. 

Originally all targets were filled and replenished by liquid hydrogen supplied from a 
central liquéfier in transport dewars, but the dangers resulting from the relatively large 
quantity of hydrogen in the dewars and from the high combustibility of hydrogen-air mixtures 
require stringent safety precautions. At present, where possible, an alternative system con
sists of a sealed hydrogen circuit in which the target flask is permanently connected to a 
reservoir large enough to contain the small charge of liquid hydrogen as gas at room tempera
ture and about 2 arm pressure. The hydrogen is condensed into the flask and kept liquid 
during operation either by a small refrigerator or by cold helium vapour generated by eva
porating liquid helium at 4.2 K. The liquid helium is supplied in transport dewars from a 
central liquéfier and the gas is returned via the site helium-recovery system. It may appear 
illogical to provide refrigeration at 20 K with liquid at 4.2 K, but considerations of power 
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F i g . 8 A t y p i c a l l i q u i d - h y d r o g e n t a r g e t 

consumption are of no consequence on the scale involved here, and the considerable practical 
advantages of a system essentially not dependent on moving parts and providing a great degree 
of flexibility in operation make the method most attractive for small targets. Refrigerator 
cooling is often used when the thermal load on the target is relatively high or when access 
to the target is limited. A typical refrigerator-cooled target is shown in Fig. 8. The re
frigerator in this instance is a cryogenerator capable of absorbing some 90 W at 20 K. 

3. BUBBLE CHAMBERS 

Bubble chambers rely on the principle, first demonstrated by D.A. Glaser in 1952, that a 
fast charged particle passing through a superheated liquid ionizes the liquid and so deposits 
a small fraction of its energy as heat in the immediate vicinity of its path. This can ini
tiate local boiling and make the trajectory of the charged particle visible by the train of 
bubbles it leaves in its track. If a magnetic field is applied to the chamber, the radius 
of the resulting curvature of the track can be used to derive the momentum of the particle. 

When an incident charged particle interacts with a nucleus of the liquid, the resulting 
charged secondary particles also leave tracks, and if all particles are charged a complete 
kinematic analysis of the interaction is possible. Neutral particles do not leave tracks. 
They may, however, identify themselves by producing charged particles within the chamber. 

In principle any transparent liquid can be used for a bubble chamber, but liquid hydrogen 
or deuterium have the advantages already noted for hydrogen targets of presenting the highest 
densities of simple nuclei, i.e. protons or quasi-free neutrons. 
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In a typical hydrogen bubble chamber the liquid is held at a pressure of, say, 5 atm. 
The temperature of the liquid is maintained just below the boiling point corresponding to the 
applied pressure, say 26 K. Some 20 msec before the particles are expected to arrive in the 
chamber, the pressure of the liquid is reduced to, say, 2 atm. Since the temperature of the 
liquid is now about 3°K above the boiling point at the new pressure, it is super-heated and 
track-sensitive. The chamber is held in this state until the bubbles have grown to a visible 
size and have been photographed stereoscopically. The liquid is then recompressed to its 
original pressure and the bubbles recondense. 

Fig. 9 The CERN 30 cm Hydro- Fig. 10 The CERN 2 m Hydrogen Bubble Chamber 
gen Bubble Chamber 

Early hydrogen bubble chambers, about 20 years ago, had dimensions of tens of centimetres 
(Fig. 9). By the early sixties, the increase in the energy of the incident particles and im
proved understanding of the technology had led to the construction of hydrogen chambers with 
dimensions of about 2 m (Fig. 10). These chambers were near the limit of the practicable 
with the technique which was used at the time. The optical system required at least one wall 
of the chamber to be made of a thick glass slab which had to contain a maximum pressure of 
some 10 atm under shock loading. 

This type of window imposes a number of limitations. One example is the difference in 
contraction in the long direction between the window and the metallic chamber body of about 
4 mm. The solution to this problem is to make the seal between the window and the chamber 
body when they are cold, by inflating a special gasket with high-pressure helium gas. This 
applies sufficient force to soft metal seals, trapped between the window and the body, to 
make a vacuum-tight joint. In addition, the low thermal conductivity of glass limits the 
speed of cool-down if high thermal stresses are to be avoided. 

Although such chambers give excellent results and have been developed to a high degree 
of reliability, problems of this type become more severe as the size increases. Neverthe
less, as the energy of available incident beams and interest in neutrino physics grew, chambers 
with both larger volume and higher magnetic fields were required. The use of retrodirective 
reflecting materials, such as "Scotchlite", and wide-angle optics allowed the large flat win
dows to be replaced by smaller and much more rigid hemispherical "fish eyes". The development 
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of superconducting magnets provided double the field over much larger volumes with con
siderably reduced power consumption. For example, the useful volume of BEBC (Fig. 11) is 
about 35 times that of the CERN 2 m chamber and it has more than twice the magnetic field. 
Four large hydrogen bubble chambers with some or all of these features have been built in 
recent years — two of them in Europe. 

The pistons used in some of these large chambers to produce the pressure cycling now 
often have diameters of about 2 m. They are required to move at high speed, and the magnetic 
field in their vicinity is both high and inhomogeneous. This can lead to eddy-current heat
ing if the piston is metallic. Special glass-fibre reinforced plastic structures which must 
be impervious to hydrogen at about 20 K have been applied. 

However, not all modern hydrogen bubble chambers are very large. A good deal of effort 
is currently being devoted to developing quite small chambers with very high repetition rates. 
Instead of expanding about once per second as do the large chambers, these rapid cycling cham
bers operate at some 60 Hz. When used in conjunction with electronic detectors, which can de
cide when an interesting interaction has occurred and instruct the cameras to photograph it, 
these chambers provide a considerable increase in speed and efficiency, especially in detect
ing rare events. 

4. SUPERCONDUCTING DEVICES 

Although some superconductors have critical temperatures slightly above 20 K, no prac
tical material has useful properties above the triple point of hydrogen, so it is necessary 
to use helium for cooling. Two temperature levels are of interest in practice, about 4.2 K 
(the normal boiling point of helium) and something less than 2 K. 

The size of superconducting apparatus used in high-energy physics varies enormously. 
Volumes range from a few litres to tens of cubic metres, and weights from some kilogrammes 
to several hundred tons, so it is not surprising that the techniques used for cooling such 
equipment and keeping it cold are diverse. Basically, however, the choice lies between cool
ing by evaporating liquid helium, recovering the gas at room temperature for subsequent re-
liquefaction, and using a closed-cycle refrigerator which furnishes a continuous supply of 

Fig. 11 
The B ig European Bubble 
Chamber (BEBC) during c o n 
s t r u c t i o n 
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liquid and recovers the vapour at the boiling temperature. There is apparently a consider
able advantage in using closed-cycle refrigeration since a given installation can absorb 
five or six times more heat in this mode than it can when the gas is recovered at room tem
perature. The advantage is only a real one, however, if the heat is generated at the lowest 
temperature of the system. When the heat originates at higher temperatures, as in the case 
of heat inleak from room temperature, it is more efficient to absorb as much as possible in 
warming the cold vapour to room temperature. For example, the heat conducted from room tem
perature to 4 K down a bar of, say, stainless steel, can be reduced by a factor of more than 
30 by using the vapour generated by this heat leak to cool the bar in counter current. Losses 
due to thermal radiation can, in principle, be reduced by even greater amounts by using screens 
cooled by the cold vapour. These features are peculiar to helium and are a consequence of the 
high ratio of the sensible heat of the gas to the latent heat of vaporization (about 70). Hy
drogen, for instance, with a sensible-to-latent heat ratio of about 10, gives an economy fac
tor of less than four in heat conduction with counter-current cooling. The use of cooling by 
evaporating liquid in open cycle involves considerable complication of the design if its po
tentialities are to be fully realized, but it allows increased flexibility of operation since 
the instantaneous cooling power available is not limited by the refrigerator nor is the re
liability of the cooling at the mercy of such things as power failure. In practice, the use 
of this system is restricted to equipment with fairly low over-all consumption; for example, 
beam deflection and focusing magnets, which have typical heat loads of a few watts. A system 
with a total heat load of 4 W has an autonomy of about three days when supplied from a 500 I 

dewar, so the manpower requirements for transporting and changing dewars are not excessive, 
but such systems do require efficient transfer lines, as losses here can easily make up a 
significant proportion of the total heat load. The solution adopted is to use cold vapour 
for cooling a radiation shield around the liquid line. 

The very large superconducting magnets certainly require a committed refrigeration sys
tem for each installation. The great mass of the coils and containers, which must be cooled 
down in a carefully controlled manner, must be taken on strong and rigid supports, with all 
the conductive heat inleak this entails. Cold surfaces in excess of 100 m 2 are subjected to 
thermal radiation, and the heat generated by leads for several thousand ampères is far from 
negligible. The resulting heat loads can exceed 1 kW, and large refrigeration systems have 
been developed by the manufacturers of such equipment. 

The superconducting magnet for the Omega spectrometer at CERN has the distinction of 
being cooled by the circulation inside the conductor of helium at about 4.5 K, but above the 
critical pressure (2.2 atm). Heat is absorbed by a monophase fluid, and the thermal instabi
lities associated with cooling by boiling liquid are avoided. The supercritical helium is 
circulated in the coil by the refrigerator. Unfortunately the pressure drop in the windings 
entails a rise in the fluid temperature, and the helium must be repeatedly recooled by heat 
exchange with a bath of liquid helium. 

High-frequency superconducting devices such as radio-frequency particle separators and 
linear accelerators are invariably operated at about 1.8 K, which corresponds to a vapour 
pressure of 12.5 Torr. The increase in electrical performance below this temperature does 
not justify the rapidly increasing cost of refrigeration. These installations represent the 
first large-scale applications at such low temperatures, and they require the most stringent 
control of the operating conditions, for example the system pressure must be kept constant 
to ±0.1 Torr. 
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5. CONDENSATION CRYOPUMPS 

These pumps are used in ultra high vacuum systems to condense the residual gas on a sur
face maintained at 4 K or less. The vapour pressures of all substances other than helium are 
extremely low at these temperatures. With careful design, ultimate pressures of the order of 
10" 1 3 Torr can be obtained. 

One of the principal requirements is for a very low rate of evaporation of the liquid 
helium with which the pump reservoir is filled. For example, the pumps installed at the CERN 
Intersecting Storage Rings are inaccessible for periods of some three weeks, and the pumps 
are required to have an autonomy of more than one month with an initial charge of ten litres 
of liquid. The fact that the pumps must be bakeable at 300°C forbids the use of aluminized 
plastic foil insulation, so radiative heating is reduced by screens cooled by liquid nitrogen 
at either 77 K or just above the triple point (63 K), and the use of carefully prepared low-
emmissivity surfaces. The helium in the pump is generally at either 4.2 K or about 2.3 K, 
these temperatures, like those in the screen, being determined by the required operating con
ditions of the pump. Recent test results at CERN suggest that autonomies of the order of a 
year can be obtained with these pumps by the addition of a gas-cooled intermediate screen and 
the optimization of the dimensions of other components. 

6. POLARIZED TARGETS 

For some high-energy physics experiments it is beneficial to bombard targets in which 
the nuclei have predetermined orientation. Such devices are called polarized targets. In 
practice, the polarization method used consists of cooling the target material — usually a 
hydrogen-rich hydrocarbon containing a paramagnetic impurity — to about 0.5 K in a uniform 
magnetic field of some 25 kG and applying microwave radiation of an appropriate frequency. 
When the microwave radiation is stopped, the target material slowly depolarizes in some hours. 
This depolarization time can be increased to the order of 1000 hours by cooling the target 
to 0.05 K as the microwave radiation is removed. 

Several cryostats for polarized targets, developed in collaboration between CERN and 
CEA, Saclay, are in use at CERN. These absorb between 20 and 200 mW at about 0.5 K by the 
evaporation of the helium isotope 3He at a pressure of about 10" 1 Torr in a closed-circuit 
system. Precooling at either 1 K or 2.7 K is by evaporation of "*He under reduced pressure 
in open circuit. 

The very low temperatures needed for long depolarization time are well below the range 
of the 3He evaporation system. They are, however, within the range of the helium dilution 
refrigerator. Two such refrigerators have been developed for this purpose in a collaboration 
between CERN and the Helsinki University of Technology. The first (Fig. 12) has a minimum 
operating temperature of about 0.02 K and produces 10 mW of refrigeration at 0.5 K. This is 
about ten times the refrigeration power of commercially available units. The second is even 
more powerful, producing 100 mW at 0.5 K and being capable of cooling the target from this 
temperature to less than 0.1 K in about five minutes. Both these units have the distinction 
of working in the horizontal position and need to be very compact to enter between the poles 
of the magnet used during polarization. 
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7. REFRIGERATION 

When one contemplates the large and sophisticated low-temperature refrigeration in
stallations in routine operation in modern research institutes, it is sometimes difficult 
to realize that only some 20 years ago the ability to liquefy hydrogen and especially helium 
was something quite rare. If the stimulus for this rapid advance has come from high-energy 
physics and similar fields of activity, nearly all the development effort has been provided 
by industry, and this effort has been considerable. European industry, in particular, has 
a strong position in this field, since it can call upon several experienced manufacturers 
of low-temperature refrigerators. Let us look very briefly at some of the techniques they 
use. 

The fluids we are interested in cannot be compressed into the liquid state at room tem
perature, so if they are to be liquefied they must either be condensed by a colder fluid or 
cooled at high pressure to a temperature close to the liquid state before expansion. In 
either case the necessary precooling is usually produced by expanding a high-pressure gas 
in some sort of engine which extracts a fraction of its thermal energy as mechanical work. 
If the expanded gas is made to cool the high-pressure gas arriving at the engine, by inter
posing a heat exchanger, the operating temperatures are reduced to the required level. 

Very compact refrigerators of this type are made by combining a reciprocating compressor 
and expansion engine with a regenerative heat exchanger, for example a block of porous metal. 
Such machines are restricted to temperatures above about 15 K because the rapidly falling 
specific heat of solids limits the capacity of the regenerator at lower temperatures. They 
are, however, widely used for condensing hydrogen and providing refrigeration up to a few 
hundred watts at 20 K. 

A much larger hydrogen refrigerator is shown in Fig. 13. This is to cool the 2 m hy
drogen bubble chamber (2 m HBC) at CERN, and uses counter-current recuperative heat exchan
gers and high-speed turbines as expansion machines. The cold hydrogen exhausting from the 
turbines is used to condense hydrogen at 8 atm for circulation in the cooling loops of the 
bubble chamber. The plant provides more than 7 kW of refrigeration at 21 K. It has run 
some 50,000 hours in the last 10 years with a high degree of reliability. 

In general, low-temperature refrigeration systems require high-efficiency heat exchan
gers since any thermal losses must be made up by extra cold production in the expansion ma
chines. Turbines also pose some special problems. The volumetric flow through the turbines 
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is usually small, partly because of the low temperature, and so, in consequence, is the dia
meter of the rotor. But for optimum efficiency the peripheral speed of the rotor must be 
something like 60% of the sonic velocity, so the rotational speed must be high. In certain 
applications, speeds as high as half a million rpm are used, and some manufacturers have 
developed turbines mounted on gas-lubricated bearings to solve this problem. 

The refrigerator for the Big European Bubble Chamber (BEBC) (Fig. 14) is required to 
provide 25 kW of refrigeration at 28 K for the bubble chamber itself, and 1.8 kW at 4.4 K 
for the superconducting magnet. In this case, all the precooling is supplied by expansion 

Fig. 13 R e f r i g e r a t o r c o l d box for the CERN Fig. 14 R e f r i g e r a t o r f o r BEBC ( S u l z e r ) 
2 m HBC ( S u l z e r ) 

turbines in the helium circuit, which precool a side-stream of hydrogen. They also cool some 
of the high-pressure helium to a temperature which allows it to be expanded to the liquid 
state. This plant is by far the largest refrigerator in Europe in this temperature range. 

Figure 15 shows a rather smaller refrigerator used for cooling the superconducting 
magnet of the Omega spectrometer and circulating supercritical helium in the windings. The 
plant gives about 800 W at 4.5 K. 

The refrigeration at less than 2 K needed to cool large-scale high-frequency supercon
ducting devices is produced in a somewhat similar way, with the important difference that 
the helium must be evaporated at very low pressure. For example, at 1.8 K the vapour pres
sure is less than 13 Torr, and a considerable pumping capacity must be installed in the cir
cuit. Heat exchangers which introduce pressure drops of only a few Torr must also be provided. 
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Three large systems of this type exist, and a fourth is due to be installed at CERN. They pro
duce about 300 W of refrigeration at 1.8 K. Figures 16 and 17 show one of them. 

At lower temperatures the use of ordinary helium ''He is limited, even in very small in
stallations, to temperatures above 0.9 K, mainly because the vapour pressure falls so rapidly 
with temperature. Temperatures down to about 0.3 K can be reached on a small scale by eva
porating the rare isotope 3He under very low pressure, but for still lower temperatures a 
different approach is needed — the dilution refrigerator. 

In this device, instead of evaporating the 3He directly, it is first dissolved in ''He 
and then evaporated from the solution at higher temperature. Owing to the peculiar properties 

Fig. 16 Cold box of a r e f r i g e r a t o r for Fig. 17 Helium vacuum pumps i n a r e -
300 W at 1 .8 K (Linde) f r i g e r a t o r f o r 300 W at 1.8 K 
(Courtesy G e s e l l s c h a f t für ( P f e i f f e r ) (Courtesy G e s e l l s c h a f t 
Kernforschung, Karlsruhe) für Kernforschung, Karlsruhe) 
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of ''He at very low temperature, this process has an effect roughly equivalent to imposing a 
lower limit on the vapour pressure of 3He. 

Dilution refrigerators were first demonstrated in 1966 by Hall et al. in England and 
Neganov et al. in the USSR following a suggestion of London et al. some years earlier. They 
can produce useful amounts of continuous refrigeration down to temperatures some two orders 
of magnitude lower than those available from evaporation systems. 

8. CONCLUSION 

Some of the low-temperature techniques which have been described here are beginning to 
find commercial applications, especially in the field of technical superconductivity. If 
European industry is in a relatively strong position to cater for these applications, this 
is due in no small degree to the stimulus provided by the use of cryogenic techniques in 
experimental elementary particle physics. 



Ultra-high vacuum 
E. Fischer 
CERN, Geneva, Switzerland 

ABSTRACT 

This paper mentions first the requirement of ultra-high vacuum (UHV) for storage 
rings with colliding beams, and then describes how, in the mid-1950's, the fast 
development of UHV technology made the construction of the Intersecting Storage 
Rings (ISR) possible with their 2 km of vacuum pipes at 10" 1 1 Torr. The per
formance features are discussed with special emphasis on the problem of stimu
lated gas desorption from chamber walls. The placing of contracts for sputter-
ion pumps and the need for developing sector valves at CERN is mentioned to 
illustrate that there was some feedback from these constructions to the general 
development of UHV. Finally, some problems and solutions are listed which are 
common to other fields where UHV is used: namely in thermonuclear fusion, 
space research, and manufacturing of integrated circuits. 

* * * 

1. THE ISR AND THE DEVELOPMENT OF UHV TECHNOLOGY 

In 1956, in the middle of the construction period of the CERN Proton Synchrotron, a 
Symposium on High-Energy Accelerators took place at CERN. It was during this meeting that 
the first ideas on how one could do colliding beam physics by using storage rings were for
mulated and discussed; that is, accelerator-type machines in which protons would circulate 
with the highest possible beam currents over many hours or perhaps days ' ; . 

One of the first conclusions was that such machines would require very low residual gas 
pressures of 10" 9 Torr or lower, a pressure range usually called ultra-high vacuum (UHV). 
There are two reasons why storage rings need UHV: 

- firstly, in order to have the required beam life of hours or days against residual gas 
scattering; 

- secondly, in order to be able to observe proton-proton collisions against the background 
of proton-gas collisions. 

Around 1956 ultra-high vacuum technology was still in a rather rudimentary state. Typi
cal UHV systems were made from glass-ware mounted on table tops, and reached pressures of 
10" 1 0 to 10" 1 1 Torr. 

Already in the late 1950's, however, there were all the signs that UHV technology had 
started a "breakthrough" . the first all-metal systems were built; the first getter and 
ion pumps appeared, which are much better suited for UHV than the conventional diffusion 
pumps; and work was in progress on sealing techniques for metal flanges and valves. 

One of the results of this explosive development can be seen in Fig. 1: it shows a 
partial view of CERN's Intersecting Storage Rings (ISR) for protons, which came into opera
tion in 1970, only 14 years after the state of the art consisted in table-top glass systems. 
You can recognize the chain of vacuum chambers in between the bending and focusing magnets 
and one of the places where the two rings intersect. The picture was taken before the 
physicists had installed their equipment. The ring tunnel has a diameter of 300 m, hence 
the total developed length of the ultra-high vacuum system is about 2 km. 



- 112 -

Fig. 1 
View of an i n t e r s e c t i o n r e 
g i o n a t the ISS. 

In linear dimension this is by far the biggest UHV system ever built in the world. The 
average pressure is actually between 1 and 2 x 10" 1 1 Torr. A month ago we even had, for 
the first time, in one ring an average pressure of 8 x 10~ 1 2 Torr. This pressure is 5 orders 
of magnitude lower than that of a normal high-vacuum system like the one for the CERN PS, or 
14 orders of magnitude lower than atmospheric pressure. 

The vacuum system of the ISR1*"6-' is not only very big, it is also very complex. For the 
operation of the machine, thousands of electrodes with electrical feedthroughs are needed, 
and even some moveable parts such as scraping targets. For the injection kicker magnets, 
hundreds of kilogrammes of ferrite are installed, which is porous and very difficult to out-
gas sufficiently well. 

An extra complication is that the physicists who observe the head-on collisions of pro
tons against protons need to have not only a very low pressure inside the vacuum chamber but 
also the thinnest possible chamber wall. Scattering of secondary particles in the chamber 
wall introduces errors in the experiments. An example of a thin-wall chamber is shown in 
Fig. 2. The inner dimensions are a width of 500 mm and a height of 200 mm. The thickness 

Fig. 2 
T h i n - w a l l vacuum chamber for 
the S p l i t F i e l d Magnet f a c i l 
i t y a t one of the i n t e r 
s e c t i o n s of the ISR 
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of the stainless steel sheet is 0.7 mm, but in the convolutions it is reduced to one half 
of this value, owing to the forming process. The chamber has been developed and manufactured 
by Calorstat in France. 

The designers of the ISR have profited greatly from the "breakthrough" of UHV technology, 
which took place just at the right moment; but to a certain extent they have also contributed 
to it. One of their contributions consisted in solving some problems of a fundamental nature, 
such as the desorption of hydrogen from stainless steel7^ or the condensation of hydrogen at 
very low temperatures using liquid helium as refrigerant8-'. Other types of contributions 
are the many inventions by our engineers ; for instance in designing valves of all kinds, 
and vacuum chambers with very thin walls for experiments. 

I believe, however, that a more important contribution to the general development of 
UHV technology comes from our very demanding requirements for the manufacturing of vacuum 
components by industry. First of all, the number of units we had to order were much higher 
than what the firms usually had to deal with. Let me quote some numbers: 80 turbomolecular 
pumping stations, 300 sputter-ion pumps, 500 titanium sublimation pumps, 500 ionization gauges 
of the Bayard-Alpert type with double modulator, almost 10,000 demountable flange seals. Sec
ondly, the performance as laid down in our technical specifications was most of the time higher 
than was normal on the market. Thirdly, the reliability had to be much superior to that for 
other applications. Firms which have won the tendering for one of our bigger contracts have 
not only profited from the business itself, but also (and often more) from the development 
of the technical know-how needed in order to undertake this work. 

For illustration I would like to mention the case history of two typical large contracts 
for the manufacturing of components for the ISR. 

We needed 300 sputter-ion pumps. These are the pumps that operate with a magnetically 
confined gas discharge, where the pumping action is the combination of ion burial and chemical 
adsorption on fresh layers of titanium produced by cathode sputtering. We had. specified a 
pumping speed of 400 £/sec at high pressure and a base pressure of 5 x 10" 1 1 Torr, in order 
to have sufficient speed in the range of 10" 1 0 Torr. Over a period of 2 years we tested 
about 20 different pumps from manufacturers in Europe and the USA. Most of these pumps 
were lent to us free of charge. Some were even prototypes straight from the development 
laboratories of the firms. For a longtime we were frustrated, because none of the pumps 
fulfilled our requirements for use at very low pressure. The positive results of this 
trial period were only that we developed a thorough test procedure for this type of pump, 
and also learned all methods of how to condition a pump to its best performance. Fortunately 
several firms were working very hard ~ partly stimulated by us, as we believe ~ on the 
development of pumps that were better suited for UHV. Shortly before we had to make the 
final call for tenders, we had tested four new models which were all well suited to our pro
ject. Two of them were of the triode design instead of the old diode, the other two used 
two different metals (titanium and tantalum) as cathode material. The CERN purchase regu
lation prescribes that we give our contracts to the tenderer with the lowest bid within our 
technical specifications. The winner in this ease was Varian Associates (USA) who have 
production facilities in Italy. 

This was an example of what we call "performance" specifications. For other components 
we had to do important development work ourselves, and we issued technical specifications 
with a complete set of detailed drawings and manufacturing prescriptions. 
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This was the case with our 40 sector valves 9' 1 0-'. These valves are essential,for the 
subdivision of the ISR vacuum system into sectors of about 80 m length. When a repair or 
modification becomes necessary, only one sector has to be let up to air and to be baked again 
after the work is done. The valves must have the full beam aperture of 160 x 52 ran, must 
be bakeable up to 300°C, and tight enough to maintain UHV at one side with atmospheric 
pressure at the other. 

Very early on, a preliminary enquiry was circulated amongst all European firms who 
could perhaps build such valves, but not a single positive answer was received. We had 
therefore no other choice but to start developing a sector valve by ourselves. We chose 
a design with a double seal and differential pumping. During the time we were doing this 
work, three firms also took up the challenge and started to develop suitable valves. Two 
prototypes were sent to CERN for evaluation, and a third prototype could be tested at the 
manufacturers. Perhaps we were biased, but we liked our own prototype more tlian the others. 
A call for tenders was prepared for the manufacturing of 40 valves according to our design. 
The winner was Leybold-Heraeus in Germany, the firm who had also sent the most promising 
prototype to CERN. The contractor still made many proposals in order to improve the design 
or to facilitate the manufacturing. 

Both items — the sputter-ion pump and the sector valve — have been in operation for 
five years and perform well and very reliably. 

2. HOW WE STAY NEXT TO NOTHING IN THE ISR? 

During this lecture I cannot spend much time on how we achieve the pressure of 10" 1 1 Torr 
in the ISR. This is described in a Technology Note entitled "How we get next to nothing in 
the ISR"11-'. But I would like to spend a little time on the difficulties we have in order 
to "stay next to nothing in the ISR". 

The static pressure in one ring of the ISR, that is in the absence of a circulating 
proton beam, is shown in Fig. 3. It gives the pressure distribution as determined by the 
corrected readings of about 100 Bayard-Alpert gauges. The abscissa is the circumference of 
the ring of one kilometre. The average pressure is 1.4 x 1 0 - 1 1 Torr. The highest pressure 
peak reaches 8 x 1 0 - 1 1 Torr at a place where we had a small leak, and there is another pres
sure peak 6 x 10" 1 1 Torr at a place of local contamination. Since then, the two peaks have 
been eliminated by repairing the leak and by rebaking the contaminated area, but other local 
pressure peaks have appeared. 

With relatively small proton currents the pressures do not change, but when the current 
of circulating protons is increased by repetitive injections from the CPS, an intensity is 
eventually reached at which the pressure starts to rise, at first slowly, at one or several 
places. If one tries to increase the beam current further, the pressure rises so fast up 
to 10" 7 or 10" 6 Torr that the beam is rapidly lost owing to a multitude of disturbances. 

Figure 4 shows such a pressure runaway. It shows fairly regular stacking up to about 
6 A followed by a sharp beam loss. The parallel recording of the pressure at one particu
larly critical point shows why part of the beam was lost: the pressure had run away. It is 
interesting that the pressure was approaching equilibrium after about 1 A of beam was lost. 
There was clearly a critical current level at about 6 A. Above 6 A, the pressure is unstable 
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and tends towards infinity; below 6 A it settles at an increased equilibrium. The recording 
is old, but the situation is still qualitatively the same. Only now, after many improvements, 
the critical beam current is above 20 A. 

The cause of the pressure increase and pressure runaway is that the chamber walls are 
bombarded by ions produced in collisions of the protons with the residual gas molecules and 
accelerated in the electrostatic potential of the beam. This stimulates the desorption of 
gas which is still adsorbed on the chamber walls after the normal bakeout, but with such 
high binding energies that it does not upset the static pressure. This effect tends to 
become unstable, because the pressure rise increases the rate of ionization, and with it 
the gas desorption. The effect is attenuated by the available pumping speed. 

We have increased the critical current from 4 A to 20 A by installing many additional 
titanium sublimation pumps all around the rings. But we have also increased the surface 
cleanliness by different means. The first step was to improve the bakeout cycle, following 
each exposure of a sector to atmospheric pressure, from 5'h at 200°C to 24 h at 300°C. From 
laboratory tests we can conclude that a 400°C bakeout would give a considerable further 
improvement, but this is not possible because the vacuum chamber is so closely packed into 
magnets which would then suffer from the higher temperature. 

Glow discharge cleaning, which we apply to each new chamber section before installation, 
has proved to be very successful. In a d.c. glow discharge in argon of 10~ 2 Torr, the chamber 
walls are bombarded with argon ions; this removes all those gases which would otherwise be 
knocked out only later by ions produced in the proton beam. 

In laboratory tests and in a pilot section of the ISR we have tried many different 
surface treatments such as coating with gold, silver, or titanium, or by oxidization, or 
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800°C bakeout before installation. Of all these methods, only one (in addition to glow dis
charge cleaning) gave consistently good results: this is the insertion of sleeves made of 
pure or alloyed titanium inside the chamber tubes. 

If a section of the ISR is as clean as we want to have it everywhere, then we can ob
serve a very nice effect which we call "beam pumping": in such a sector the probability 
that an ion sticks to the chamber wall is greater than the probability that it releases a 
molecule. The pressure in the section is in this case lower in the presence of an intense 
proton beam than in the absence of one. Thus the chamber, in combination with the proton 
beam, has become an ion pump. 

3. OTHER PEOPLE'S UHV 

In the last part of this lecture I would like to talk a little about other applications 
of UHV. The exchange of ideas and experiences with other users of a branch of technology 
is always useful. 

A full session during a recent International Vacuum Congress was spent on the subject 
of vacuum problems for thermonuclear fusion 1 2~ 1 "* ̂ . This field is, by the way, one of the 
very first applications of UHV as far back as the 1950's 1 5^. At first glance it must seem 
very surprising to talk here about UHV, since fusion work is based on plasmas and plasmas 
are operated at gas pressures of 10" 3 to 10" 1 Torr. However, of crucial importance for the 
maximum temperature of a thermonuclear plasma is the purity of gases used and the cleanliness 
of the surrounding vacuum chamber walls. In order to obtain this, the best tricks of UHV 
must be applied before one can start an experiment. 

The problem can be explained briefly as follows: the plasma, which is confined by 
some means and heated by some other means, should reach a temperature of 100 million degrees, 
and a density of 10 l l f ions/cm3 before one can expect that the thermonuclear fusion starts 
to yield energy. So far only 10 million degrees have been reached. But a hot and dense 
plasma is, of course, an intense source not only of energetic ions and electrons (in spite 
of the art of plasma confinement) but also of neutral particles and photons. They all bom
bard the chamber walls of stainless steel or a similar metal and stimulate the desorption 
of gases such as carbon monoxide if the surface is not perfectly clean. The desorbed 
gases have higher atomic numbers than have the normal constituents of the plasma, namely 
hydrogen, deuterium, tritium, and helium. The presence of only a small fraction of heavier 
gases is, however, disastrous for the thermal equilibrium of the plasma. They act as a 
coolant by radiating heat out of the plasma much faster than the lighter atoms. 

The stimulated desorption from dirty ("dirty" means here: not absolutely clean) chamber 
walls limits the maximum temperature of a thermonuclear plasma in a way similar to that in 
which stimulated desorption from dirty chamber walls limits the maximum beam current in the 
ISR! 

The remedies used by the fusion people are logically the same as we also applied to the 
ISR: they bake their vessels for extended periods of time at 400-450°C, and they treat the 
surfaces by means of argon glow discharge cleaning. A new method now under test is that of 
coating the stainless steel with several microns of gold16-'. This is also one of the methods 
which we have tried and which was partially successful. 
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The ultimate aim of the fusion people is to make their chamber so clean that it will 
act more as a pump for heavy atoms by ion burial than as a source from stimulated desorption. 
This is in full analogy with the "beam pumping" which we observe in clean sections of the 
ISR. 

Another obvious application of UHV is space research J . The pressure at 725 km alti
tude is 10~ 9 Torr and is estimated to go as low as 10" 1 6 Torr in interplanetary space. The 
pressure on the moon is about 10" 1 2 Torr (as in the best sections of the ISR) during the 
cold lunar night, and 10" 8 Torr during the hot lunar dayls\ Artificial satellites and 
space vehicles are tested in space simulators which often have very impressive dimensions — 
up to 30 m in diameter — but most of them operate only at high vacuum around 10" 7 Torr. 
Some space simulators of smaller dimensions, however, operate also at an ultra-high vacuum 
of 10" 1 0 Torr. The largest I have heard of has a height of 10 m and a volume of 200 m 3. 

Why is it at all necessary to test some satellites or their components under UHV? The 
main reason is the problem of friction of metal against metal, and wear. You design a mecha
nical device with moving and sliding parts for use in the ISR or in a space vehicle. You 
test it at atmospheric pressure: it works like a Swiss watch. You test it under vacuum: 
it works perhaps not quite as well, but is still all right. Then you bake it with the 
chamber and test it under UHV and it is completely blocked, and breaks rather than moves! 
The reason is that in air and in high vacuum all surfaces are covered by a thick layer of 
adsorbed gas which acts as an efficient lubricant for reducing friction and wear. A bakeout 
removes most of this lubricant, and friction and wear are dramatically increased. It can 
even happen that metal parts which are under pressure weld together at room temperature. 

The solution is to find a combination of different metals or metal coatings with toler
able friction in the absence of gas lubrication. An example as used at several places in 
the ISR is silver or silver-coated metal against stainless steel. It is often possible to 
replace sliding motion by the compression of a bellows or the bending of a blade. 

In some cases rotary motion cannot be avoided; in the ISR we use ball-bearings developed 
originally for ESRO: the rings are made of carbon steel coated with titanium carbide, the 
cages are coated with a silver-indium alloy, and the balls are made from bare stainless steel. 

In one aspect UHV is even helpful to the mechanical engineer: metal fatigue — that is, 
the rupture of metal after repeated bending — is considerably reduced in UHV. 

The most important application of UHV, from a commercial point of view, is in the field 
of microelectronics or integrated circuits. Your pocket calculator could not have been made 
without UHV! Integrated circuits are manufactured by depositing layer after layer of con
ducting, insulating, semiconducting, or resistive material on tiny plates by evaporation or 
sputtering, and using appropriate maskings. The required properties of semiconductors are 
sometimes obtained by ion implanation. All this can, in principle, be done in good high 
vacuum of about 10" 8 Torr, and very often is, but there is clearly an increasing tendency 
to carry out this sort of production in ultra-high vacuum. Examples have been quoted where 
the yield — that is, the fraction of production which passes the performance tests — was 
only 151 in high vacuum, whereas in ultra-high vacuum it reached 501. Ultra-high vacuum 
has always been needed for development work in this field where a wide variety of equipment 
and methods for chemical and structural analysis is applied. 
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4. WHERE IS UHV GOING? 

The characteristic feature of UHV is that it is overwhelmingly determined by surface 
phenomena, that is by the interface between vacuum and solids. Ultra-high vacuum pumps act 
by physical or chemical adsorption of gases, by ion burial into surfaces, or by condensation 
on cryopanels. Ultra-high vacuum gauges are limited by many surface phenomena. The surfaces 
of the chamber walls must be carefully conditioned by a bakeout or other treatment in order 
to have a sufficiently low static or stimulated gas desorption. Hence UHV is one of the 
applications of surface physics and chemistry. 

Looking at the general development in the field on the occasion of conferences and exhi
bitions, or by studying periodicals, one can state that until about 1965-70 the emphasis was 
on the development of UHV components such as pumps, gauges, etc. Since then, not much has 
happened anymore in components; instead there is a fast expansion in methods and equipment 
for surface studies. Also for our work at the ISR, further improvement will come mainly 
from systematic surface studies and their application. This improvement will enable us to 
increase the maximum beam current from the present 20 A to 30 A and perhaps even to 40 A. 
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Computer contro l appl ied to a c c e l e r a t o r s 
M.C. Crowley-Milling 
CERN, Geneva, Switzerland 

ABSTRACT 

The differences that exist between control systems for accelerators and other 
types of control systems are outlined. It is further indicated that earlier 
accelerators had manual control systems to which computers were added, but 
that it is essential for the new, large accelerators to include computers 
in the control systems right from the beginning. Details of the computer 
control designed for the Super Proton Synchrotron are presented. The method 
of choosing the computers is described, as well as the reasons for CERN having 
to design the message transfer system. The items discussed include: CAMAC 
interface systems, a new multiplex system, operator-to-computer interaction 
(such as touch screen, computer-controlled knob, and non-linear track-ball), 
and high-level control languages. Brief mention is made of the contributions 
of other high-energy research laboratories as well as of some other computer 
control applications at CERN. 

* * * 

My subject this morning is the control of accelerators by computers. First, I would 
like to tell you why the control of accelerators differs from other sorts of computer con
trol, then to discuss the problems and show what contributions CERN and the other high-
energy research laboratories have made to the art. 

1. GENERAL FEATURES OF COMPUTER CONTROL FOR ACCELERATORS 

Computer control systems have developed to serve many purposes: at one extreme there 
is what is usually known as process control, closed loop optimization of some simple process, 
often the digital equivalent of an analog control system, and at the other extreme there is 
the situation as in air traffic control, where the system is used to collect and analyse 
complex data and present it to an operator, who has to make the decisions as to the action 
to be taken. In general, even though the systems vary enormously, the control requirements 
can be defined, and should not vary greatly after being implemented. The situation is quite 
different with a large accelerator. Although such an accelerator is designed to supply 
high-energy particles for physics experiments, in practice an appreciable proportion of 
the operating time is spent on experiments on the operation of the accelerator itself, with 
a view to improving its performance in some way. These experiments often involve the ad
dition of equipment to the accelerator that was not thought of originally, or operation in 
an unconventional way, both of which mean changes in the control system. How successful 
these types of experiments have been can be seen from the cases of the CERN Proton Synchro
tron (CPS) and the Intersecting Storage Rings (ISR). The CPS was originally designed to 
accelerate a minimum of 10 9 protons per second with a hopefor 1 0 1 0 . Over the years, spe
cial correcting and other devices have been added, ending up with the construction of the 
PS Booster, and an output of 5 x 1 0 1 2 protons per second has been achieved, with potentially 
over 1 0 1 3 . In the case of the ISR some difficulty was experienced in achieving the design 
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luminosity, and it was found that the vacuum requirements were much more severe than had 
originally been estimated. It was necessary to fit several hundred extra vacuum pumps of 
a different type, as well as make other changes, and to incorporate these in the control 
system. As a result, the design luminosity has been comfortably exceeded. 

Thus it can be seen that one of the most important requirements for an accelerator 
control system is flexibility, and computers applied in the right way can simplify the 
provision of this flexibility. 

Let us look at how things have progressed in the control of large accelerators. The 
earlier accelerators, such as the Synchro-cyclotron (SC) and the CPS at CERN, Nimrod at the 
Rutherford Laboratory, Satume at Saclay, and DESY at Hamburg, originally had the conven
tional type of controls, with separate cables for each function brought back to the control 
room. There were analog closed loops for control of some parameters, but in general the 
operator optimized separate parameters and corrected for drifts. 

Computers have subsequently been added to some of these accelerators, notably at the 
CPS, first taking over surveillance and logging, then more or less complicated setting-up 
operations, and finally arriving at a state where the computer is essential to the operation 
of the accelerator. 

The next generation of accelerators, such as the ISR at CERN and NINA at Daresbury, 
have control systems that were designed to have computers added to them, but access to all 
essential functions was provided by direct link to the control room, with some relay multi
plexing to cut down the number of wires required, so that it was still possible to run the 
accelerator without the computer. However, the presence of the computer allowed much 
quicker setting up and, in the case of the ISR, closed-loop control of the injection 
process. 

In the case of the latest generation, such as the Super Proton Synchrotron (SPS) and 
National Accelerator Laboratory, USA (NAL), the size of the accelerator would make it rather 
impractical as well as extremely expensive to have sufficient direct wire links to run the 
accelerator, and so multiple interconnected computer systems are used, and it is not possi
ble to run the accelerator without the computers being in operation. 

2. FUNCTIONS OF COMPUTER CONTROL SYSTEMS 

Let us next look at what a control system for an accelerator has to do. The following 
functions have to be dealt with: 

d) Multiple acquisition 
The first two are common to all control systems and do not need to be considered further. 

One of the major uses of accelerators in the field of multiple control is the setting 
of currents of a large number of power supplies according to either mathematical relation
ships or to tables of predetermined values, and then perhaps increasing them smoothly as is 
called for when accelerating in the ISR. 

a) Simple control 
b) Simple acquisition 
c) Multiple control 

e) Supervisory control 
f) Closed-loop control 
g) Special function generators 
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An example of multiple acquisition is the measurement of the closed orbit in an acceler
ator. Up to 200 readings may have to be taken at a given millisecond in the machine cycle, 
processed, and the results displayed to the operator. 

By supervisory control I mean the periodic checking of the present status against the 
desired status and measured values against demanded values and tolerances, the composition 
of suitable alarm messages, and their presentation to the operator. It also includes the 
provision of suitable logs. 

The problem of supervisory control for accelerators are similar to those for nuclear 
power stations. There are not such stringent fail-safe requirements, but there are the same 
problems of alarm analysis. If every alarm that came up was presented to the operator, he 
could have difficulty in distinguishing the main cause from a flood of consequential alarms. 
To take a simple case, if a water pump trips out, he is not interested in the water-flow 
alarms from all the equipment supplied by that pump. Most consequences are not as simple 
as this, and it has been the practice in the Nuclear Power field to work out tree structures 
of consequential alarms. This can become very complicated and, in the case of the SPS, con
sideration is being given to a self-learning system. In such a system, the first time a 
given situation occurred the operator would have to sort out what was consequential on what 
and tell the system. Next time the same situation occurred he would only be given the 
message he wanted. 

To date, relatively little digital closed-loop control has been carried out on acceler
ators, and most of this has been on a pulse-to-pulse basis. The measurements taken on one 
pulse are analysed and the results used to make changes for the next pulse. An example of 
this is the automatic injection steering for the ISR. The time constant for such control 
is from a fraction of a second to seconds. 

Control within the pulse, with time constants of the order of milliseconds, is not so 
common, but such control is planned for the slow extraction system of the SPS. 

Closed-loop control with time constants of the order of microseconds is needed on most 
accelerators for the RF system, but this is carried out by analog loops. 

Finally, special function generators are employed for specific purposes. For example, 
the current from many of the power supplies in an accelerator has to be varied in a specific 
way during the acceleration cycle, and for this purpose hardware function generators were 
originally used. However, with the increase in sophistication of the accelerators, there 
was also an increase in the demand for peculiar wave shapes which could be modified by the 
operator. The problem was solved by the use of a small computer to output stored tables of 
vectors to DAC's and integrators, which supply the analog reference voltages for the power 
supplies, and provision of programs to allow simple modification of the tables. 

3. DESIGN AND CONSTRUCTION OF COMPUTER CONTROL SYSTEMS 

Now let us look at what makes up a computer control system, and the contributions that 
CERN and the other accelerator laboratories have made 

The components are: 

a) computers and peripherals d) operator interfaces 
b) data transmission e) software 
c) interfaces to equipment 
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3.1 Computers and peripherals 

On the computer side, the first control systems used a single, medium-size computer 
such as the IBM 1800 (CPS and DNPL) and Argus 500 (ISR), which at the time of choice showed 
the best value for the facilities provided. When the time came to design the control system 
for the SPS, it was clear that a multi-computer layout was necessary, as satellite computers 
would be needed in the various auxiliary buildings, as well as a main computer or computers 
at the control centre, together with some means for intercommunication. 

A preliminary enquiry was sent out to 88 firms, stating the requirements and asking 
for proposals. Only one firm, an American one, produced a detailed proposal for the whole 
system, including the intercommunication. It was therefore decided to separate the system 
into two parts: the computers and their peripheral equipment, and the message transfer sys
tem and data links. 

The answers to the preliminary enquiry confirmed our belief that for this application, 
where no large "number crunching" facility was required, it was better to split up the 
functions required at the central control and use a small computer for each function, rather 
than have a medium-to-large multipurpose computer with a complicated multiprogramming opera
ting system. This resulted in the computer layout shown in Fig. 1. 

A specification for the computers for this system was drawn up and sent to 21 manu
facturers. This specification was for an "ideal" computer — no one computer, as far as 
we know, would meet all the requirements, but it was intended to choose the computer which 
came nearest to this specification. As much emphasis was placed on the software available 
(not promised in the future) as on the hardware. 

To everyone's surprise, the computer that came nearest to meeting this specification 
was the NORD-10 which Norsk Data Elektronikk (Oslo, Norway) were just putting into production 
as a modernized version of the NORD-1, using the same well-tried software. Therefore, des
pite the doubts expressed in some quarters about placing reliance for such an important part 
of the equipment on so small a firm, a contract was placed with Norsk Data, and so far 
10 computers have been delivered and have rapidly passed their acceptance tests. 

3.2 Data transmission 

Turning to the data transmission side, CERN drew up a very detailed specification for 
a store-and-forward packet switching system and invited tenders from 45 firms. Three offers 
were received and T.I.T.N. (Fresnes, France) are building, the equipment and writing the soft
ware in close collaboration with CERN. This system, which is now undergoing prototype tests, 
has serial links working at 500K-baud and can handle traffic from up to 32 computers at a 
combined total peak rate of half a million words per second. 

The other CERN accelerators are having satellite computers attached to the main compu
ter to do specific jobs, and data transmission is required in these cases. The problems 
are somewhat different, so different solutions have been adopted. The scheme for the new 
CPS system is described in Technology Note D12. It is also relevant to mention here the 
data links developed for the Omega project, described in Technology Note D34. 
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3.3 Interface to equipment 

The interface between a computer and the external apparatus to be controlled is often 
a source of difficulty — only a few computer manufacturers supply suitable equipment, and 
when it is available this is often very expensive. CERN have developed interface systems 
in the past, such as STAR used at the CPS, and more recently some specialized systems, such 
as the analog switching system described in Technology Note E31, but most of the effort in 
recent years has been applied to the use of CAMAC as an interface. The CAMAC system was 
developed as a standard for electronics for data acquisition from high-energy physics experi
mental equipment (see Technology Note E30) and the designs or stimulus from the Daresbury 
and CERN laboratories are largely responsible for more and more control modules becoming 
available. Also CAMAC is being adopted for use in other fields such as medicine and indus
trial control. The advantages of a computer-independent interface system that can be built 
up of modules from different manufacturers is obvious, but there are also disadvantages. 
One is that, like all standardized systems, it has facilities that are not always required 
and so it may be relatively expensive for some applications. Another is that because of 
the narrow panel width, subminiature plugs and sockets must be used, and these are not 
compatible with standard industrial-type cables. Also there can be common earthing pro
blems. Both the latter disadvantages can be overcome by the use of interconnection boxes 
containing isolating devices as described in Technology Note Ell. 

In the case of the SPS it was decided to use CAMAC as the primary interface to the 
computers. In some cases, such as the acquisition of data from the beam instrumentation, 
the monitors are connected, through junction boxes, to suitable CAMAC modules, but the ma
jority of the connections to the equipment is through a special multiplex system (MPX), as 
can be seen from Fig. 2. The controller for the MPX is, in turn, controlled by a number of 
CAMAC modules, depending on the facilities required. Each controller has a branch highway 
onto which up to 32 stations can be connected, and the highway can be up to 200 m long. 
This can be extended to 5 km with additional link equipment. This equipment was designed 
at CERN and is being manufactured by Borer (Solothurn, Switzerland). 

3.4 Operator interface 

We have progressed from the days when the teletype was the sole form of interface be
tween the operator and the computer system, and various systems have been tried at CERN, 
including specialized consoles with buttons for calling programs and knobs for setting va
lues, such as those shown in Technology Notes D13 and D19. 

Two recent developments for the SPS control system are the programmable touch-buttons 
and the computer-controlled knob described in Technology Notes D25 and D26. Touch-screens 
using crossed wires have been used in air traffic control, but the system developed at 
CERN uses a change in capacitance which is simple and robust. The knob provides feedback 
to the operator, as the resistance to turn it can be varied and endstops provided where 
required, or it can become a rotary switch or return-to-zero control. 

Another development of interest in this field is the non-linear track ball system used 
for the ERASME film measuring device (see Technology Note D17). This enables large movements 
to be made quickly, and yet retains the ability to make, fine adjustments. 
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3.5 Software 

Earlier I emphasized the need for flexibility in an accelerator control system, and one 
of the great advantages of a computer system is that changes can often be introduced into 
the control algorithms by altering the software without having to alter the hardware. This 
is the area where I think the accelerator community has made the greatest contribution to 
the control science or engineering — one which should have much wider applications. I refer 
to the use of high-level control language interpreters. Let me explain. Normally, a program 
for a control sequence will be written in the assembly language for that computer or, ex
ceptionally, in a higher-level language such as FORTRAN or COBAL. If you want to make a 
change in such a program, the procedure is as follows. 

Take a copy of the program, edit it, and insert the changes, compile, link and load, 
run, find something goes wrong, re-edit, recompile, relink, reload, and re-run. 

Now in the interpreter case, one has not one program but a whole series of small modules, 
which are linked up by the interpreter as they are run. Then a program is just a series of 
statements to define the modules which are linked together by the interpreter as the program 
is run. A program can be stopped at any point, a new module added or removed, and then re
started. This means that the program can be modified interactively, and simple actions can 
be called for by statements in the high-level language without programs at all. One pays 
for this flexibility by slower execution, but this is relatively unimportant in the time 
cycle of the accelerator, and at any time critical parts can be written in assembly language 
and the resultant machine code module can be called by the interpreter. 

The use of interpreters for this purpose was first implemented at the Rutherford Labora
tory, and limited use has been made at NAL and on the CPS and ISR. The SPS software system 
is based on the use of an interpreter for the control language NODAL (see Technology Note 
D24). 

I am sure that the use of a high-level control language that is interpreted rather than 
compiled will have many applications in the future outside of accelerator control, since, 
once the building blocks have been provided, the correcting and changing of programs is so 
delightfully simple. 

Finally, I must draw attention to other fields where computers are in control at CERN. 
The first is in the general supervision of the site services, the electricity, water, etc., 
which is the subject of Technology Note W39, and the ESO telescope control system, which uses 
computers to control the drive motors for the telescope and its accessories (see Technology 
Note P23). 

4. SUMMARY 

The control system for an accelerator differs from most other types of control systems 
since great flexibility is required to allow the continual development of the accelerator. 
As an example of this development, the CPS was cited, where the present number of protons 
that can be accelerated per second has increased beyond the original specification by a 
factor of over 1000. 

Up to now, there has been relatively little digital closed-loop control used for acceler
ators; most of the applications of computers have been for supervisory control, for setting 
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up for different conditions, and for data acquisition and reduction to present the operator 
with a suitable display or print-out. 

Earlier accelerators had manual control systems to which computers were added, but for 
the new large accelerators it is essential to include computers in the control system from 
the start. The SPS will have 24 small computers connected together through data links and 
a message transfer system. The method of choosing the computers is described, as well as 
the reasons for CERN having to design the message transfer system. 

The computer-independent interface system CAMAC, developed originally for high-energy 
physics experiments, is being used more and more widely for control purposes, and forms the 
basis of most new systems in the accelerator field. This is complemented by a new multiplex 
system developed for the SPS. 

Some advances have been made in the area of operator-to-computer interaction. These 
include the non-linear track ball, the touch-screen which can provide push-buttons with 
legends under program control, and a knob with feedback to the operator. 

The high-energy laboratories have pioneered the use of high-level control languages 
which are interpreted rather than compiled. This means that programs can be modified, or 
even written, interactively on-line, and simple actions can be carried out, without special 
programs, by simple statements. 



Particle detectors 
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ABSTRACT 

After a short introduction of the historical development in detecting elementary-
particles, present detectors are reviewed. They include: scintillation counters, 
different types of Cerenkov counters (threshold, differential, and total absorp
tion counters), spark chambers, streamer chambers, proportional chambers, and 
drift chambers. Applications of multiwire chambers in different fields, notably 
in crystallography and biology, are briefly indicated. 

* * * 

In a laboratory such as CERN, where the aim of the activity is to find the laws 
governing the world of elementary particles, the research on particle detectors and their 
development is a basic activity of the experimental physicists. 

At the different stages of the development of elementary particle physics the types 
of questions asked of Nature have changed, and the relative importance of different detec
tors has gone through a considerable evolution. But at each stage each type of detector 
has been brought to a high level of technological perfection. 

Let me start with the birth of our science, namely the study of elementary particles 
in cosmic rays. The number of known elementary particles was still very low and the pheno
menon of their existence was very intriguing. The detectors which were very popular then 
were the Wilson chamber1-' and the photographic plate2-*. The reason for this is that these 
detectors give a very detailed image of a complex configuration. Nuclear emulsion plates 
are very typical in this respect: they were specially developed for nuclear physics. The 
density of the silver halide grains is much smaller than in ordinary films, which makes them 
transparent even where they are thick. Figure 1 shows a typical cliché, on which the hyper-

Fig. 1 D i s c o v e r y of a new phenomenon i n 
n u c l e a r emuls ions : t h e f i r s t o b 
s e r v a t i o n of the de layed decay of a 
h y p e r n u c l e u s , i . e . an e x o t i c nuc
l e u s w i t h a A r e p l a c i n g a neutron 
^Danysz and Pn iewsk i , P h i l . Mag. 4 4 , 
348 ( 1 9 5 3 ) ] 
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nuclei were discovered. A high-energy cosmic particle produces at A a nuclear fragment f 
which disintegrates at B into three charged particles. The interpretation of this process 
was that the decaying nucleus contained an unstable neutral particle, the A, replacing a 
neutron. 

We see the remarkable capacity of such a detector to see the finest details of a con
figuration. For those familiar with the difficulties of photography let me mention that a 
detector with 1 ton of emulsion was sent into space. You have to imagine that this huge 
mass of emulsion has to be developed and fixed in a uniform way, and that tracks are followed 
from layer to layer with accuracies of the order of one micron. This big stack cost 3 million 
dollars. Nuclear emulsions are now rarely used, the main reason being that the bubble chamber 
arrived on the scene, and proved to have some considerable advantages. An essential point was 
that it could be made of liquid hydrogen, which means that the interacting medium consists of 
an elementary particle, the proton, whereas the nuclear emulsion is very complex. With this 
detector a magnificent "crop" of discoveries was obtained in the field of elementary particles, 
of which several hundred are known at present. They are grouped into different types of clas
sification schemes similar to the Mendeleev table for chemical elements. For some time the 
game was to look for particles predicted by this classification scheme. Typical in this re
spect is the Pr, a sample of which can be seen in Fig. 2. It required the scanning of a track 
length of about 10,000 km by 50 people to find the first one. Its mass was predicted to within 
0.1% as well as its decay schemes. This discovery was one of the finest confirmations of one 
of these classification schemes. 

Fig. 2 D i s c o v e r y of the Q p a r t i c l e i n 
a hydrogen bubble chamber 

A considerable effort was made in order to automatize the scanning of the bubble chamber 
films (see for example Technology Note D22), and it is certainly a field where spectacular 
technological progress has been made. However, during the time of the bubble chamber's 
period of glory, other detectors were being developed; these contributed to many discoveries 
in our field, and may well make the bubble chamber obsolete in 15 years time simply because 
the questions that we want now to ask Nature are different from those we asked 10 years ago. 
Since you are going to see these detectors in many experiments on the floor when you visit 
the experimental areas around the accelerators, I am going to describe to you the state of 
the art of these detectors and also to give you an indication of some of our projects for 
the future. 
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SCINTILLATION COUNTERS 

Scintillation counters can be found in nearly all experiments. They consist essentially 
of plastic materials which emit a flash of light when they are traversed by ionizing parti
cles (Technology Notes B45 and B57). This flash is detected by a fast photoelectric cell: 
the photomultiplier. The light is usually collected at each end of the scintillator by lu-
cite light-guides. The remarkable feature of this detector is that the light signal is so 
fast that the time taken by a particle to pass through the scintillator can be measured to 
accuracies of the order of one nanosecond (10~9 sec). In fact, the accuracy is so high that 
the time it takes for the light to arrive at the photomultiplier, depending on the position 
at which it strikes the scintillator, has to be taken into consideration. You will notice 
that at each end of the scintillator the light is "piped" to go to two different photomulti-
pliers. The difference between the time of arrival of the signal at each of these tells you 
the position in the scintillator to accuracies which correspond to lengths as good as a frac
tion of a centimetre. That is why the light-guides are often made in the form of bunches of 
ribbons (Fig. 3a). They are constructed in such a way that it takes the same time for the 
light to reach the photomultiplier no matter from which part of the edge of the scintillator 

a) The l i g h t from the s c i n 
t i l l a t o r s i s piped t o the 
p h o t o m u l t i p l i e r by l u c i t e 
l i g h t - g u i d e s . These are 
o f t e n made i n the form of 
r i b b o n s of d i f f e r e n t l e n g t h 
i n order t o compensate f o r 
the d i f f e r e n c e s i n propaga
t i o n t ime of the l i g h t as a 
f u n c t i o n of p o s i t i o n . 
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b) An array of s c i n t i l l a t o r s . 
The s i z e ranges from a few 
m i l l i m e t r e s t o square m e t r e s . 

Fig. 3 S c i n t i l l a t i o n counters 
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it is piped out. You can then imagine why fast electronics with timing accuracies of the 
— 1 2 

order of 100 picosecond (100 x 10 sec) is required for treating the information from such 
detectors. 

The size of scintillation counters ranges from small elements of hodoscopes of the 
order of a millimetre to surfaces of several square metres, like those shown in Fig. 3b. 
They can be used as independent detectors. For instance, it is possible to measure the 
time of flight of particles between two sets of scintillators and thus get the velocity of 
the particles. This is an essential application for neutron counters. You will see a bat
tery of such counters around the ft detector: the time of flight of the light inside the 
scintillator tells the position of the interaction between the neutron and the scintillator, 
whilst the time of flight between the target and the neutron scintillator tells the energy 
of the neutron. The scintillators are, however, most often used as an auxiliary device for 
the triggering of spark chambers. They decide that a given configuration of trajectories 
is of interest and then trigger the voltage in spark chambers, which give a detailed view 
of the interaction. I will come back to this relation between scintillators and spark 
chambers. 

2. CERENKOV COUNTERS 

Whilst scintillators emit light in proportion to the energy deposited by the passage 
of a particle, there exist more sophisticated radiators where the amount of light and the 
direction of emission are precise functions of the velocity and the charge of the particle. 
One of these radiators relies on Cerenkov effect : when a charged particle passes a medium 
having an index of refraction n at velocities greater than the velocity of light c/n in this 
medium, light is emitted at an angle 6, such as 

- = (n cos a ) " 1 . c v 

This light is detected by photomultipliers. Many types of Cerenkov counters can be 
seen on the experimental floor (see Technology Note B56). 

2.1 Threshold counters 

By controlling the pressure of a gas you can make the counter sensitive to particles 
of a velocity greater than a given threshold. If the momentum of particles is determined 
by means of a deflection in a magnetic field, then the velocity selection is equivalent to 
a selection of masses. You will see several of these counters around the Intersecting 
Storage Rings (Fig. 4). However, the control of the refraction index by means of pressure 
increase has some limitations ; the risks of mechanical explosion limit the pressure of 
large vessels to values below 50 atm. Such high-pressure Cerenkov counters can be seen in 
Fig. 5. Using gases, indices of n ~ 1.05 can be obtained; for liquids, the values will 
be n > 1.2. This gap has been filled thanks to the inspiration of Peters, a pioneer in 
cosmic-ray physics, and thanks to a bright technological development at Saclay ' . The idea 
is that if solid matter is made of grains smaller than the wavelength of the Cerenkov radia
tion, then it behaves for this light as if it were a homogeneous medium. The technological 
problem is to make such a "foam" transparent, homogeneous, and exactly of the density you 
require so that it will respond only to particles of a velocity above a well-defined thresh
old. The space research group at Saclay has solved the problem, and large Cerenkov counters 
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Fig. 4 Threshold Cernekov c o u n t e r . This 
c o u n t e r has a volume of 25 m 3 and 
i s p laced behind the SI s p e c t r o 
m e t e r . I t i s f i l l e d w i t h i s o b u t a n e 
a t a tmospher ic p r e s s u r e . Mirrors 
of 7 m 2 f o c u s t h e l i g h t i n t o e i g h t 
p h o t o m u l t i p l i e r s i n p a r a l l e l . P i o n s 
of momentum 2-8 GeV/c or kaons above 
10 GeV/c can be d e t e c t e d w i t h i t . 

Fig. 5 H i g h - p r e s s u r e t h r e s h o l d Cerenkov c o u n t e r s , conta ined i n the s p h e r i c a l v e s s e l s 
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of this type are now being used in space. I am sure that if they would have been given a 
large experimental floor like ours they would have been tempted by the construction of large-
size detectors. It may be an illustration of the fact that if you want the people to think, 
you must not make life too easy for them. But alas, I do not believe that a multi GeV ac
celerator will ever by sent on a satellite, even if it is required as a wedding ring by 
some extraterrestrial civilisation. 

2.2 Differential Cerenkov counters 

A much more sophisticated use is made of Cerenkov light if one measures n and 9 with 
high accuracy 3 . However, the velocity of the fast particles is so close to the velocity 
of light that this is a difficult task. The present instruments aim at a resolution of 
4 x 10" 7 in the velocity of the particle. This gives you an idea of the accuracy you have 
to reach in measuring 6 and n. 

With a spherical mirror it is possible to concentrate into an annular ring all the 
light emitted at an angle 9. If the index of refraction is well measured, the ring dia
meter gives the velocity of the particle. A group at the University of Bonn succeeded in 
taking a direct picture of the ring by means of a light amplifier with a 10 m long chamber, 
filled with helium, in a 16 GeV/c pion beam5-'. Figure 6 shows the picture with 100 pions 
crossing the chamber. With one single pion they obtained only in 51 of the cases four spots, 
corresponding to four photoelectrons, which is indeed sufficient for determining the diameter 
of the ring. This technique would be more favourable at very high energies where 100 m long 
Cerenkov counters are envisaged. This example shows why you sometimes need to build detectors 
of monstrous size. This case is particular in that there is not enough light emitted over a 
short distance. 

a) 100 p i o n s t r a v e r s e t h e 
chambers 

Fig. 6 
Ring of photons d e t e c t e d by a 
l i g h t a m p l i f i e r w i t h a 
Cerenkov c o u n t e r . Counter 
l e n g t h 10 m e t r e s , 10 GeV p i o n 
beam¿ 

b) 1 s i n g l e p i o n t r a v e r s e s 
the.chamber ; o n l y 4 p h o 
t o n s have been d e t e c t e d i n 
t h i s c a s e , but t h i s i s s u f 
f i c i e n t f o r an a c c u r a t e 
measurement of the r i n g d i 
ameter and hence the p a r t i 
c l e v e l o c i t y . 

A somewhat different approach has been employed at CERN by R. Meunier and his collabora
tors. They use an annular collimator to extract photons corresponding to a given ring dia
meter, thus giving up the simultaneous detection of rings of any diameter. But they can vary 
the index of refraction and adjust it exactly so as to match the conditions for the detection 
of particles of a given mass. This is done in beams of a given momentum. 
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The Cerenkov light covers a broad spectrum. The intensity is constant over a given 
frequency width. They correct the chromatic aberrations with the help of a triplet of special 
lenses of silica and sodium chloride built at CERN. Figure 7 shows the counter now in use at 

a) The bottom tube i s t h e gas Cerenkov 
c o u n t e r . The top tube u s e s a h i g h - p r e c i s i o n 
r e f r a c t o m e t e r t o measure the index of r e 
f r a c t i o n , i n t h e same g a s , w i t h an accuracy 
of 4 x 1 0 ~ 8 . The l i g h t i s d e t e c t e d by a 
r i n g of e i g h t p h o t o m u l t i p l i e r s a f t e r r e f l e c 
t i o n i n a s p h e r i c a l m i r r o r . 
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b) C o r r e c t i o n of the chroma
t i c a b e r r a t i o n s i s made 
u s i n g a t r i p l e t l e n s c o n 
s i s t i n g of mel ted s i l i c a 
and sodium c h l o r i d e , 
mounted on an invar s u p 
p o r t . 

Fig. 7 D i f f e r e n t i a l Cerenkov counter "DISC" 

NAL. Figure 8 shows the results obtained in a test beam at the CERN Proton Synchrotron. The 
peaks correspond to the different particles as the gas pressure is varied. One key feature 
of this instrument is the accurate measurement of the index of refraction. It is measured by 

— 8 

a refraction method and digital counting of fringes to an accuracy of 3 x 10 (Technology 
Note P28). At NAL, they have obtained a velocity resolution of 7.5 x 10 7 , enough to sepa
rate the t t from the K at 500 GeV/c. 

Fig. 8 
C a l i b r a t i o n of a gas "DISC" counter i n 
10 GeV/c beam. The peaks are obta ined 
a t d i f f e r e n t gas p r e s s u r e s . The index 
i s a c c u r a t e l y c o n t r o l l e d by c o u n t i n g 
w i t h an e l e c t r o n i c d i g i t a l method the 
number of i n t e r f e r e n c e f r i n g e s p r o 
duced w i t h a l a s e r beam. 
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However, even such a clever instrument has its limitations at the super-high energies 
that we will encounter with the new accelerator. A new instrument, the "transition radiation 
detector", which is based on the emission of another type of radiation when it is traversed 
by very fast particles, is being constructed. This was invented by Soviet physicists6-', and 
at the beginning it appeared to be of only purely academic interest. Its conception is based 
on the fact that if a medium is made of a succession of foils of different dielectric cons
tants, electromagnetic radiation is emitted. The principle is that if a charged particle is 
approaching a conducting medium, then you can consider the electromagnetic field as being 
generated by the particle and its mirror image of opposite charge. Now this is an electric 
dipole of variable strength since the particle is moving. If the spacing of the foils is in 
proper relation to the velocity of the particle and for a given wavelength of the electro
magnetic radiation, there is coherent emission of this radiation by all the foils. The tech
nical difficulty is best illustrated by the most recent realization of this detector in the 
USA by Professor Willis (now working at CERN) and his collaborators: they used 1000 foils 
of lithium, of 51 ym thickness, spaced every 560 ym. There is emission of an X-ray spectrum 

7") 
which is detected with proportional chambers filled with xenon '. 

The interest of this kind of detector is that the response varies as y, the Lorentz 
contraction factor, y = 1 / A - (v 2/c 2) , and continues to increase with energy, whereas the 
Cerenkov light is proportional to the velocity, which tends to a constant value, the velocity 
of light. 

Figures 9 and 10 show very encouraging results. A y of 5000 corresponds to pions with 
an energy above 700 GeV. 

PULSE HEIGHT OF TRANSITION RADIATION 
WITH IONIZATION LOSS 
( 1 0 0 0 F O I L S L i — 1 0 m m X e ) 

1.4 SaV/c g" or TT" 

COUNTS EACH CURVE 

5 0 100 150 ZOO 2 5 0 
3 0 0 C H A N . N O . 

10 2 0 3 0 4 0 5 0 6 0 7 0 BO 9 0 KBV 

IT WITH Li RADIATOR 2.56aV/c e~ or TT 

6 WITH Li RADIATOR 

TOTAL 5000 COUNTS EACH CURVE 

(a) 

(b) 

1 5 0 2 0 0 300 550 C H A N . N O . 

Fig. 9 
T r a n s i t i o n r a d i a t i o n d e t e c t e d i n 
1000 f o i l s of L i , 54 ym t h i c k , 
spaced every 560 ym. D e t e c t i o n 
i n a xenon m u l t i w i r e p r o p o r t i o n a l 
chamber. 

0 5 10 2 0 3 0 4 0 5 0 6 0 7 0 6 0 9 0 KtV 
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5 0 

Fig, 10 
T r a n s i t i o n r a d i a t i o n . The 
energy of t h e t r a n s i t i o n r a 
d i a t i o n i s v a r y i n g i n propor
t i o n t o the Lorentz f a c t o r 
y - 1//1 - v 2 / c 2 . 

4 0 -

Ld 

< 

ce 
hi 
> < 

3 0 -

2 0 

1 0 

"1 1 1 1 1 
A V E R A G E T R A N S I T I O N X - R A Y E N E R G Y 

vs. y O F P A R T I C L E ( • " ) 
( 1 0 0 0 F O I L S L i — ~ 1 0 m m X e ) 

1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0 

2.3 Total absorption Cerenkov counters 

When high-energy y-rays or electrons are absorbed in a material with high atomic number, 
they produce cascades of electron showers. The electrons are much faster than the nuclear 
particles produced in nuclear interactions, and intense Cerenkov light is emitted with an 
intensity proportional to the energy lost in the electron showers. A favourable medium is 
lead glass. In order to achieve good energy resolution, it is essential that the lead glass 
is of such a size that all the showers are absorbed. The amount of light is thus proportional 
to the total energy of the particle. It is also essential that the glass is transparent 
to the Cerenkov light. Blocks of lead glass, with a hexagonal section inscribed in a circle 
of radius 80 mm with a depth of 325 mm, are used in such a detector (Fig. 11). They have a 
901 shower containment at 7 GeV, and at CERN you can see a set of 60 of such counters. They 
have a remarkably good energy resolution, full width at half maximum (FWHM) of 10$, for 1 GeV 
electrons. The breakthrough is this energy resolution, which is due to the high transparency 
of the glass. However, the transparency disappears progressively with irradiation, thus 
limiting the lifetime of this expensive detector. 

i (control cut): 
( u - metal shields and photomultipUers removed I 

Fig. 11 
Tota l a b s o r b t i o n g l a s s 
Cerenkov c o u n t e r s . B locks 
of lead g l a s s , hexagonal 
s e c t i o n i n s c r i b e d i n a c i r c l e 
of r a d i u s 80 mm, w i t h a depth 
of 325 mm. 

clamps, 

PhotomultiplMr B a s . and wiring 

plat .(3mml \ / \ Bock-doorN 
Sak.lit . plates'20mm) \Al plat . 
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SPARK CHAMBERS AND STREAMER CHAMBERS 0 
When a charged particle traverses a gas it leaves a trail of electrons ejected from 

the atoms along the trajectory. It is easy, with metallic electrodes producing a weak elec
tric field of the order of 100 V/cm, to keep the electrons free for times of the order of 
1 ysec before collecting them. This time is sufficient for taking a decision with scintil
lation counters and fast electronics. If this decision is favourable, a strong electric 
field of the order of 10 kV/cm is applied before the disappearance of the primary electrons. 
A spark is then produced along the trajectory (Technology Note BS5). They differ from bubble 
chambers in that the resolution time is of the order of a microsecond against milliseconds. 
It is possible to shoot 10 5 particles per second and to select only every second — or some
times only every day — an event of interest, 
the SI detector. 

You will see a set of such chambers inside 

This method is also associated with many techniques permitting the extraction of in
formation from a spark chamber without taking a picture. Many of these techniques were 
created at CERN: the television method9^, the core read-out method10-', the current division11-', 

1 2") 
and the delay-line method . Others were created in other laboratories; the magnetostrictive 

1 3 " ) 

method , for instance, which is now the most popular in wire spark chambers, was created in 
Berkeley. You will see many experiments using it at CERN. In the Q detector, the spark read
out is done with a television camera directly connected to a computer (Technology Note P29). 
The computer may visualize the events for the physicist who wants to control the experiment, 
since its role is to digest the events directly and analyse as quickly as possible the physi
cal phenomena of interest. Figure 12 shows on the left the event as it was imagined by the 
physicists, and on the right as it is displayed by the computer. 

The streamer chamber is a refined version of the spark chamber, which owes very much to 
pioneer work in the Soviet Union. The gap between the electrodes is very large, typically 
25 cm. The pulses are very narrow, of the order of 30 nsec, with rise times of the order of 
5 nsec, and an intensity of 20 kV/cm. Huge pulses of the order of half a million volts are 
thus applied between the two transparent electrodes. Under such conditions the spark cannot 
develop, and essentially one or a few avalanches close to the initial electrons have enough 

Fig. 12 
F i l m l e s s spark chamber. A 
r a r e e v e n t i n the Í2 d e t e c t o r . 
A l a r g e sys tem of spark cham
b e r s i s v iewed by a t e l e 
v i s i o n camera d i r e c t l y c o n 
n e c t e d t o computer. The l e f t 
s i d e of the p i c t u r e shows the 
event as i t i s imagined by 
the p h y s i c i s t s . The r i g h t 
par t shows the output of the 
computer i n t e r p r e t i n g the 
s i g n a l s from the t e l e v i s i o n 
camera v i e w i n g the spark 
chambers. Some p a r a s i t i c 
beam t r a c k s d e t e c t e d dur ing 
1 y s e c memory t ime a re 
v i s i b l e . 

EUT HO 1 7 8 8 1*31 USCU l .r 

t'»m. «»HL.l«««T.t«lt».»«OT.»-CIHL.»«f»» 



- 139 -

time to develop. The result is a magnificently detailed picture with a very small amount 
of light. This technique is used either with very high sensitivity films or with light 
amplifiers (Technology Note P10). Figure 13 shows a picture of an interaction produced in 
a target placed in such a chamber, and Fig. 14 shows an interaction in the Intersecting 
Storage Rings. 

Fig. 13 
E l e c t r o n shower i n a s treamer 
chamber. The ava lanches are 
viewed through the t r a n s 
parent e l e c t r o d e s . Chamber 
d imens ions : 270 cm l e n g t h x 
x 120 cm w i d t h , 25 cm d e p t h , 
20 kV/cm. The h i g h - e n e r g y 
e l e c t r o n has undergone an 
i n t e r a c t i o n i n t h e w a l l s of 
the chamber. 

Fig. 14 
Streamer chamber v i ew of a 
pro ton-pro ton i n t e r a c t i o n a t 
the ISR u s i n g c o l l i d i n g p r o 
ton beams of 25 GeV e a c h . 14 
charged p a r t i c l e s have been 
produced. The t r a c k s due t o 
n e u t r a l p a r t i c l e s ( a - e ) are 
made v i s i b l e by a l e a d o x i d e 
c o n v e r t o r . 

-
\ i ¡yf/ t 
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4. PROPORTIONAL CHAMBERS 

Spark chambers have two weak points: they cannot be fired more than 1 to 100 times 
per second, depending on the energy of the spark; and they have to be fired by an auxi
liary device such as a system of scintillation counters. In.1968 and 1969 it was shown at 
CERN that it is possible to make localization detectors, also based on discharge in gases, 
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where the development of the avalanche is much more controlled, leading to quite novel pro-
perties: the multiwire proportional chambers and the drift chambers . 

It so happens that they also have some interesting applications in fields outside 
high-energy physics, about which I will also say a few words. 

A proportional chamber is made of thin wires, usually 10 to 20 ym in diameter, spaced 
one or two millimetres apart and placed between two electrodes. By a proper choice of the 
gas it is possible to find conditions where a localized avalanche of a limited size occurs 
on the wire whenever a charged particle crosses the plane of wires. This avalanche gives 
rise to a short pulse on the wire nearest to the trajectory, whilst usually no pulse is 
detected on the other wires. The attractive features of this detector are: 

- its resolution time: with a wire distance of 2 mm it can be as good as 25 nsec; 

- that every wire is an independent detector capable of counting rates up to 1 MHz. 

The price to pay is that every wire requires an amplifier, since the signals are of 
the order of a millivolt; a fixed delay for every wire of, say, 500 nsec, in order to 
have time to do fast logics and select particular events; a memory with a gate in front 
of it to accept or reject events and then store them. The split field magnet illustrates the 
potentiality of such a device: chambers with 65,000 wires, with a length of 1 or 2 metres, 
are filling the gap of a huge magnet placed at one intersection of the storage rings. An on
line computer controls all the parameters of such a detector (Technology Note D47). Figures 15 

a) View from t h e t o p . The two s t o r a g e b) S i d e v i e w of the S FM and of two compen-
r i n g s i n t e r s e c t i n g i n the c e n t r e of t h e s a t i n g magnets a l s o f i l l e d w i t h d e t e c t o r s 
magnet are v i s i b l e . Mul t iw ire p r o p o r t i o n a l 
chambers cover as much as p o s s i b l e of the 
s o l i d a n g l e t o d e t e c t p a r t i c l e s e m i t t e d i n 
a p r o t o n - p r o t o n c o l l i s i o n . 

Fig. 15 General layout of the d e t e c t o r s i n the S p l i t F i e l d Magnet 

and 16 show the layout of this detector and pictures of its realization. The proportional 
chambers are made with walls of styrofoam coated with a metallized plastic sheet. The wires 
are made of 20 urn diameter gold-plated tungsten, spaced 2 mm apart. The distance between 
wires has to be kept constant to about 100 urn accuracy. The tension of the wires is 45 g; 
it is essential that it is constant for all wires. Very nice technologies have had to be 
developed to manufacture these wire planes and control the quality of the winding of these 
wires before closing the chamber. The gap between the styrofoam plates, which is 16 mm, had 
to be kept constant to about 0.2 mm, which is not an easy task with such a fragile material 
as styrofoam. Figure 17 shows some details of the structure of the chambers. 
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F i g . 16 P i c t u r e of the S p l i t F i e l d Magnet 
d e t e c t o r . The chambers are 
equipped on ly w i t h p r e a m p l i f i e r s . 
The s i g n a l s are s e n t t o the c o u n t 
i n g room, at a d i s t a n c e of 65 m, 
v i a 6 5 , 0 0 0 t w i s t e d p a i r c a b l e s . 

F i g . 17 S p l i t F i e l d Magnet p r o p o r t i o n a l 
wire chamber. The chamber c o n s i s t s 
of two gaps w i t h h o r i z o n t a l and 
v e r t i c a l w i r e s : l e n g t h 200 cm, 
w i d t h 100 cm, 20 ym w i r e s spaced 
e v e r y 2 mm. I n c l i n e d h i g h - v o l t a g e 
s t r i p g i v e s redundant i n f o r m a t i o n 
u s e f u l for the s o l u t i o n of c o o r 
d i n a t e ambiguity i n c a s e of h i g h 
m u l t i p l i c i t i e s . 

For chambers with a smaller wire spacing, say 1 mm or 0.5 mm, much thinner wires are re
quired. A beautiful machine is winding wires of 3 ym thickness (which break under a tension 
of 3 grammes only) to a considerable accuracy, probably better than 5 ym in the spacing 1^. 

The multiwire chambers have rapidly become a routine tool in experiments in nuclear 
physics, both low-energy and high-energy. This indeed owes very much to the development of 
modern solid-state electronics. A system such as the split field magnet detector was 
unthinkable 10 years ago; it also owes very much to modern computers. Figure 18 shows the 
display of an event detected by the SFM detector. It required 1 sec for the most powerful 
computer, the CDC 7600, to calculate the trajectories. The magnetic field is very inhomo-
geneous and its value has to be measured at one million points in the gap. Sophisticated 
methods have had to be invented for the tracking of the particles in such a field, and at 
this point I want to make a digression. One such method was developed here at CERN, and by 
a mere accident the engineer who invented it explained it to the engineer from a big firm 
producing colour television tubes. The firm immediately adopted it to help solve their own 
problems of tracking of electrons in colour television tubes, since it simplified their task 
very much. Since this was a pure accidental transfer of technological know-how from CERN to 
industry, stemming from the mutual sympathy between two people speaking a common language 
known by 10" 3 of the world's population, I suspect that much more can be achieved by a more 
systematic drive such as the one started by this conference. 

In parallel to the proportional chambers, a new detector related to them has been 
developed: the drift chamber. It has been shown at CERN that the time of appearance of a 
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Fig. 18 
D i s p l a y of an 
event d e t e c t e d by 
the SFM d e t e c t o r 

4Ô.2 Gev/. 
P y - 3.4 Gev/C 

X » 0 . 3 3 

pulse at the wire of a chamber is strictly correlated to the distance of the trajectory to 
the nearest wire, and that by measuring this time it is possible to measure positions to 
accuracies of better than 100 ym. With a series of chambers along a trajectory, one can 
also determine the time of flight of the particles to accuracies of a few nanoseconds. 
Some recent developments at CERN, and also some pioneering work in European laboratories 
[Saclay16-', Heidelberg17-'] or in the USA [Harvard18''], make it clear that by this method we 
have a cheap detector, suitable for very large surfaces and almost unmatched in space and 
time accuracies, that will invade all experimental floors. I suspect that for many impor
tant fields where one wants to measure the position of low-energy particles such as electrons, 
it will also have important applications. 
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5. SOME APPLICATIONS OF MULTIWIRE CHAMBERS IN DIFFERENT FIELDS 

An important application of multiwire chambers is the possibility of imaging the spa
tial distribution of neutral particles, y-rays, and neutrons. For neutral particles it is 
essential that 

a) the detectors be self-triggering, since the neutral particles are usually detected 
by a recoil effect leading to very low energy particles that are in most cases in
capable of crossing several detectors; 

b) the two coordinates be extracted from a single gap. 

In 1968 and 1969 it was shown at CERN that multiwire chambers had the right properties 
for these applications '. It was shown that the signals induced on the cathode by the 
motion of the positive ions could be used to localize the position of the avalanches along 
the wires, and that by addition of drift spaces to the wire chambers it was possible to 
play in a flexible way with the efficiency of the these chambers. 

Many efforts have been made by many talented groups in Europe and mainly in the USA 
to use these properties for practical applications. They have often introduced special 
patented methods for reading out the coordinates of the signals20-'. 

We have recently demonstrated at CERN that by a direct read-out of the centre of gravity 
21") 

of the avalanche, a high accuracy can be obtained J . (See Fig. 19 and Technology Note B34). 

We are concentrating our efforts on a system that gives the read-out of the two co
ordinates of diffraction X-rays emitted by crystals. Very interesting results have already 
been obtained in the USA in this field, by the group of Perez-Mendez and the group of Borkowski. 
It seems that it is a very promising field. The prospect is to reduce by one or several orders 
of magnitude the time required to take this picture of a diffraction pattern. This may open 
up quite new and exciting fields in biology. More precisely, such a development is perfectly 
matched to the advent of the most modern sources of X-rays with a high luminosity, namely the 
electron storage rings. Very active work in this field is also being pursued in the USA. 

Fig. 19 
Computer d i s p l a y of an X-ray 
image. Wire spac ing i s 1 mm; 
6 keV X-rays were u s e d . The 
two-d imens iona l r e a d - o u t i s 
o b t a i n e d by the c e n t r e - o f -
g r a v i t y method. A p i e c e of 
l u c i t e w i t h c u t - o u t l e t t e r s 
i s p l a c e d a g a i n s t the chamber. 
The accuracy i s some 0.2 mm 
i n the d i r e c t i o n p a r a l l e l to 
the w i r e s . 
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Earthing +3 kV 

A: window transparent to X-rays; spherical electrode 

B: spherical grid, transparent to electrons 

C: grid, or wires, transparent to electrons 

D: amplifying wires 

F i g . 20 P r i n c i p l e of a s p h e r i c a l d r i f t 
chamber for X-rays or o ther neu
t r a l p a r t i c l e d e t e c t i o n 

F i g . 21 

f',-;i^*í\::.í/;r-::.'-:.V>'/ ".' 

D i f f r a c t i o n p a t t e r n obta ined i n 
t h e s p h e r i c a l chamber. The p i c 
t u r e shows a few s p o t s from a d i f 
f r a c t i o n p a t t e r n obta ined from 
CUCKQJ) X-rays i r r a d i a t i n g a r o 
t a t i n g a m b e l l i n e c r y s t a l . 3 0 ' 
exposure w i t h 8 keV d r i f t v o l t a g e 
over 10 cm d r i f t l e n g t h . 

6. CONCLUSION 

The detection of particles is in constant development in a laboratory such as CERN. 
It is a field in which the experimental high-energy physicists invest much of their imagina
tion and time, and also the technical and financial wealth of their laboratory. Very original 
features are very often found in the set-up of every group, and one impressive thing for con
naisseurs walking on the experimental floor is that despite identical functions of the instru
ments used by different groups, they often look very different. It is not only a resistance 
to standardization by the "petit bourgeois individualiste", it is also that elegant and ori
ginal solutions are often introduced by every group, and it is worth the effort to try to 
dig out the innovations embedded in all their complicated and heavy instruments. Some interest
ing applications outside the field of high-energy physics have clearly shown up in the last 
few years for several particle detectors. 

To increase the efficiency of X-ray detection and in order to avoid the error for large 
angles of emission, we have constructed a spherical drift chamber. Figure 20 shows the prin
ciple of such a chamber and Fig. 21 shows the diffraction pattern obtained with a spherical 
chamber of 40° useful angular aperture. 

We see the increase of efficiency resulting from the use of a drift space. The spherical 
shape is essential for the accuracy. These results are still very preliminary. 
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The handling of data from experiments 
H.E. Davies 
CESS, Geneva, Switzerland 

ABSTRACT 

The use of small computers in on-line experiments in high-energy physics is briefly 
indicated. The requirement for an above-average performance (data-handling rates 
up to 1.5 Mbit/sec) is described, emphasizing the problem of data acquisition; data 
rates and buffering, data storage, and the importance of flexibility are dealt with. 
The discussion of hardware solutions to the special problems posed by on-line experi
ments includes the use of CAMAC interfaces, systems of linked computers, and the use 
of special processors which perform the first steps of data analysis very rapidly. 
A section on the software solution to data acquisition problems treats the require
ments for flexibility and ease of use, giving as an example a comparison of a manu
facturer-supplied Editor and CERN1s ORION Editor, and concludes with an outline of 
the need for direct access to more powerful computers, giving as an illustration 
the FOCUS and Omega/SFM networks. 

* * * 

A simplified view of CERN is to see it as a laboratory to which physicists come from 
different parts of Europe to carry out experiments which have been carefully planned in ad
vance. Their time at CERN is kept to the minimum necessary to make the final adjustments 
to their apparatus and to collect the data generated by the particle beams which are avail
able only here. Then, they take their data back home, stored either on film or on magnetic 
tape, for analysis. 

This viei^ corresponds roughly to the reality in the case of bubble chamber experiments, 
in which the procedures associated with the recording and analysing of data are, in general, 
well defined and standardized, and are designed as part of the bubble chamber detector system 
itself. 

In the case of counter and wire chamber detectors the reality is more complicated, since 
such techniques are inherently more flexible and give much greater freedom to individual 
groups to choose a combination of equipment which best suits their particular experiment and 
to change their combination from one experiment to another. The large majority of counter 
groups nowadays need a powerful on-line computer system which is easy to use and which has 
sufficient capacity to be able to handle and check large quantities of experimental data, 
and this report is concerned mainly with the technical problems related to the implementation 
of these on-line systems. 

1. THE DATA ACQUISITION PROBLEM 

Many of the problems associated with the computer systems used for high-energy physics 
experiments are common to all such on-line systems, but the need for higher than average 
performance in some areas is such that these systems can be considered as a class apart. 
Their essential requirements are discussed in more detail below. 

1.1 Data rates and buffering 

Detector systems now exist which are capable of generating more than 100,000 16-bit 
words of data per second, and one of the most obvious requirements for an on-line computer 
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system is the ability to read this data from the experimental apparatus, buffer it in me
mory, and then write it out on to magnetic tape. For Intersecting Storage Rings (ISR) ex
periments, which run continuously, the tape speed must match the average data acquisition 
rate. Proton Synchrotron (PS) experiments, on the other hand, generate data only during 
the PS burst. If larger amounts of computer memory are used for temporary storage of the 
data read in during the burst, the data output can be spread over the whole period starting 
when the first event of one burst has been read until the beginning of the following burst, 
and lower performance tape units can then be used. For example, a continuous input rate of 
100 Kword/sec (equivalent to 200 Kbyte/sec) could only be matched by tapes with a nominal 
rate of about 250 Kbyte/sec since the start/stop overhead for each record usually amounts 
to at least 20% of the total time. The same input rate sustained only for a burst of 
0.4 sec repeated every 2.6 sec (a typical PS cycle) could, in principle, be matched by 
40 Kbyte/sec tape units but in this case about 40 Kwords of computer memory would be needed 
simply to buffer the data. For many PS experiments a compromise is made between matching 
the output rate to the input rate and spreading the output over the whole time available. 

As computer memories become relatively cheaper, the balance swings towards increasing 
memory size rather than tape performance. It must also be pointed out that for our very 
fastest detectors, tape writing is not always the major bottleneck since not enough off
line computer capacity is available to process all the data that could be written. In ge
neral, however, this is very exceptional, and the great majority of experimental groups 
wish to record all the data they can generate. 

1.2 Data storage 

The standard medium for storing experimental data is magnetic tape. Attempts have 
been made to find a mass storage device with a capacity of about 1 0 1 2 bits which could be 
used within the laboratory for storing experimental data. No such device exists at the 
moment, and in any case, until a new standard medium is available for transferring large 
quantities of data from one computer to another, magnetic tapes will continue to be used. 

Since about 801 of the data written at CERN goes outside and since the Omega system 
alone, for example, produced over 1000 tapes in 1973, its first year of operation, tape 
quality and tape unit compatibility are extremely important. A single tape, once written, 
may be read several times and on different computers before it leaves CERN, either for the 
data to be checked or for it to be copied, and read several more times on yet more computers 
after it reaches its owner's home laboratory. The quality of the magnetic tapes themselves 
and the tuning of the units which write them must be good enough for the data to be readable 
on other units made by any other manufacturer. In addition, experimental areas provide 
conditions for writing tapes which are far from ideal, and although certain elementary pre
cautions are, naturally, always taken, the conditions are never so well controlled as in a 
special-purpose computer centre, and both the tape units and magnetic tapes must, neverthe
less, tolerate them. 

1.3 The need for flexibility 

As a rule, experiments have a lifetime of several months rather than several years, 
and by their very nature require frequent changes to the detector system as a whole. The 
on-line computer system must therefore be extremely flexible so that when a piece of experi
mental equipment is added or when some existing equipment is changed, data can be read out 
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as soon as possible from the new source, and checking programs can be quickly added or al
tered to take account of the new conditions. This means that the method of interfacing 
experimental equipment to the computer must be well defined and flexible, operating proce
dures must be easily understood, and powerful program development facilities must be avail
able. Then, users can change existing hardware checking programs or introduce new ones 
during the course of the experiment. Ease of use of the system as a whole is particularly 
important since the experiments are done very largely by physicists themselves with little 
specialized help from computer technicians or programmers. 

1.4 Comparison with other fields 

Before discussing the solutions to the data-handling problems particular to high-energy 
physics, it is worth putting them into perspective by looking as well at the situation in 
other fields of technology which use large quantities of data. 

As a first example, the structure of the earth's crust is studied as part of the search 
for new underground oilfields by detonating a small explosive charge on the surface and ob
serving the sound waves reflected from the different strata at many points in the region of 
the explosion. The amount of data to be collected in a few seconds after each explosion is 
so large that conventional tape writing rates are quite inadequate and so one organization, 
at least, uses special units which can write 21 tracks on a single tape with a high packing 
density. The raw data tapes must, of course, be read back on a computer equipped with si
milar units, but since all the tapes are finally processed at a single computing centre 
this presents no problem. 

Similar units are also used to record telemetry data sent from aircraft undergoing 
flight tests. In this case, large quantities of data must be recorded continuously, but 
since most of it represents the values of parameters which are monitored only in order to 
be able to study fault conditions, the information content is low relative to that of phy
sics data. 

Space satellites are another source of continuous, high-rate data, and a single device 
can transmit several million data bits per second. Often, a single scientific satellite 
will contain many independent experiments or other data sources which make use of a single 
transmission system so that the ground station has the problem of sorting the data from 
each source, either as soon as it is received or, more usually, off-line later, and deliver
ing to each experimental group only its own data plus that portion of the common data which 
is also necessary for the experiment. In terms of the quantity of data generated, space ap
plications can be far more impressive than high-energy physics experiments, and NASA, for 
example, has a stock of magnetic tapes which is an order of magnitude greater than that of 
CERN. In addition, there is rarely any closed-loop control of any part of a physics experi
ment, and the real-time problems associated with such control are never encountered. In 
some ways, however, the computer systems which record telemetry data of different kinds are 
simpler since the experiments themselves must be planned in much more detail beforehand. 
Once launched into space, the experimental equipment is inaccessible, and the computer sys
tems do not have to have the flexibility which is needed to enable a physicist to change 
his experimental apparatus as he goes along. 
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2. HARDWARE SOLUTIONS 

Just as the problems of data acquisition from physics experiments are many and vary 
from one group to another, so there is no single solution and the problems are attacked 
from many different directions. There is, however, a clear separation between solutions 
which are implemented by hardware and those which are implemented by software, and the two 
types will be discussed separately. 

2.1 Computer hardware 

As far as possible, CERN uses hardware which is generally available on the market for 
its on-line systems. Even so, the need to be able to handle data at high rates means that 
only those computers with powerful input/output facilities are suitable. The choice of on
line machines is further restricted by the need for high performance tape units which will 
also work reliably for long periods of time. 

2.2 Interfacing 

Inevitably, a large amount of equipment has to be interfaced to the on-line computer 
before an experiment can be carried out, and the connection to the main source of data, such 
as a wire chamber read-out system can be very complex. Nowadays, CAMAC is becoming widely 
accepted as the interface standard for high-energy physics, and although, like any other 
standard, it is often technically inferior to a specially designed interface in any parti
cular case, it has already proved its value as a practical system of enormous flexibility. 
Its main advantage is its independence from any particular computer system so that pieces 
of apparatus can be set up and tested in one place, using whatever on-line computer is 
available there, and then be moved somewhere else and attached to a quite different machine. 
For example, a neutron counter developed at the Rutherford High Energy Laboratory in England, 
using an IBM 1130 computer, was connected to a PDP-11 for use in an experiment at CERN. 

In addition, an extra measurement can be added during the setting up of an experiment 
simply by adding an extra CAMAC module to the system and making a small change to the read
out software so that this module is read. Physicists have the freedom to make changes 
quickly without having to understand how to interface hardware to the particular computer 
they are using or, indeed, without needing to know the standard techniques for building 
interfaces to any computer. 

CAMAC also has adequate performance for handling complex read-out devices. As an 
example, the Omega project uses eight plumbicon cameras (modified television cameras, see 
also Technology Note P29) to measure the position of sparks in a set of optical spark cham
bers. Each camera in turn scans one spark chamber gap, and the sequence is then repeated 
for a new set of gaps. Each of the eight cameras sends analog signals to a CAMAC module 
which is associated with it, and this module generates and buffers the coordinates of a 
variable number of sparks. A ninth module multiplexes the data from the first eight and 
sends it to the computer. Besides the complicated multiplexing of the coordinates, all the 
extra formatting data, such as spark counts and camera numbers, is added within the CAMAC mo
dules so that the computer only has to do a single block transfer operation in order to col
lect all the spark chamber data from one event. The number of cameras in the system can be 
increased simply by adding one more module; no software change is necessary. A copy of 
the system, originally implemented for the Omega EMR 6130 computer, is being used by the 
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CERN-Imperial College-ETH Group with a Hewlett Packard 2100 computer. The read-out system 
was designed by P. Briandet of Ecole Polytechnique, Paris, and the CAMA.C modules were manu
factured by SAIP Schlumberger. 

2.3 Linked computers 

There are many examples of linked computer systems in CERN, and their aim is usually 
to give experimental groups access to a more powerful computer than their on-line machine 
so that they can check or analyse their data as it is produced. One such system, used by 
the CERN-Heidelberg Group, is shown in Fig. 1; data was collected from the experiment by 
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Computer c o n f i g u r a t i o n used 
by the CERN-Heidelberg Group 
i n 1973 
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a PDP-15 computer and as much as could be absorbed was passed to the IBM 360/44 for the 
first stage of processing. The 30 per cent of the data which could not be analysed by the 
IBM 360/44 (because its central processor is not powerful enough) was written directly on 
to magnetic tape by the PDP-15 for analysis later. 

2.4 Special processors 

The previous example already demonstrates one approach to the problem of reducing the 
amount of data to be stored, and as detectors get more and more powerful the need for on
line processing of experimental data increases. The general-purpose central processors of 
standard computers are usually far too slow to be used for calculations on every event that 
is read, but several experimental processors are being built to test different analysis tech
niques. One example, described more fully in Technology Note D48, is being used for an ex
perimental set-up of the type shown in Fig. 2. The coordinates in space of several tracks 
as they cross four planes of a detector represent the raw data of one event. The first stage 
in the analysis of this data is to find which sets of points, one per plane, represent the 
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trajectories of the different particles. This would normally be done by a FORTRAN program 
using several seconds of CDC-6600 CP time per event, but is now also being done a factor of 
40 faster by a special hardware processor which takes advantage of the possibilities of si
multaneous parallel operations on the data. 

The action of such a special processor may not give any reduction in the amount of 
data per event, but the output can be used to test whether the data really indeed represents 
a good event which should be stored or whether it can immediately be rejected. In any case, 
there is a significant saving of valuable computing time later in the analysis chain. 

3. SOFTWARE SOLUTIONS 

Software solutions to data acquisition problems are usually less specific than hardware 
ones, but are nevertheless extremely important. Three critical areas are discussed below. 

3.1 Operating systems 

As in the case of computer hardware, CERN would always prefer to use standard software 
provided by the computer manufacturer. Unfortunately this is not often possible, and the 
general-purpose operating systems sold with most small computers do not adequately exploit 
the capabilities of the hardware. It is not uncommon to find software overheads associated 
with starting off an input/output operation, for example, which are as long as the data 
transfer time itself, so that a peripheral device can never run with an average speed great
er than half of its quoted capacity. Systems are also often deficient in their treatment 
of hardware-generated errors. It is of little interest to the user if the systems designer 
has taken the simple way out of aborting the program if his system detects an error which is 
expected to be very rare, but which in practice occurs every hour or two. Because the repe
tition rate of the basic software cycle is so high and because so many possible incidents 
can disturb this cycle, it is vitally important that the operating system never takes uni
lateral action when an error is detected but that all errors are reported to the user pro
gram for it to decide what to do. Otherwise, it is impossible to maintain continuous opera
tion over many days as is necessary if beam time is to be efficiently used. 

3.2 Flexibility and ease of use 

The physicists who use and operate CERN's on-line computer systems are not only non-
specialists, but they are often, quite reasonably, uninterested in the internal workings of 
the computer. They regard the computer as a tool which is necessary for their experiment, 
but no more. For many of them, who come to CERN only for the data-taking part of their expe
riment, their association with a particular computer is so short-lived that, even if they wish, 
they do not have time to understand in any detail the system they are using. 

The requirements that this situation imposes on software design are difficult to define 
in detail but certain general principles are clear. The number of operating steps required 
to perform any action should be kept to a minimum; the purpose of each step should be clear; 
all operator actions should be checked for validity, and errors reported immediately by means 
of comprehensive messages; when the operator requests any important action or enters data, 
the system should normally repeat his request by means of an output message and give him 
chance to change or abandon it. These principles are equally valid if the user is to pro
gram the computer; in general, he should not be able to lose time or make mistakes because 
of misunderstandings or because the mechanisms for using the system are shrouded in mystery. 
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Figures 3a-£ demonstrate two different approaches to the same problem. Figure 3a shows 
the sequence of operations required to modify the name of a parameter in the sixteenth line 
of a source program stored inside a computer, using an editing program supplied by a computer 
manufacturer. Characters output by the computer are underlined, those input by the operator 
are not. Several items can be noted: the operator needs to know some details of the source 
program as a whole which are invisible to him, e.g. that the name to be changed is, in fact, 
on the sixteenth line of the program; the character strings and conventions adopted for 
giving coded commands to the program are not easily learnt and it is easy to make mistakes 
which are difficult to repair; the program gives the operator very little information spon
taneously and he is forced to take extra steps to check that his actions were correct. 

Figures 3b to 3f show several alternative sequences of operations which perform the 
same action if the ORION system, written at CERN for a linked system of CII 10070 and several 
PDP-11 computers, is used. Note that "global search" facilities are provided so that changes 
are only made on the basis of what the operator can see; commands are in English and there 
is a certain flexibility of format, so that they consist of more or less natural expressions; 
the result of each change is automatically output so that the operator can check what he has 
just done. Of course, there is a price to pay for these extra facilities in terms of extra 
memory and processor capacity, but in general it is small compared with the gain to the user, 
who can get on quickly and efficiently with the work he has to do. 

3.3 Back-up computers 

Another way of helping the on-line user is to give him direct access to the facilities 
of much larger computers than his small local machine so that he can take advantage of their 
greater power and use them, without leaving his experimental area, either to run programs 
which check samples of his data as they are produced or to produce new checking programs. 

Figure 4 shows the FOCUS system which is used to give on-line computers access to the 
CERN central computer system. Experimental data can be transmitted to one of the CDC 3000 
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series machines which also stores and permits changes to be made to source programs. These 
programs, together with blocks of experimental data, can be submitted for execution as high-
priority jobs to the normal batch stream of the central machines, and their output can be 
returned by the link system for local display next to the experiment. (For more details, 
see Technology Note D31.) 

The Omega/SFM computer network (described more fully in Technology Note D46) is shown 
in Fig. 5. In this configuration, the CII 10070 provides facilities for program storage and 
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modification as well as being the machine on which many checking programs are executed, under 
interactive control of the user if this is desirable. An important feature of this system 
is that none of the small PDP-11 computers have program development facilities of their own. 
An assembler, compiler, linkage editor, and library facilities are provided in the CII 10070. 
The PDP-11's can be used as terminals for the ORION system mentioned above; all program pre
paration is carried out on the CII 10070, and absolute programs are loaded across the data 
links directly into the PDP-11's. In this way, much more powerful and convenient program 
development facilities are available than would be possible on the PDP-11 itself, and all 
the development takes place on a machine with a multiprogramming operating system so that 
access is easy. 

4. CONCLUSION 

Although the data-handling problems of high-energy physics experiments are not unique, 
several of them are sufficiently serious that special efforts have to be made to supplement 
the normal performance of standard equipment available on the market. In the areas of both 
hardware and software, groups providing data-handling services for experimental physicists 
are working well in the forefront of the current technologies. 
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Synchrotron r a d i a t i o n 
C. Kunz 
Deutsahes Elektronen-Synchrotron, Hamburg, Germany 

ABSTRACT 

The production of synchrotron radiation as a by-product of circular high-enérgy 
electron (positron) accelerators or storage rings is briefly discussed. A listing 
of existing or planned synchrotron radiation laboratories is included. The fol
lowing properties are discussed: spectrum, collimation, polarization, and inten
sity; a short comparison with other sources (lasers and X-ray tubes) is also given. 
The remainder of the paper describes the experimental installations at the Deutsches 
Elektronen-Synchrotron (DESY) and DORIS storage rings, presents a few typical examples 
out of the fields of atomic, molecular, and solid-state spectroscopy, ana finishes 
with an outlook on the use of synchrotron radiation in molecular biology. 

* * * 

High-energy particle machines are usually known as devices into which charged particles 
are injected into roughly circular orbits for further acceleration or storage and from which 
they are eventually ejected. Another aspect comes into play if we "look" from the side at a 
charged particle going around in the orbit. Then the accelerator or storage ring behaves like 
a huge excited antenna (Fig. 1). Such an antenna radiates energy according to fundamental 
laws of physics. The spectrum of this electromagnetic radiation will contain the frequency 
of revolution (typically 1 MHz) and the harmonics thereof (multiples of 1 MHz). Indeed, it 
turns out that such high harmonics are contained in the spectrum that it extends beyond the 
visible (10 1 5 Hz) into the X-ray region (10 2 0 Hz). This radiation is called "synchrotron 
radiation'J but it is not unique to synchrotrons (it could as well be called "betatron radia
tion") . 

topview side view 

F i g . 1 P a r t i c l e a c c e l e r a t o r as antenna 

accelerator antenna 

1. IMPORTANCE FOR HIGH-ENERGY MACHINES 

The total intensity radiated can be calculated from classical electrodynamics and is 
given by: 

' Puf ) ' • 
The important parameters are the mass of the particles, their energy, the radius of the orbit, 
and the total current of particles. Immediately, a number of conclusions follow from this 
equation: 

i) For electrons and positrons the radiated power is larger by thirteen orders of magni
tude than it is for protons. Actually the effect is without any practical importance 
for proton machines. 
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ii) Synchrotron radiation eventually limits the maximum energy of circular electron and 
positron machines because of the dependence on the fourth power of the energy. With 
big accelerators, the microwave power needed to make up the losses in particle energy 
due to this radiation exceeds the energy used for acceleration of the particles. One 
of the consequences was the building of the biggest electron accelerator at Stanford, 
USA, as a 2-mile linear accelerator (SLAC) rather than a circular machine. 

iii) Large radii of the circular machines are of importance not only because of magnetic 
field limitations but also because of synchrotron radiation. 

The intersecting storage rings DORIS which are just going into operation at DESY, Hamburg, 
will radiate more than 1 MW of synchrotron radiation altogether. They will be the most power
ful source of synchrotron radiation built up to now. 

Another aspect of this phenomenon is the possibility to "see" single electrons orbiting 
in a storage ring. This was observed (probably for the first time) at the PSL (Physical 
Sciences Laboratory) storage ring at Stoughton, Wisconsin. Owing to the long lifetime of 
beams in a storage ring, a "beam" of one single electron could be generated and could be ob
served visually for an extended period. One of the reasons why this becomes possible is the 
repetitive passage of the electron at the point of observation. 

Historically1-' the theory of synchrotron radiation was treated first by Ivanenko and 
Pomeranchuk (1944) in Russia, and independently by Schwinger (1946) in the USA. Blewett was 
the first to observe the effect of the energy loss of the electrons due to the emission of 
synchrotron radiation on the path of these particles in a betatron (1946). He could not ob
serve the radiation because the vacuum chamber was made out of opaque material. The first 
direct observation of synchrotron radiation was accidental. A bright light observed through 
the walls of the transparent vacuum chamber at one of the first synchrotrons was initially 
attributed to a discharge, but was then traced back to be synchrotron radiation, by Elder, 
Gurevitch, Langmuir and Pollock in 1947. It was only after 1960 that a rapid development 
set in which led towards the use of accelerators as sources of radiation for spectroscopic 
purposes. 

2. PROPERTIES 

2.1 Spectrum 

Figure 2 shows in a schematic way the dependence of the spectrum on the particle energy 
in an accelerator such as DESY. It extends gradually to shorter and shorter wavelengths with 

Fig. 2 
Dependence of t h e s p e c t r a l 
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higher and higher particle energies. Finally, at the maximum energy of 7.5 GeV, it covers 
the infra-red visible, ultra-violet, vacuum ultra-violet, and soft and hard X-ray regions. 
Although in principle the spectrum consists of closely spaced lines (harmonics of the fre
quency of revolution), the lines are so closely spaced and the orbit is irregular enough to 
result in a completely continuous spectrum. Figure 3 gives the calculated intensity for a 
laboratory 40 m distant from the source (DESY or DORIS) assuming an entrance aperture to the 
monochromator of 2 cm x 2 cm. 

Figure 4 demonstrates as an example the advantage of using a source having a continuous 
spectrum compared to the classical gas discharge or spark sources. Almost none of the fine 
structure observed previously proved to be genuine to the spectrum of Cr. The solid line 
shows the results obtained using synchrotron radiation. The fine structure was obviously due 
to the characteristics of the lamps rather than to the material investigated. 

Fig. 3 Number of photons a v a i l a b l e Fig. 4 
i n a 2 cm x 2 cm a p e r t u r e a t 
l a b o r a t o r y s i t e (40 m d i s 
t a n c e ) a t DESY and DORIS 
L~6 A a t 1.75 GeV i s a d e s i g n 
v a l u e which might n o t become 
r e a l i t y because of beam i n 
s t a b i l i t i e s ; X c i s the 
c r i t i c a l w a v e l e n g t h , i . e . 
the wave length below which 
the i n t e n s i t y s t a r t s t o 
d e c r e a s e r a p i d l y ( s e e a l s o 
F i g . 2)1 

Absorpt ion spectrum of Cr i n the r e g i o n of 3p 
t r a n s i t i o n s . S o l i d l i n e : v a l u e s o b t a i n e d 
w i t h synchrotron r a d i a t i o n (from Ref. 2), 

2.2 Comparison with other sources 

a) In the far infra-red (10 to 1000 urn), radiation from storage rings with a current in 
excess of 1 A is superior by roughly one order of magnitude to the radiation of a black-body 
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source. Use of synchrotron radiation in this range is under discussion; it might, however, 
not become reality because of the rapid development of infra-red lasers. 

b) Synchrotron radiation is less intense than readily available lamps in the visible. 
o * 

c) At wavelengths below 2000 A synchrotron radiation is superior to any other source for 
spectroscopic purposes because of its intensity and continuous spectrum. There are, however, 
a few discrete emission lines available in the vacuum ultra-violet (from gas discharges) and 
in the X-ray region (from certain X-ray anticathode materials) which could prove to be more 
useful for some applications. 

Although the over-all intensity of synchrotron radiation is very large, it cannot com
pete with any laser source at the wavelengths where lasers are available. 

2.3 Collimation 

Synchrotron radiation is emitted by the orbiting particles into a very narrow cone 
around their instantaneous direction of flight. In order to help the imagination, one could 
think of the light from cars on a circular race track with their headlights on. Figure 5 

Fig. 5 S p a t i a l d i s t r i b u t i o n of synchrotron 
r a d i a t i o n 

illustrates the pattern of emission. The angular width is wavelength-dependent. The fol
lowing may serve as an example for the good collimation of the beam. A fluorescent screen 
illuminated at 40 m distance from the source by the X-ray part of the spectrum shows a band 
only 5 mm high. Compared to classical X-ray tubes, synchrotron radiation has within this 
small angular range a luminosity which is higher by several orders of magnitude. 

2.4 Polarization 

Since the emission of synchrotron radiation is analogous to that of an antenna in the 
plane of the synchrotron, it is obvious that the radiation is highly polarized. This polari
zation can be an important factor for the investigation of anisotropic processes. 

2.5 Vacuum source 

In contrast to many other sources in the vacuum ultra-violet, a synchrotron is a very 
clean source. No gas or other dirt is carried along with the light into the experimental 
chamber. This is very important since no windows are available in this region. 
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2.6 Absolute intensity 

Synchrotron radiation is a phenomenon which can be exactly calculated from classical 
electrodynamics. Experiments have proved that it behaves according to these calculations. 
Therefore synchrotron radiation can be used as a radiation standard. This is especially 
important in the vacuum ultra-violet where black-body standards do not emit enough intensity. 
If the number of orbiting electrons is known, the complete radiation pattern can be calculated 
in absolute terms. This has been used at several places to calibrate secondary standards 
through which thereafter rocket spectrometers were calibrated. 

2.7 Time structure 

The radiation has a very characteristic time structure which follows the time structure 
of the orbiting electron beam. At DESY the electrons are bunched into packets of about 
0.1 nsec length with a repetition frequency of the bunches of 2 nsec. It is now being con
sidered whether to make use of this structure in order to measure decay times of atomic ex
citations. 

3. SYNCHROTRON RADIATION LABORATORIES 

Those accelerators and storage rings where synchrotron radiation is used as a light 
source are listed in Table 1. Eight years ago only four centres were in existence (Washington, 
Tokyo, Frascati, and Hamburg). There are three stages of development to be observed: electron 
accelerators, where synchrotron radiation experiments are set up parasitically with a primary 
interest in high-energy physics at the installation ("first generation"); storage rings which 
have been designed according to the needs of high-energy physics ("second generation"); and 
storage rings which are designed and dedicated as light sources from the outset ("third genera
tion") . We are at present at the stage that the first "third generation" facility is under 
construction in Japan, others are under consideration. 

Figure 6 shows the system of high-energy electron and positron beams at the DESY synchro
tron and storage rings (DORIS). Synchrotron radiation can be obtained everywhere where the 
beams undergo bending in a magnet. At present three laboratories have been set up and another 
one is under construction. Two of them will eventually be operated by EMBL (European Molecular 
Biology Laboratory) for the purpose of research on biological objects only. 

Fig. 6 
System of h i g h - e n e r g y p a r t i c l e 
beams a t DESY and DORIS. Three 
p l a c e s are marked where s y n 
chro tron r a d i a t i o n l a b o r a t o r i e s 
are s e t up . 
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Table 1 

Accelerators and storage rings used as light sources 

Project E 
(GeV) 

R 
(m) 

I 
(mA) 

*c 
O 

(A) 

Remarks 

NBS (Washington/DC) 0.18 0.83 10 800 Conversion to storage ring 
planned 

INS-SOR (Tokyo) 1.3 4.0 50 10 

Frascati 1.1 3.6 14 15 

DESY (Hamburg) 7.5 31.7 10-30 0.42 

Storage Ring PSL I 
(Stoughton/Wiscons in) 

0.24 0.64 20 220 Exclusively used as a light 
source 

Glasgow 0.33 1.25 0.1 195 Operation finished 

Bonn I 
II 

2.3 
0.5 

7.65 
1.7 

30 
30 

3.5 
76 

Moscow I 
II 

0.68 
1.36 

2 10 
10 

35.6 
Planned for 1973/74 

ACU (Erevan) 6.0 24.65 22 0.64 

NINA I (Daresbury) 4.0 20.8 40 1.8 

CEA (Cambridge/Mass.) 6.0 26.0 30 0.7 Operation finished, 
cycling or storage mode 

PTB (Braunschweig) 0.14 0.46 937 

Storage Ring ACO (Orsay) 0.55 1.1 100 30 

SPEAR (Stanford) 
Storage Ring SSRP (Stanford) 

2.5 
(3.5) 

12.7 
12.7 

45 
(58) 

4.5 Values in brackets: 
after July 1974 

Storage Ring, 
INS-SOR (Tokyo) 

0.3 1 100 200 Planned for exclusive use as 
light source starting ^ 1973/74 

DESY (Hamburg) 
Storage Ring DORIS (Hamburg) 

1.75 
3.5 

12.12 1000 
200 

12.7 
1.58 

SR-Lab under construction 

DCI (Orsay) 1.8 3.8 250 3.8 Planned for 1973/74 

Storage Ring PSL II 
(Stoughton/Wisconsin) 

1.76 4.5 100 4.61 Proposed 

Daresbury II 2.0 5.55 1000 3.88 Proposed 

Storage Ring VEPP-2 
(Novosibirsk) 

0.68 23 

Storage Ring VEPP-3 
(Novosibirsk) 

2.0 250 Under construction 

SURF 
(Gaithersburg/Maryland) 

1.8 0.83 795 

Cornell (Ithaca/NY) 20 120 5 0.084 

E = energy, R = radius, I = current, X c = critical wavelength 
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One of the laboratories is shown in Fig. 7. Ten different experiments are set up on two 
floors. The light beam is split by grazing incidence glass mirrors into several beams in 
order to allow for simultaneous operation of different experiments. At present about 40 scien
tists, students, and technicians are working with synchrotron radiation at DESY. They come as 
guest workers from about eight different universities and institutions in Germany and conduct 
about ten different experiments. Regularly visiting scientists from abroad are joining the 
group. A few examples of experiments will be given at the end of this paper. 

E0 = electron orbit 
= chopper 
= mirror 
= beam shutter 
= X-ray diffractometer 
= UHV sample chamber 
= sample 
= focusing mirror 
= Rowland spectrograph 
= DESY spectrograph 
= X-ray monochromator 

S M-VAP = metal vapours 
Ml-4 = Wadsworth monochromator 

«1-3 
El -2 
X-DIFF 
UHV S 
S 
FM 
RI-3 
PG 
X-MON0 

Fig. 7 
The arrangement of the f i r s t 
synchrotron r a d i a t i o n l a b o r a 
t o r y at DESY (from Ref . 3) 

4. TECHNICAL PROBLEMS 

Several technical problems had to be solved in order to use a synchrotron safely and 
efficiently as a light source: 

a) Since no windows are permissible in the vacuum ultra-violet and soft X-ray regions, a 
direct vacuum connection has to be maintained between the experiment and the synchrotron. 
The danger of vacuum hazards in the experimental chamber ruining the vacuum in the synchrotron 
arises. Fast-acting valves are necessary to protect the accelerator. If gases are under in
vestigation in an experiment, a differential pumping system has to keep the gases from enter
ing the accelerator. 

b) Because of radiation safety considerations, the laboratory had to be built at a distance 
of 40 m from the source. Owing to the good vertical collimation of synchrotron light, this 
causes only a loss of intensity proportional to the distance rather than the square of the 
distance as with usual sources. The experiments can be set up while the beam is blocked with 
a lead beam-shutter. While running, the experiments need to be operated by remote control. 
This is a situation quite common in high-energy physics, but spectroscopists had to get used 
to it. 

c) Spectrograph arrangements, to which the light source is attached as a small light
weight component which could be moved together with an entrance slit along a focusing curve, 
cannot be used at a synchrotron radiation facility. In this-respect the situation has a much 
closer resemblance to spectroscopy in astrophysics. New designs of specially developed 
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spectrographs became necessary. A typical and very successful monochromator arrangement 
is shown in Fig. 8. The curved, ruled grating focuses the radiating source (the electron 
beam in the accelerator) on the exit slit. By rotating the grating around an off-centre 
axis the wavelength is changed while focusing is maintained. Such an arrangement gives good 

o 

intensity down to 400 A. At shorter wavelengths the reflectivity at normal incidence becomes 
too low, and far more complicated arrangements with optical components at grazing incidence 
need to be used. 

DESY-SYNCHROTRON 
7.5 6cV, 50rhA 

MONOCHROMATOR 
grating 

Fig. 8 
Normal i n c i d e n c e Wadsworth-type monochromator (from 
Ref. 4) 

d) Optical components which are hit directly by the full intensity of synchrotron radiation 
are damaged more or less rapidly. With the present synchrotrons, the vacuum is not completely 
free from hydrocarbons, and a surface contamination of crack-products (carbon) develops which 
reduces the reflectivity. Grating surfaces which usually are replica in epoxy resin can de
velop bubbles. Therefore, because of the higher intensities of a storage ring light source, 
the optical components must be kept in an ultra-high vacuum. Perhaps even water cooling of 
mirrors (which are exposed to about 50 W of radiation) and the use of original gratings ruled 
in metal has to be considered. 

e) With a light source emitting such a broad spectrum as that of synchrotron radiation, 
stray light from wavelengths other than that selected by a monochromator can be a severe 
problem. Many special tricks are needed in order to avoid such an unwanted background. 

f) Synchrotrons are not very stable in intensity. The number of orbiting electrons varies 
from one injection to the next. This is no big problem in high-energy physics experiments, 
since they count for one point in a curve for a long time. With synchrotron radiation spec
troscopy one spectrum could be obtained in five minutes. A rapidly reacting faithful monitor 
is becoming a necessity. Figure 9 shows yield spectra (total number of electrons emitted 
from a sample as a function of photon energy) of A 1 2 0 3 with and without monitoring. The 
curve at the bottom part of the figure is least influenced by the fluctuations. However, 
its shape is smoothly distorted owing to the spectrally varying sensitivity of the monitor. 
The monitor was a gold-coated mirror reflecting the monochromatized beam at a grazing angle 
toward the sample. Simultaneously, this mirror served as the cathode of an open reference 
multiplier. 
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Fig. 9 
Simul taneous r e c o r d i n g of the 
y i e l d spectrum of A.I2O3 
w i t h o u t ( top) and w i t h moni
t o r s (middle and b o t t o m ) . The 
b e s t c a n c e l l a t i o n of f l u c t u a 
t i o n s occurs w i t h a s p e c i a l 
moni tor (bottom) which , how
e v e r , d i s t o r t s the spectrum 
smoothly (from Ref. 5 ) . 

In this context only a selection of the special technical aspects of synchrotron radia
tion could be given. There are many more details which are of interest: alignment of the 
instruments with the help of X-rays and a laser system, development of radiation filters, 
special monochromators for the soft X-ray region, etc. 

EXPERIMENTS 

Figure 10 gives a survey of the various optical techniques which are used in different 
spectral regions at DESY. In the following, only a small selection of experimental results 
will be given as an example. 

Fig. 10 
Technique 
d i f f e r e n t 

s used a t DESY i n the 
s p e c t r a l r e g i o n s 
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a) Figure 11 shows the reflectivity R and the absorption coefficient y of Al over a wide 
energy region. Absorption measurements using synchrotron radiation could fill a large gap 
in the data on u for several'different materials. From a complete knowledge of such data, 
any optical quantity can be derived. These are, for example, reflectivities under oblique 
angles of incidence and different polarization, transmissivities of filters, energy loss of 
fast electrons, etc. Such values are of great practical importance, for example for the 
design of optical instruments in the VUV region. 

Fig. 11 
R e f l e c t i v i t y R and a b s o r p t i o n 
c o e f f i c i e n t y of Al a s o b 
t a i n e d w i t h the h e l p of s y n 
chrotron r a d i a t i o n m e a s u r e 
ments t o g e t h e r w i t h d a t a from 
the l i t e r a t u r e i n a d j a c e n t 
r e g i o n s (from Ref. 6 ) 

GähwiBer B r o w n 
. u F b m i c h e v . L u k i s h i 

H a . n s e l etal. 

b) Figure 12 shows fine structure in the absorption cross-section of Na in the metal and 
in the vapour state. Such rich line structure yields a host of information on the electronic 
states in atoms and solids. It is a proving ground for modern many-body theories. Similar 
spectra of organic molecules have been obtained and help to develop theories on molecular 
states. 

Fig. 12 
Fine s t r u c t u r e i n t h e a b 
s o r p t i o n spectrum of Na i n 
the s o l i d and i n the vapour 
phases (from Ref. 7) 

K Ö 1 6 0 
P H O T O N E N E R G Y ( . V ) 

c) Even more information on molecules is obtained from an investigation of the decay of 
excited states. Decay products such as ejected electrons, fluorescence radiation, or mole
cular fragments can be analysed. Figure 13 shows the formation of specific fragments of 
difluoroethylene as a function of wavelength of the exciting photons. The instrument with 
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which these measurements were obtained consisted of a commercial mass spectrometer in which 
the ion source was modified for the purpose of photoionization (and fragmentation) rather 
than by electron bombardment. Curves like those of Fig. 13 permit the evaluation of mole
cular binding energies. 

d) Finally, an example from the field of molecular biology may serve to point out the use
fulness of the X-ray part of synchrotron radiation. The static structure of the active sub-
units of muscular motion (the sarkomeres) is known in considerable detail from electron 
microscopic picture and X-ray scattering experiments. Such an X-ray Lane picture from which 
the real structure can be reconstructed takes about 60 hours of exposure using classical 
sources. The reason is that the intensity of classical X-ray tubes is wasted since the radia
tion has to be collimated to a very narrow beam. Synchrotron radiation already has all its 
intensity in a narrow beam. Such pictures were obtained in a few minutes at DESY 1. The 
improvements in intensity with the new storage rings together with development of the ap
paratus will allow for taking such pictures in a few milliseconds. This, however, is the 
time during which muscular motion occurs. The future goal of these experiments is to fol
low the changes of structure during the muscular contraction process. By means of synchrotron 
radiation this could become reality. 
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Closing remarks*) 
M. Peter 
Université de Genève, Geneva, Switzerland 

It is a very great honour to be asked to close a meeting attended by so many distin
guished experts and organized by such an eminent body as CERN. It is rather difficult to 
sketch in a few minutes the initial reactions of the guests to the meeting. However, 
during the coffee breaks, it has been possible to gain some first impressions which I shall 
present with the same degree of caution as was used by Professor Van Hove in his delightful 
speech yesterday evening. I have asked those attending the meeting three questions: 

- Was the meeting timely? 

The general answer seems to be "Yes". CERN has undertaken a pioneering venture in 
organizing a meeting between representatives of industry and research physicists. The re
lationship between science and technology is not as clear as it used to be. Some people 
in positions of responsibility in the two disciplines are saying that science and techno
logy will perhaps have to go their separate ways more and more in the years to come. The 
meeting has shown how much research at the frontiers of knowledge depends upon and often 
stimulates advanced technology. The meeting has also allowed personal contact between pure 
research workers and those concerned with research and development in industry. The techni
cal staff of CERN have given a coherent picture of their work, and the representatives of 
industry have been able to gain a clear idea of CERN's activities and how they all fit to
gether. 

- Was the meeting useful? 

It became clear towards the end of the meeting that the answer is "Yes". Some people 
said that the meeting has been useful as a first step. One American visitor said that he 
would consider introducing the same idea into the technology transfer program at his own 
laboratory. As for possible further steps, those people with definite ideas should forward 
them to CERN in writing. CERN will welcome all constructive suggestions and criticism. 

- Was the meeting well organized? 

The unanimous answer to this question is "Yes". The lectures were topical and well 
presented; all the staff involved worked efficiently; the exhibits were well-prepared, 
they provided much detailed information, and they were explained in a most helpful and 
enthusiastic way. 

In conclusion, I am sure that the audience will join me in thanking all the people 
whose dedication made this conference a success, and in particular Dr. Hine who has been 
the driving force behind the meeting. Finally, on behalf of all those present, I should 
like to congratulate CERN on a job well done and to thank my hosts for their hospitality. 

*) Adapted from tape r e c o r d i n g . 



photographic impressions 

P r e p a r a t i o n of the e x h i b i t s t a n d s , d i s p l a y i n g work of the Proton Synchrotron D i v i s i o n , p r i o r 
t o the Meet ing . 

Many e x h i b i t s were components o p e r a t i n g i n S p e c i a l s i g n p o s t s around t h e CERN s i t e guided 
the machines and were p r e s e n t e d i n t h e i r v i s i t o r s t o the d i f f e r e n t c a t e g o r i e s of the 
normal l o c a t i o n . e x h i b i t s which were d i s t i n g u i s h e d by a co lour 

code . 
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Opening of the Meet ing on A p r i l 24 by P r o f e s s o r W.K. J e n t s c h k e , D i r e c t o r - G e n e r a l of CERN 
Laboratory I , i n t h e Main Auditor ium. 

Par t of the C e n t r a l E x h i b i t i o n s e t - u p o u t - Wait ing f o r v i s i t o r s . The a f t ernoons of the 
s i d e the Main Auditorium where apparatuses Meeting were f r e e for t o u r i n g the e x h i b i t s , 
i n a l l of the e x h i b i t c a t e g o r i e s were d i s 
p layed . 
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V i s i t o r s a t the e x h i b i t s t a n d s i n the l a r g e assembly h a l l of CERN Laboratory I I . 

Animated d i s c u s s i o n at an e x h i b i t s tand d i s - One of the more popular e x h i b i t s was the robot 
p l a y i n g p r e c i s i o n survey equipment . f o r l o n g - r a n g e , h i g h - s p e e d , remote h a n d l i n g . 
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APPENDIX 
Guide to information sources in technology 
A. Jesse 
CERN, Geneva, Switzerland 

ABSTRACT 

The guide consists of a selected listing of journal titles, books and conferences, 
all dealing with technological fields of interest in high-energy physics. It is 
separated into the following categories: X = General, B = Beams and radiation, 
C = Cryogenics and superconductivity, D = Data processing, E = Electronics, M = 
Magnets and electricity, P = Photography and optics (including astronomy and sur
veying) , V = Vacuum, W = Workshop techniques and general engineering. Each of these 
categories is subdivided into: 1) Current awareness sources (periodicals, indexing 
journals, progress reports, conferences); 2) Retrospective sources (abstracting 
journals, bibliographies, information services); and 3) General references sources 
(guides, handbooks and encyclopaedias, dictionaries and glossaries, directories and 
buyer1 s guides). 

This guide to information sources is intended for those wishing to familiarize themselves 
with any of the following technological fields: 

X General page 186 M Magnets and electricity page 197 
B Beams and radiation 190 P Photography and optics 
C Cryogenics and superconductivity 191 C i n c l - ^ronomy and surveying) 199 
D Data processing 192 V Vacuum 201 
E Electronics 195 W Workshop techniques and general 

engineering 202 
Note that the elements of this partitioning are the same as the categories into which the 
Technology Notes are grouped (see Vol. 2). 

As regards user's needs for information in a particular field, it appears that the 
following type of enquiries arise most frequently: 

1) How do I keep myself informed about what is new? 
2) How do I make a systematic literature search? 
3) How do I find specific information? 

Consequently, the above categories were subdivided into: 

1) Current awareness sources: periodicals, indexing and current awareness journals, 
progress reports, regular conferences; 

2) Retrospective search sources: abstracting journals, bibliographies, information services; 

3) General reference sources: guides to the literature, handbooks and encyclopaedias, dic
tionaries and glossaries, directories and buyer's guides. 

It must be emphasized that this sub-division is not to be considered too literally: 
For example, the cumulative indexes of periodicals (given in group 1) can be used for retro
spective search purposes; and similarly the abstracting journals (given in group 2) may as 
will be consulted for current awareness purposes. For more detailed information, some of 
the specialized "guides to literature" (given in group 3) may be useful. 

When only the title is given, the reference indicates a periodically appearing document; 
for books, also the author/editor and publisher/town/year are indicated. 
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Current awareness sources 

- general 

íD4eíÍng_Í2yrnals: 

Progress_Reports: 

X GENERAL 

CERN Courier/Courrier CERN 

IEEE Transactions on Instrumentation and Measurement 
Instrumentation Technology 
Instruments and Experimental Techniques (Pribory Tekh. 

Eksper.) 
Journal of Physics E (Scientific Instruments) 
Measurement and Control 
Nuclear Instruments and Methods 
Nukleonika 
Particle Accelerators 
Pribory i Tekhnika Eksperimenta (Instrum. Exper. Tech.) 
Review of Scientific Instruments 
Space Science Instrumentation 
IEEE Transactions on Nuclear Science 
Nuclear Applications and Technology 
Nuclear Engineering and Design 
Nuclear Engineering International 
Nuclear Science and Engineering 
Nuclear Technology 
Physics Bulletin, Section "Technology" 
Physics in Technology 
Technische Rundschau 
Technology Review 
VDI Nachrichten 

Applied Science and Technology Index 
British Technology Index 
Current Announcements in Science and Technology 
Current Contents: Physics, Electronics and Space Science 
Current Papers in Physics 
Current Physics Advance Abstracts 
Current Physics Titles 
Engineering Index 
High-Energy Physics Index (DESY, Hamburg) 
PANDEX Current Index to Scientific and Technical Literature 
CERN Library Accessions List — Preprints and Reports (CERN, 

Geneva) 
Preprints in Particles and Fields (SLAC, Stanford) 
Science Citation Index 

Annual Reports of High-Energy Physics Laboratories 
Methods of Experimental Physics 
NASA-SP Reports (National Aeronautics and Space Adminis

tration) 
Progress in Nuclear Techniques and Instrumentation 
Reports on Progress in Physics 

Periodicals : 
- high-energy physics 

- accelerators, 
instrumentation and 
measurement 
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Conferences : 
- some prominent 
regular conferences 

- some announcement 
organs 

"International Cyclotron Conference" 
"Instrumentation in Space and Laboratory" 
"International Conference on High-Energy Accelerators" 
"International Conference on Instrumentation for High-

Energy Physics" 
"Particle Accelerator Conference" 
"Linear Accelerator Conference" 
"Symposium on Research Materials for Nuclear Measurements" 

Directory of Published Proceedings: Science/engineering/ 
medicine/technology 

Forthcoming International Scientific and Technical 
Conferences 

List of Forthcoming Conferences (Scientific Information 
Service, CERN, Geneva) 

Meetings on Atomic Energy (IAEA, Vienna) 
World Meetings... Outside United States and Canada 

World Meetings... United States and Canada. 

2. Retrospective search sources 

Bibliographies : 

Information services: 

Applied Mechanics Reviews 
Bulletin signalétique, Section 150: Physique, Chimie et 
Technologie Nucléaires 

INIS Atomindex 

ISA Instrumentation Index (Instrument Society of America) 
Nuclear Engineering Abstracts 

Nuclear Science Abstracts (section "Particle Accelerators") 
Physics Abstracts 

R and D Abstracts 

T. Besterman, Physical Sciences — a bibliography of 
bibliographies (Rowman and Littlefield, Totowa, NJ, 
1971) 

T. Besterman, Technology incl. Patents — a bibliography 
of bibliographies (Rowman and Littlefield, Totowa, NJ, 
1971) 

E. Saur (ed.), Internationale Bibliographie der Fach
bibliographien für Technik, Wissenschaft und Wirtschaft 
(Verlag Dokumentation, München, 1969) 

ENDS - European Nuclear Documentation System (EURATOM) 
INIS - International Nuclear Information System (Inter

national Atomic Energy Agency) 
INSPEC - Information Services in Physics, Electro-technology, 

Computers and Control 
ISI - Institute of Scientific Information 
NISPA - National Information System in Physics and Astronomy 

(Amer. Institute of Physics) 
PASCAL - Programme Applique à la Sélection et à la Compila

tion Automatique de la Littérature (Centre National de 
la Recherche Scientifique) 

RECON - Remote Console (Atomic Energy Commission; European 
Space Research Organization; National Aeronautics and 
Space Administration) 
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3. General reference sources 

Guides : 
- general 

- patents 

Handbooks_and_encjclooaedias: 

ÇiÇ£i2ïHiïi§s_and_glossaries: 

K.D. Carroll, Survey of Scientific-Technical Tape Services 
(Amer. Inst, of Physics, New York, 1970) 

R. Finer, A Guide to Selected Computer-Based Information 
Services (ASLIB, London, 1972) 

Guide to World Science (Hodgson, Guernsey, 1974; 2nd ed.) 
C.H. Williams, Guide to European Sources of Technical 

Information (Hodgson, Guernsey, 1970, 3rd ed.) 

D. Grogan, Science and Technology — an introduction to 
the literature (Bingley, London, 1973; 2nd ed.) 

A. Jesse, Wie und wo informiere ich mich? (Vieweg, 
Braunschweig, 1974) 

E.J. Lasworth, Reference Sources in Science and Technology 
(Scarecrow, Metuchen, NJ, 1972) 

V. Wehefritz, Physikalische Fachliteratur (Bibliographisches 
Institut, Mannheim, 1969) 

B. Houghton, Technical Information Sources — a guide to 
patent specifications, standards and technical reports 
literature (Bingley, London, 1972; 2nd ed.) 

F. Liebesney, Mainly on Patents — the use of industrial 
property and its literature (Butterworth, London, 1972) 

Enciclopedia delta scienza e delta técnica (Mondadori, 
Milan, 1971) 

Encyclopédie Internationale des Sciences et des Techniques 
(Presses de la Cité, Paris, 1969-1974) 

McGraw-Hill Encyclopaedia of Science and Technology 

S. Flügge (ed.), Handbuch der Physik (Springer, Berlin, 
1955; 2nd ed.) 

E.B. Jones, Instrument Technology (Butterworth, London, 1974) 
P.M. Lapostolle, A. Septier (eds.) Linear Accelerators 

(North-Holland, Amsterdam, 1970) 
L. Thewlis (ed.), Encyclopaedic Dictionary of Physics 

(Pergamon, London, 1961-1971) 

Chambers Dictionary of Science and Technology (Chambers, 
London, 1974) 

Dorian's Dictionary of Science and Technology (Elsevier, 
Amsterdam, 1970; English-German, German-English) 

Elsevier's Dictionary of Nuclear Science and Technology 
(Elsevier, Amsterdam, 1970; English-Dutch-French-
German,- Italian-Spanish) 

Polytechnisches Wörterbuch (VEB Verlag Technik, Berlin, 
1973; English-German, German-English; French-German) 

Technical Dictionary (Le Monnier, 1972; English-Italian, 
Italian-English) 

WIS Thesaurus (International Atomic Energy Agency, Vienna; 
IÀEA-INIS-13, periodically revised) 

THESAUROFACET — a thesaurus and faceted classification 
for engineering and related subjects (English Electric 
Corp., Whetstone, Leic, England, 1969) 

The Thesaurus of Engineering and Scientific Terms 
(Engineers Joint Council, New York, 1968) 
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PiïËÇÏ2ïië§_§ïKLbuyer' s Guide to European Sources of Technical Information (Hodgson, 
guides" Guernsey, 1970; 3rd ed.) 

High-energy physics institutes — list of addresses 
(Scientific Information Service, CERN, Geneva, 1973; 
2nd ed.) 

International Physics and Astronomy Directory 1969-1970 
(Benjamin, New York, 1970) 

Preprint Source Addresses (SLAC, Stanford, Calif.) 

Analytical Chemistry 45 (10), 340 p. (1973): Lab. Guide 
1973-74 

Handbook of Scientific Instruments and Apparatus (Physical 
Society) 

Science 182A (4114 A ) , 124 p. (1973): Guide to 
Scientific "Instruments 

Miscellaneous: R.C. Arnold, G.H. Thomas, B.W. Wicklund (eds.), ANL-8080 
(1973), Proceedings of the Symposium on Advanced Tech
nology Arising from Particle Physics Research, Argonne 
National Laboratory, 17 May 1973 

S. Dedijer and U. Tonim, Regional Science and Technology 
Policy — an attempt at an international bibliography 
(Univ. of Lund, Lund, Sweden, 1973) 

T.S. Heller, J.S. Gilmore, T.D. Browne, Technology Transfer -
a selected bibliography (NASA, Springfield, Va., 1971) 
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B BEAMS AND RADIATION 

Current awareness sources 

Periodicals : 

Progress_report: 

Conferences : 

Retrospective search sources 

Bibliographies : 

General reference sources 

Handbooks : 

Miscellaneous : 

IEEE Transactions on Nuclear Science 

International Journal of Applied Radiation and Engineering 

Nuclear Instruments and Methods 

Varticle Accelerators 

Current Papers in Physics 

Current Physics Advance Abstracts — Nuclei and Particles 

Current Physics Titles — Nuclei and Particles 

Advances in Radiation Biology 

"Conference on Nuclear and Space Radiation Effects" 
"International Conference on Accelerator Dosimetry and 

Experience" 
"International Conference on High-Energy Accelerators" 
"International Conference on Instrumentation for High-Energy 

Physics" 
"International Conference on Streamer Chamber Technology" 
"International Radiation Protection Association Meeting" 
"Neutron Dosimetry in Biology and Medicine" 
"Nuclear Science Symposium" 
"Scintillation and Semiconductor Counter Symposium" 
"Symposium on Beam Intensity Measurements" 
"Symposium on Semiconductor Detectors for Nuclear Radiation" 

Bulletin signalêtique, Section 150: Physique, Chimie et 
Technologie Nucléaires 

INIS Atomindex, Section "Instrumentation" 
Electrical and Electronics Abstracts, Section "Particle 

and Radiation Production and Instrumentation" 
Excerpta Medica, Section 14: Radiology 
Nuclear Science Abstracts, Sections "Instrumentation", 

"Health, Safety and Environment" 
Physios Abstracts, Sections "Particle Beams and Particle 

Optics", "Physical Instrumentation and Experimental 
Techniques" 

Semiconductor Abstracts 

KWOC Index for Information Retrieval (CERN, Geneva, 1966-
1969) : 
Accelerator Literature and Supplement; Les documents 
du CERN relatifs au problème général de l'éjection; 
Linear Accelerator Literature; PS Machine Development 
Reports 

Accelerator handbooks 

Proceedings of the International Conference on Bubble 
Chamber Technology 

J.M. Watson (ed.) ANL-8055 (1973): Proceedings of the 1st 
International Conference on Streamer Chamber Technology, 
Argonne, 111., 14-15 Sept. 1973 
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C CRYOGENICS AND SUPERCONDUCTIVITY 

1. Current awareness sources 

Progress_reports: 

Conferences : 
- cryogenics 

- superconductivity 

2. Retrospective search sources 

?i2ïï2Êl§PÎ3Y: 

Information service: 

3. General reference sources 

Guide: 

Handbooks_and_encyclopaedias: 

Cryogenic Information Report 
Cryogenics 
Journal of Applied Physics 
Journal of Low Temperature Physics 
Hi - Klima+Kalte ingénieur 
Revue pratique du froid 

Cryogenic Data Centre - Current Awareness Service 

Advances in Cryogenic Engineering 
Applications of Cryogenic Technology 

"International Conference on Low Temperature Physics" 
"International Conference on Polarized Targets" 
"International Cryogenic Engineering Conference" 

"Applied Superconductivity Conference" 
"International Conference on Magnet Technology" 
Meetings of GESSS 

Bibliographic Guide to Refrigeration 
Bulletin signalêtique, Section 730: Combustibles. Energie 
Electrical and Electronics Abstracts, Section "Super

conductivity, Materials and Designs" 
WIS Atomindex, Section "Low-Temperature Physics" 
Liquefied Natural Gas 
Recent References in Cryogenics and Superconduction 
Superconducting Devices and Materials 

E.M. Codlin, Cryogenics and Refrigeration - a bibliographical 
guide (MacDonald, London, 1968/71) 

Cryogenic Data Center, Boulder, Col. 
Superconductive Materials Data Center, General Electric, Hughes 

E.M. Codlin, Cryogenics and Refrigeration 
guide (MacDonald, London, 1968/71) 

a bibliographical 

Dictionary : 

W.D. Gregory, W.N. Mathews, E.A. Edelsack (eds.), Science 
and Technology of Superconductors (Plenum, New York, 
1973) 

A.F. Williams, W.L. Lorn, Liquefied Petroleum - a guide to 
properties, applications and usage of propane and butane 
(Horwood, London, 1974) 

Dictionary of Refrigeration and Air Conditioning (Elsevier, 
Amsterdam, 1970) 

Periodicals : 
- cryogenics 
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D DATA PROCESSING 

1. Current awareness sources 

Periodicals: ACM Computing Survey 
Automatiaa 
Automatic Control Theory and Application 
Automatisme 
BIT 
Communications of the ACM 
Computer 
Computer Bulletin 
Computer Graphics and Image Processing 
Computer Journal 
Computer Methods in Applied Mechanics and Engineering 
Computer Physics Communications 
Computers and Automation 
Computers and Electrical Engineering 
Computing 
Control and Instrumentation 
Control Engineering 
Datamation 
Data Processing 
IBM Journal of Research and Control 
Engineering Cybernetics 
IEEE Transactions on Automatic Control 
IEEE Transactions on Computers 
IEEE Transactions on Reliability 
IEEE Transactions on Systems, Man and Cybernetics 
Information and Control 
Information Storage and Retrieval 
Instruments and Control Systems 
International Journal of Computer Mathematics 
International Journal of Control 
International Journal of Man-Machine Studies 
Journal of Computational Physics 
Journal of the Association for Computing Machinery 
Methods in Computational Physics 
Pattern Recognition 
Simulation 

Indexing_journal : Current Papers in Computers and Control 

Progress_reports: Advances in Computers 
Advances in Control Systems 
Advances in Information Systems Science 
Annual Review of Automatic Programming 
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Ç2D£ËIË3£ËË: "Annual Meeting of the Association for Computing Machinery" 
"Computer Systems and Technology Conference" 
"Datafair Conference" 
"Joint Computer Conference" (AFIP) 
IEEE Meetings 
Infotech State-of-the-Art Seminars 
"International Computing Symposium 

Retropsective search sources 

Ah§£ï§9£ï3g_i°yîSâ]:§: Computer Abstracts 
Computer Control Abstracts 
Computer Program Abstracts 
Computing Journal Abstracts 
Computing Reviews 
IEEE Transactions on Computers 

INIS Atomindex, Section "Mathematical Methods and 
Computer Codes" 

Bulletin signalétique, Section 110: Informatique Auto
matique. Recherche opêrationelle. Gestion 

Referativnyj Zhurnal, 59: Nauchnava i Tekhnicheskaya 
Informatsiya 

Bibliographies : International Computer Bibliography, Quarterly Bibliography 
of Computers and Data Processing 

G. Knight, Computer Applications (Cambridge Communications 
Corp., Washington, DC, 1969) 

G. Knight, Computer Mathematics (Cambridge Communications 
Corp., Washington, DC, 1968) 

G. Knight, Computer Software (Cambridge Communications 
Corp., Washington, DC, 1969) 

W.W. Youden, Computer Literature Bibliography (National 
Bureau of Standards, Washington, DC, 1968) 

Information service: INSPEC 

General reference sources 

Guides: C M . Carter, Guide to Reference Sources in the Computer 
Sciences (CCM Inf. Corp., New York, 1972) 

E.M. Dick, Current Information Sources in Mathematics 
(Libraries Unitd., Littleton, CO., 1973) 

A. Pritchard, A Guide to Computer Literature (Bingley, 
London, 1972; 2nd ed.) 

Handbooks_and_enc^clopaedias : Computer Graphics (Plenum, New York, 1969) 
Condensed Computer Encyclopaedias (McGraw-Hill, New York 

1969) 
Handbook of Data Processing Management (Auerbach, Philadelph 

PA, 1970-71) 
Infotech State-of-the-Art Reports 
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Dictionaries and glossaries: American National Standard Vocabulary for Information 
Pronging (ANS I, Washington, DC, 1970) 
A Dictionary of Computers (Penguin, London, 1970) 
Dictionary of Data Processing (Harrap, London 1970; 

English-French, French-English) 
Dictionary of Data Processing Including Applications in 

Industry, Administration and Business (Elsevier, 
Amsterdam, 1973; English-French-German) 

Dictionnaire d'informatique (Masson, Paris, 1971; 2nd ed., 
English-French) 

Elsevier's Dictionary of Computers, Automatic Control and 
Data Processing (Elsevier, Amsterdam, 1973; 2nd ed., 
English-Dutch-French-German-Italian-Spanisn) 

Glossary of Computing Terminology (CCM Inc., New York, 1972) 
IFIP Guide to Concepts and Terms in Data Processing (North-

Holland, Amsterdam, 1970) 
Lexique d'informatique (Masson, Paris, 1973) 
NCC Thesaurus of Computing Terms 

Diï§9£2ïï§§_?Dé_2yZËïl5_gyié§§: Auerbach's Computer Technology Digest Series 
Auerbach's Computer Technology Guide Series 
Auerbach's Computer Technology Reports 
Auerbach's Computer Technology State-of-the-Art Series 
Computer Industry Annual 
Computers and Automation (since 1973: Computers and People) 

special issues: "Computer Directory and Buyer's Guide 
Issue"; "Who's Who in Computers and Data Processing" 

Computer Programs Directory (Collier-MacMillan, London, 1971) 
Computer Yearbook and Directory 
European Software Catalog 
Instruments, Electronics, Automation - Year book and buyer's 

guide 
International Directory of Computer and Information System 

Services 1974 (Europa Publ., Rome, 1974; 3rd ed.) 
The World Directory of Computer Companies 
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E ELECTRONICS 

1. Current awareness sources 

Periodicals: Alta Frequenza 
CAMAC Bulletin 
CERN CAMAC News 
Electronic Design 
Electronic Engineering 
Electronic Equipment 
Electronic Products Magazine 
Electronics 
Electronics Letters 
Electronique Industrielle 
Electronique Moderne 
IEEE Journal on Solid-State Circuits 
IEEE Transaations on Aerospace and Electronic Systems 
IEEE Transactions on Circuits and Systems 
IEEE Transactions on Circuit Theory 
IEEE Transactions on Electronic Device 
IEEE Transactions on Industrial Electronics and Control 

Instrumentation 
IEEE Transactions on Microwave Theory and Techniques 
IEEE Transactions on Parts, Hybrids and Packaging 
Industrial Electronics 
Inter Electronique 
Internationale Elektronische Rundschau 
International Journal of Electronics 
Microelectronics and Reliability 
Nuclear Instruments and Methods 
Particle Accelerators 
Proceedings of the Institute of Electrical Engineers 
Revue HF 
Solid-State Circuits 
Solid-State Electronics 
Toute l'Electronique 

Indexing^journal: Current Papers in Electrical and Electronic Engineering 

Eï2SI§5§_ïfE2ï£: Advances in Electronics and Electron Physics 

Conferences: "International Conference on High Voltage Insulation in 
Vacuum" 

"International Conference on Electronics and Applications" 
"International Congress on Microelectronics" 
"International Solid-State Circuits Conference" 
"International Symposium on CAMAC" 
"International Symposium on Nuclear Electronics" 
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2. Retrospective search sources 

A25tracting_journals : 

Information services: 

Bulletin signalêtique, Section 145: Electronique 
Electrical and Electronics Abstracts 
Electronics Abstracts 
Electronics and Communications Abstracts 
Referativnyj Zhurnal, Elektrotekhnika i Energetika 

Review of Literature on Electrotechnology 
B.A. Persen, RAC-MRB-0472 (1972): Microcircuit Reliability 

Bibliography 

Dokumentationsring Elektrotechnik (Erlangen, Germany) 
Engineering Index Inc. 
INSPEC 

3. General reference sources 

Guide: C.K. Moore, K.J. Spencer, Electronics - a bibliographical 
guide (MacDonald, London, 1961/73) 

Handbooks and encyclopaedias: N.H. Crowhurst, Electronics Reference Databook (G/L Tab Books, 
Blue Ridge Summit, PA, 1969) 

L.E.C. Hughes, Electronic Engineer's Reference Book (Illiffe, 
London, 1967) 

B.M. Olive, J.M. Cage (eds.) Electronic Measurements and 
Instrumentation (McGraw-Hill, New York, 1972) 

Dictionaries_arid_glossaries : A Dictionary of Electronics (Harmondsworth, Middlesex, 1971) 
Dictionary of Electronics and Nucleonics (Chambers, London 

1969) 
IEEE Standard Dictionary of Electrical and Electronics Terms 

(Wiley, New York, 1972) 

Çiï?ÇÎ2riêS_and_buyer^s_guide : Electrical and Electronics Trade Directory (Peregrinus, 1974) 
Electronics Manufacturers of Western Europe and USA (Noyes 

Data, Zug, 1970) 
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M MAGNETS AND ELECTRICITY 

Current awareness sources 

Periodicals : Alta Frequenza 
Cables and Transmission 
Electronics and Power 
IEEE Transactions on Communications 
IEEE Transactions on Electrical Insulation 
IEEE Transcations on Industrial Applications 
IEEE Transactions on Magnetics 
IEEE Transactions on Power Apparatus and Systems 
Journal of Microwave Power 
L'electrician industriel 
Magnetism and Magnetic Materials Digest 
Particle Accelerators 
Power Engineering 
Proceedings of the Institution of Electrical Engineers 
Radio Science 
Revue générale de l'électricité 
Revue HF 

Current Papers in Electrical and Electronics Engineering 
Index to the Literature of Magnetism 

Progress_regorts: 

Conferences : 
- magnets 

- electricity 

Advances in Microwaves 
Magnetic Materials Digest 

"International Conference on Magnet Technology" 
"International Magnetics Conference" 
"Precision Electromagnetic Measurements Conference" 

"European Microwave Conference" 
"International Conference on High Voltage Insulation in 

Vacuum" 
"International Conference on Phenomena in Ionized Gases" 

Retrospective search sources 

Information Services: 

Electrical and Electronics Abstracts 
Bulletin signalétique, Section 140: 

Section 145: Electronique 
Electrotechnique, 

Dokumentationsring Elektrotechnik (Erlangen, Germany) 
Engineering Index Inc. 
INSPEC 
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3. General reference sources 

Guides : 

Handbooks_and_encvclo£aedias: 

DiïË2£or^_and_buYer^s_guides : 

C.K. Moore, K.J. Spencer, Electronics — a bibliographical 
guide (MacDonald, London, 1961/73) 

B.M. Olive, J.M. Cage (eds.) Electronic Measurements and 
Instrumentation (McGraw-Hill, New York, 1972) 

G.T. Rads, H. Suhl, Magnetism — a treatise on modern theory 
and materials (Academic Press, New York, 1963). 

M.G. Say, Electrical Engineer's Reference Book (Newnes, 
London, 1968; 12th ed.) 

Glossary of Terms Frequently Used in Magnetism (Amer. Inst, 
of Physics, New York, 1967) 

IEEE Standard Dictionary of Electrical and Electronics 
Terms (Wiley, New York, 1972) 

Electronical and Electronics Trade Directory {Peregrinus, 1974) 
Where to Buy Electrical Riant, Supplies and Services 
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P PHOTOGRAPHY AND OPTICS 

1. Current awareness sources 

photography, optics 

surveying 

Ei2sr?ss_reports• 

Conferences : 

Astronomical Journal 
Astronomy and Astrophysics 
ESO Bulletin 
Observatory 
Sky and Telescope 

Applied Op-tics 
Industrial Photography 
Journal of Photographic Science 
Laser und Electro-Optik 
Optical Engineering 
Optics and Laser Technology 
Opto-Electronics 

Photographic Science and Engineering 

Géomètre 

Journal of the Internal Association of Geodesy 
Survey Review 
Applied Science and Technology Index 
Engineering Index 

Advances in Astronomy and Astrophysics 
Annual Review of Astronomy and Astrophysics 
Astronomical Annual Report 
Progress in Optics 

ESO/CERN Conference on Auxiliary Instrumentation for 
Large Telescopes 

ESO/CERN Conference on Large Telescope Design 
Meetings of the Society of Photographic Scientists and 

Engineers 
Meetings of the Society of Photo-Optical Instruments 

Engineers 

2. Retrospective search sources 

Abstracting_journals : 
- astronomy Astronomy and Astrophysics Abstracts 

Astrophysical Abstracts 
Bulletin signalêtique, Section 120: Astronomie, physique 

spatiale, géophysique 

- photography, optics Abstracts of Photographic Engineering Literature (1962-1972) 
Bulletin signalêtique, Section 130: Physique. Sciences et 

industries photographiques 
Photographic Abstracts 
ZIED - Referatekartei Optik 

Periodicals : 
- astronomy, astrophysics 
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surveying 

Bibliographies : 

Bibliographia Geûdaetiaa 
Referativnyi Zhurnal, 51: Astronomiya 
Referativnyi Zhurnal, 52: Geodeziya i Averoserika 

D.A. Kemp, Astronomy and Astrophysics - a bibliographical 
guide (MacDonald, London, 1970) 

E.W. Tapia, Bibliography on high-speed photography, 1960-
1964 (Kodak, Rochester, New York, 1965; updating in 
Proceedings of 1970 Congress of High-Speed photography) 

3. General reference sources 

Guides: 

Handbooks_and_ ̂ Cyclopaedias : 
- astronomy 

photography, optics 

surveying 

- astronomy 

photography, optics 

surveying 

Directories : 

D.A. Kemp, Astronomy and Astrophysics — a bibliographical 
guide (MacDonald, London, 1970) 

E.W. Kraus, C.E. Freund, M.A.E. Archer, "Guide to Photo
graphic Information", SPS Handbook of Photographic 
Science and Engineering (Wiley, New York, 1973), 
Section 23 (pp. 1329-91) 

D.N. Wood, Use of Earth Sciences Literature (Butterworth, 
London, 1973) 

A Concise Encyclopaedia of Astronomy (Elsevier, New York, 
1968) 

G.B. Satterthwaite, Encyclopaedia of Astronomy (Hamlyn, 
London, 1970) 

G.L. Clark (ed.), The Encyclopaedia of Optics (Reinhold, 
New York, 1961) 

D.E. Horn, Optical Production Technology (Hilger, London, 
1972) 

I.P. Kaminow, A.E. Siegmon, Laser Devices and Applications 
(IEEE Press, New York 1973. Bibliography, p. 477-487) 

W. Thomas (ed.) SPSE Handbook of Photographic Science 
and Engineering (Wiley, New York, 1973) 

G. Bomford, Geodesy (Clarendon, Oxford, 1962) 
Jordan-Eggert-Kneisel, Handbuch der Vermessungskunde 

(Metzler, Stuttgart, 1960) 
J.J. Levallois, Géodésie générale (Eyrolles, Paris, 1960) 

Astronomical Dictionary (Nakl, Ceskoslovenshé Akad. vêd, 
Prague, 1961; Czech-English-French-German-Italian-
Rumanian) 

Dictionary of Astronomical Terms (Natural History Press, 
New York, 1968) 

G. Richter, Dictionary of Optics, Photography and photo-
grammetry (Elsevier, Amsterdam 1966; English-German, 
German-English) 

Thesaurus of Photographic Science and Engineering Terms 
(Engineering Index, New York, 1971) 

Dictionnaire multilingue de la Fédération Internationale 
des Géomètres (Argus, Amsterdam, 1963; English-French-
German) 

International Physics and Astromony Directory, 1969-70 
The Optical Industry and Systems Directory (1973-1974) 

(Optical Puhl. Comp., Pittsfield, MA, 1973) 
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1. Current awareness sources 

Periodicals : 

Conferences : 

2. Retrospective search sources 

Abstracting_20urnals: 

Bibliography: 

3. General reference sources 

Handbooks _ and_ encvclopaedias: 

Buyer^s_guide: 

V VACUUM 

Journal of Vacuum Science and Technology 

Vacuum 

Vakuum-Technik 

Vide 

Index bibliographique du vide 

Surface and Vacuum Physics Index 

"International Conference on High Voltage Insulation in 
Vacuum 

"International Vacuum Congress" 

Vacuum, Section "Classified Abstracts" 
Bulletin signalêtique, Section 130: Physique 

Vacuum Metallurgy of Steel (Iron and Steel Institute, 
Bibl. Series No. 25, 1965) 

A.H. Beck (ed.), Handbook of Vacuum Physios (Pergamon, 
Oxford, 1966) 

W. Espe, Materials of High Vacuum Technology (VEB Deutscher 
Verlag der Wiss., Berlin, 1968) 

W.A. Kohl, Handbook of Materials and Techniques for Vacuum 
Devices (Reinhold, New York, 1967; 2nd ed.) 

A. Roth, Vacuum Sealing Techniques (Pergamon, Oxford, 1966) 

Elsevier's Dictionary of High Vacuum Physics and Technology 
(Elsevier, Amsterdam 1968; German-English-French-
Italian-Russian-Spanish) 

Technical Dictionary of Vacuum Physics and Vacuum Technology 
(Pergamon, Oxford, 1973; English-French-German-Russian) 

Vacuum (June 1974): International Buyer's Guide of Vacuum 
Products 
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W WORKSHOP TECHNIQUES AND GENERAL ENGINEERING 

1. Current awareness sources 

Periodicals: 
- general Control Engineering 

Corrosion 
Corrosion Soienoe 
Engineering 
Hydraulics and Pneumatics 
Instrument Engineer 
Instruments and Control Systems 
International Journal of Engineering Science 
Journal of the Institution of Nuclear Engineers 
Maintenance Engineering 
Nuclear Engineering and Design 
Wear 

Anti-Corrosion Methods and Materials 
Concrete 
Engineering Materials and Design 
Iron and Steel 
Journal of Applied Polymer Science 
Journal of the Iron and Steel Institute 
Materials Engineering 
Materials Science and Engineering 
Mécanique-Matériaux-Electricitê 
Plastics and Polymers 
Polymer-Plastics Technology and Engineering 
Resin Review 

Electroplating and Metal Finishing 
Design News 
Galvano 
International Journal of Machine Tool Design 

and Research 
Lubrication 
Lubrication Engineering 
Machine Design 
Machine Outfit 
Machine-Tool Review 
Machinery 

Materialpüfimg/Materials Testing/Matériaux, essais et 
recherches 

Metal Construction and British Welding Journal 
Metal Finishing 

- materials Acier (Stahl/steel) 

- techniques Cutting Tool Engineering 
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Indexing_journal: 

Progress_Reports: 

Conferences : 

2. Retrospective search sources 

Abstracting_journals : 
- general 

- materials 

Metallurgia and Metal Forming 
Non-destructive Testing 

Oberfläche/Surface 
Soudage et technique 
Welding Journal 
Welding Production 
WeldingResearch Council Bulletin 

Current Index to Conference Papers in Engineering 

Advances in Applied Mechanics 
Advances in Chemical Engineering 
Advances in Corrosion Science and Technology 
Advances in Polymer Science 
Annual Review of Materials Science 
Modern Materials 
Progress in Materials Science 
Progress in Surface Science 
Recent Advances in Engineering Science 

World Calendar of Forthcoming Meetings: Metallurgical 
and Related Fields 

"International Conference on Remote Systems Technology" 
"International Machine Tool Design and Research Conference" 

Applied Mechanics Reviews 
Bulletin signalêtique, Section 740: Métaux. Métallurgie 
Chemical Abstracts 
Production Engineering Abstracts 
Referativnyi Zhurnal, 48: Mashinostroitel'nye Materialy 

Ceramic Abstracts 
Cobalt 
Corrosion Abstracts 
Cuivre, laiton, alliages 
Metals Abstracts 
Plastics Abstracts 
Referativnji Zhurnal, Khisicheskoe, Neftepereraba — 

tyrayushahee i Polumerne mashinostroenie 
Referativnyi Zhurnal, Metallurgiya 
Steel Castings Abstracts 
Titanium Abstracts Bulletin 
Titles of Current Literature (Iron and Steel Institute) 

Processing 
World Aluminium Abstracts 
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- techniques Bibliographie Bulletin for Welding and Allied Processing 
Bulletin signalétique: Section 745: Soudage, brasage et 

techniques connexes 
Bulletin signalétique: Section 880: Génie chimique 

Industries chimique et parachimique 
Metal Finishing Abstracts 
Referativnyi Zhurnal, 63: Svarka 

Information Services: 

tape services 

NASA-SP 5918 (1970): Welding Technology — a compilation 
NASA-SP 5024 (1966): Bibliography of Welding Methods 

F. Jackson, A Bibliography of Books on Corrosion and 
Protection of Metals (Sheffield Polytechnic, Sheffield, 
1972) 

P.S. Hunter, An Index to Computer-produced Standard 
Interest Profiles in Chemistry, Applied Chemistry, 
Chemical Engineering and Metallurgy (Polytechnic of 
North London, London, 1973) 

Radiation Effects Information Center, Battelle Memorial Institute 

COMPENDEX, Metals Abstracts, Polymer Science and Technology 

General reference sources 

Guides : 
general 

materials 

Handbooks_and_enc^logaedias : 
- general 

B. Houghton, Mechanical Engineering — the sources of 
information (Bingley, London, 1970) 

S.A. Parsons, How to Find Out About Engineering (Pergamon, 
Oxford, 1972) 

T.P. Peck, Chemical Engineer's Guide to Information Sources 
(Minnesota Univ., Minneapolis, MN, 1973) 

G. Rowland, Civil Engineering and Construction — the sources 
of information (Bingley, London, 1973) 

P. Eyerer, Informationsführer Kunststoffe (VDI-Verlag, 
Düsseldorf, 1974) 

M. Hyslop, A Brief Guide to Sources of Metals Information 
(Information Resources Press, Washington, DC, 1973) 

D. White, How to Find Out in Iron and Steel (Pergamon, 
Oxford, 1970) 

R.E. Bolz, G.L. Tune (eds), Handbook of Tables for Applied 
Engineering Science (Chemical Rubber, Cleveland, OH, 1970) 

A. Parrish, Mechanical Engineer's Reference Book (Butterworth, 
London, 1973) 

Encyclopaedia of Polymer Science and Technology (New York, 
1964) 
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materials 

techniques 

Materials and Technology (Longmans, London, 1968/74) 
Materials Handbook — an encyclopaedia for purchasing agents, 

engineers, executives, and foremen (McGraw-Hill, New York, 
1971; 10th ed.) 

Metals Handbook (American Soc. for Metals, Metals Park, 
OH, 1961) 

R.B. Ross, Metallic Materials Specification Handbook (Spon, 
London, 1972; 2nd ed.) 

E.N. Simons, A Dictionary of Alloys (Miller, London, 1961) 
E.N. Simons, Dictionary of Ferrous Metals (Muller, London, 

1970) 
M.H. Van de Voorde, C. Restât, Selection Guide to Organic 

Materials for Nuclear Engineering (CERN 72-7) 

C.V. Cagle, Handbook of Adhesive Bonding (McGraw-Hill, New 
York, 1973) 

Kirk-Othmer Encyclopaedia of Chemical Technology 
(Interscience, New York, 1963-71) 

3i££i20eíi55_and_glossaries: 
- general 

- materials 

techniques 

ASM Thesaurus of Metallurgical Terms (Amer. Soc. for Metals, 
Metals Park, OH, 1968) 

Glossary of ASTM Definitions (Amer. Soc. for Testing 
and Materials, Philadelphia, PA, 1973; 2nd ed.) 

Elsevier's Dictionary of Metal Finishing and Corrosion 
(Elsevier, Amsterdam, 1971; English-Dutch-French-
German- Italian) 

Elsevier's Dictionary of Metallurgy (Elsevier, Amsterdam, 
1966; English-Dutch-French-German-Italian-Spanish) 

Elsevier's Dictionary of the Gas Industry (Elsevieri 
Amsterdam, 1961; Supplement 1973; English-Dutch-French-
Italian-Portuguese-Spanish) 

Multilingual Dictionary for Materials and Structures (Pergamon, 
Oxford, 1971; English-French-German-Russian-Spanish) 

Thesaurus of Metallurgical Terms (Amer. Soc. for Metals, 
Metals Park, OH, 1968) 

Elsevier's Dictionary of Metal Cutting Tools (Elsevier, 
Amsterdam, 1970; English-Dutch-French-German-Italian) 

Five-Language Dictionary of Surface Coatings (Pergamon, 
Oxford, 1969; Czech-English-French-German-Russian) 

A.W. Kleiber, Welding Engineering Dictionary (VEB Verlag 
Technik, Berlin, 1970; English-German, German-English) 

5iïÊ££2riÊË_§nd_buver^s_guides: 
- general Engineer Buyers' Guide (Morgan-Grampian, 1974) 

Kemp's Engineering Year-Book 
Machinery's Annual Buyer's Guide 
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materials International Plastics Directory 
Metals Source Book (McGraw-Hill, New York, 1973) 

techniques Finishing Handbook and Directory 
Industrial Finishing Year Book 


