
2 CERN 84-13 
* LEP Main Ring Division 
^ 30 November 1984 

J 

ORGANISATION EUROPÉENNE POUR LA RECHERCHE NUCLÉAIRE 

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 

A REVIEW OF ACCELERATOR AND PARTICLE PHYSICS 
AT THE CERN INTERSECTING STORAGE RINGS: 

Invited talks at the last meeting of the ISR Committee, 
27 January 1984 

Maurice Jacob and Kjell Johnsen 

GENEVA 
1984 



© Copyright CERN, Genève, 1984 

Propriété littéraire et scientifique réservée pour 
tous les pays du monde Ce document ne peut 
être reproduit ou traduit en toat ou en partie sans 
l'autorisation écrite du Directeur général du 
CERN titulaire du droit d'auteur Dans les cas 
appropriés, et s'il s'agit d'utiliser ie document à 
des fins non commerciales, cette autorisation 
sera volontiers accordée 
Le CERN ne revendique pas Sa propriété des 
inventions brevetantes et dessins ou modèles 
susceptibles de dépôt qui pourraient être décrits 
dans le présent document; ceux ci peuvent être 
librement utilisés par les instituts de recherche, 
les industriels et autres intéressés Cependant, le 
CERN se réserve le droit de s'opposer à toute 
revendication qu'un usager pourrait faire de la 
propriété scientifique ou industrielle de toute 
invention et tout dessin ou modèle décrits dans le 
présent document 

Literary and scientific copyrights reserved in all 
countries of the world This report, or any part of 
it, may not be reprinted or translated without 
written permission of the copyright holder, the 
Director General of CERN However, permission 
will be freely granted for appropriate non 
commercial use 
If any patentable invention or registrable design 
is described in the report, CERN makes no claim 
to property rights in it but offers it for the free use 
of research institutions, manufacturers and 
others CERN, however may oppose any attempt 
by a user to claim any proprietary or patent rights 
in such inventions or designs as may be des 
cribed in the present document 



CERN 84-13 
LEP Main Ring Division 
30 November 1984 

ORGANISATION EUROPÉENNE POUR LA RECHERCHE NUCLÉAIRE 

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 

A REVIEW OF ACCELERATOR AND PARTICLE PHYSICS 
AT THE CERN INTERSECTING STORAGE RINGS: 

Invited talks at the last meeting of the ISR Committee, 
27 January 1984 

Maurice Jacob and Kjell Johnsen 

G E N E V A 
1984 



ABSTRACT 

The last meeting of the CERN Intersecting Storage Rings Committee (ISRC) 
was held on 27 January 1984, following the closing of the ISR for colliding-beam 
physics in December 1983 This report consists of the written versions of the 
two review talks presented at that meeting K Johnsen describes the history and 
importance of the ISR for accelerator physics, from the first ideas on colliding-
beam devices to the final operation M Jacob gives his view of the role of the 
ISR physics programme in the development of particle physics up to and including 
the latest available results The preface is by G Bellettini, the last chairman 
of the ISR Committee 
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PREFACE 

The last two beams of protons were dumped at the CERN Intersecting Storage 
Rings (ISR) on 23 December 1983 at 6 30 a m Although we are confident that 
there is still a lot of physics on magnetic tape, it seemed appropriate to have 
a historical review of the machine and of its physics on the occasion of the 
last open meeting of the ISR Committee on 27 January 1984 As chairman of the 
Committee, I invited Kjell Johnsen to talk about the machine He was the Head of 
the ISR Department and the ISR Project Leader when the machine was built, and 
has been a most competent and enthusiastic supporter of the ISR at all times 
There is no one better qualified to describe the ISR in the context of 
accelerator physics I then asked Maurice Jacob to discuss the role of research 
at the ISR in the development of particle physics This of course cannot be 
fully assessed at the moment because important contributions are still likely to 
come in the future Maurice has a unique knowledge of ISR physics since he lived 
close to ISR experimental groups throughout, always discussing and interpreting 
the physics results and thus adding his own drive and enthusiasm to the physics 
programme 

As expected, the two speeches at this meeting were of outstanding interest 
and we felt that they should be made available in written form, both as a 
contribution to the history of science and in grateful recognition of the 
excellent work of many people around the ISR This is what is done in the 
present report 

I invited Professor Herwig Schopper to give the final remarks at this 
meeting He supported research at the ISR as much as was possible within the 
framework of the long-term scientific policy of CERN and he allowed the 
extension of ISR operation by about one year beyond what was originally planned, 
giving top priority to operation in the last year Me understand the difficult 
task of a Director General, who has to make hard decisions in hard times 

In his concluding remarks, Professor Schopper congratulated both Kjell 
Johnsen and Maurice Jacob on their excellent reviews of ISR achievements in the 
fields of accelerator technology and high-energy physics and reminded the 
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audience that the ISR had also played a notable role in the development of 
particle detectors and high-energy physics techniques In closing the last 
meeting of the Intersecting Storage Rings Committee, the Director General 
marked in his own words the formal end of a glorious chapter of CERN 
history 

G Bellettini 
Chairman, ISRC 
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PART I 

THE ISR AND ACCELERATOR PHYSICS 

K Johnsen 



1 INTRODUCTION AND EARLY HISTORY 
It was on 27 January 1971 that the very first hadron collisions took place 

in the Intersecting Storage Rings (ISR) at CERN and it was on 23 December 1983 
that the very last colliding-beam run was terminated, bringing to an end a very 
fruitful period of 12 years and 11 months of colliding-beam physics in this 
facility The machine was working as well as ever, the physics programme was as 
exciting as ever, but budgetary constraints imposed the decision to close this 
unique facility at the height of its performance 

The beginning of the history of colliding-beam devices can be traced to 
1956, when a group at the Midwestern Universities Research Association (MURA), 
USA, put put forward the idea of particle stacking in circular accelerators Of 
course, people who worked with particle accelerators had already speculated 
about the high centre-of-mass energies att?inable with colliding beams, but 
such ideas were unrealistic with the particle densities available in normal 
accelerator beams The invention of particle stacking changed this significantly 
by opening up the possibility of making two intense proton beams collide with a 
sufficiently high interaction rate to enable experimentation in an energy range 
otherwise unattainable by known techniques, except perhaps at enormous cost 

A group at CERN started investigating this possibility in 1957, first by 
studying a special two-way fixed-field alternating gradient (FFAG) accelerator 
and then in 1960 when turning to the idea of two intersecting storage rings that 
could be fed from the CERN 28 GeV Proton Synchrotron (CERN PS) This change in 
concept for these initial studies was stimulated by the promising performance of 
the CERN PS at the very start of its operation in 1959 

The extensive study of the second possibility included the construction of 
an electron ring model (CESAR), which started operating in 1964 and provided 
invaluable experience, in particular in beam stacking and ultra-high vacuum 
technology so essential for colliding-beam devices However, already in 1961, 
the Accelerator Research Division at CERN had gained sufficient confidence to 
present its first proposal for a 2 x 25 GeV storage ring system which was essen
tially for protons, but other particles were mentioned in the proposal This led 
to a series of important actions: in 1962, France offered a site next to the ori
ginal CERN site The European Committee for Future Accelerators (ECFA) was formed 
and in 1963 issued a strong recommendation in favour of a pair of 25 GeV proton 
storage rings, which at the same time it named the Intersecting Storage Rings 
(ISR) The recommendations also included a 300 GeV fixed-target accelerator 

In 1964 the Accelerator Research Division prepared a detailed design report 
for the ISR, which formed the basis for a formal proposal Professor Weisskopf, 
who had been one of the ISR s strongest proponents, saw, in his last year as 
Director General, the CERN Council adopt the ISR as a project, by taking the 
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decision of principle, at its meeting in June 1965, to construct this facility 
on a supplementary budget, and, at its meeting in December of the same year, to 
accept the financial plan of the project and to vote construction funds from 
1 January 1966 

The plans quoted a construction cost of SF 332 million (1965 value) and a 
first operation of the facility by mid-1971 Both promises were fulfilled with 
some margin 

2 SOME FEATURES OF THE ISR CONSTRUCTION 
Seen in retrospect, the ISR construction proceeded fairly uneventfully, 

although those involved experienced considerable anxiety at times No detailed 
account of the construction will be given, but some features are worth recalling 

It was recognized that the ISR might encounter many unknown phenomena that 
might limit its future performance For instance, unlike electron rings, there 
would be no damping to keep beam sizes from growing because of small imperfec
tions in the guiding field or perturbations arising in the beam In short, it 
was considered a daring and bold project Therefore, tight tolerances and flexi
bility for all components became important guidelines This paid off handsomely, 
as tolerances and flexibility have been later stretched to their limit almost 
everywhere, and often far beyond by subsequent development A few examples can 
be mentioned 

The magnet system was designed with a set of unusually flexible pole-face 
windings These windings became essential for the performance and in ways unfore
seen before the start of operation Many families of trimming magnets were incor
porated, such as horizontal-field magnets, quadrupoles, skew quadrupoles, sextu-
poles, etc They were all needed and in some cases more had to be added 

Power supplies were designed to tight tolerances, but in spite of this some 
of the auxiliary supplies had to have their tolerances tightened by up to two 
orders of magnitude to satisfy the standards set by later operational experience 

During the construction, the RF system was changed by the adoption of the 
so-called suppressed bucket scheme, which made the stacking more efficient at 
the same time as it simplified the design of the injection system 

.g A vacuum system with an average pressure of 10 Torr was estimated to give 
adequate beam lifetime and, at the same time, such a vacuum was considered to be 
near the best achievable in such a large system This was, therefore, taken as 
the design figure and achieved with a good factor in hand However, unexpected 
effects made even that inadequate, leading to the later addition of: 
- large numbers of titanium sublimation pumps 
- increased bake-out temperature 
- glow-discharge cleaning 
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During the construction a Beam/Equipment Interaction Committee was set up 
to monitor at the design and prototype stage all components that could be seen 
by the beam, in order to reduce by as much as possible the coupling impedance 
between the beam and its surroundings This was a difficult task but an extremely 
important one It is now clear how this foresight avoided much potential trouble 

Unusual care was taken to equip the machine with the best possible diagnos
tic equipment Nevertheless, early operational experience led to the development 
of even more sophisticated beam observation 

These examples should illustrate that, although much care was taken during 
the construction of the machine, many of the components had subsequently to be 
developed and upgraded to the extent that the whole facility was a considerably 
more sophisticated device at the end of its life than when it was started up 
thirteen years ago 

3 ACCELERATOR PHYSICS AT THE ISR 
Because of the complexity of the ISR and the complexity of the phenomena 

observed on the machine, some of which were unexpected, beam studies and machine 
development were considered essential parts of the activity around the ISR during 
its entire lifetime Figure 1 gives a typical example of how much time was 
devoted to these studies It is not always easy to gain sympathy and acceptance 
among the users for such a use of a large accelerator facility but at the ISR 
this was never a serious problem, probably because some of the very early beam 

Stable beams 
physics 

Total running 
hours: 4611 

Beam adjustments 
during stable beams 

Time lost due to: 
18kV-» 46h 
MPS -«156 h 
ISR -»309h 

Start up and machine 
development 

Preparation for 
physics 

Fig 1 Distribution of 1981 ISR total operating time 
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studies already resulted in considerable performance improvements The fact that, 
over its lifetime, about 152 of the on-time of the ISR was used for beam and 
component studies, has paid off in a rather spectacular improvement in perform
ance over the years, as will be illustrated in what follows Of course, these 
results were not obtained only because of the time devoted to such studies but 
more because of the competence with which the studies were performed 

3 1 'Mission oriented accelerator physics 
Most of the machine-development studies carried out at the ISR had the 

specific aim of solving the problems that arose in the effort to improve on the 
performance of the facility A few important examples of this kind of activity 
will be given in the following paragraphs, approximately in the sequence in 
which the problems first appeared 

3 1 1 The resistive-wall instability (the Brick Wall ) 
During the very early operation of the ISR we were only able to stack beam 

currents up to 2-3 A without difficulties When we tried to stack to higher beam 
currents, instabilities occurred that resulted in beam losses Often a partial 
loss was enough to stabilize the beam and stacking could continue The left-hand 
side of Fig 2 is a typical example of beam behaviour under such conditions The 
instability was associated with large coherent transverse oscillations, consistent 

IIA] 

2 

1 •• 

a) b) 

(min) (min) 

Fig 2a A stacking operation hitting 
the brick wall' Fig 2b Good stacking 
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with the theory of the resistive-wall instability However, a sextupole field 
component had been built into the magnet profile to avoid this instability up to 
much higher beam currents than 3 A Me were therefore, at first, taken a little 
by surprise In actual fact, what happened was that space-charge tune-shifts led 
to the violation of the stability requirement dQ/dp > 0 (Q being the betatron 
tune) in parts of the beam although AQ/Ap > 0 was satisfied for the global beam 
This also explained nicely why often only small parts of the beam were affected 
The main cure was a very careful tailoring of the dependence of both Q s on 
momentum, the so-called working lines Later such working lines had to have 
dynamic compensation of the space-charge effect as the beam current increased 
(Fig 3), and as experience was gained such compensation was carried out on-line 
by the control computer Although this was simple in theory it required extreme 
accuracy and flexibility of the components involved, as mentioned in Section 2 

This remedy was not enough to reach very high beam currents and a transverse 
feedback system was developed and incorporated in the machine for stabilization 
of the lowest oscillation modes 

This development went on over many years and led to a gradual increase of 
the stability limit to around 60 A 

8 58 8 60 8 62 8 64 8 66 . 8 68 
Q H 

Fig 3 The family of pre-stressed working lines used at 22 GeV/c to stack 15 A 
in five steps of 3 A across the chamber from +45 mm to -15 mm (a average) 
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3 1 2 Pressure bumps 

After we started mastering the resistive-wall instability and beam currents 

of 4-5 A were obtained, another type of beam loss appeared Again it resulted in 

a partial loss, as seen in Fig 4 The phenomenon occurred on a much slower time 

scale than the Brick Wall and there were no associated beam oscillations How

ever, it was soon observed that dramatic local vacuum deteriorations preceded the 

beam loss It was further observed that the effect was not beam-loss dependent 

but depended sharply on total beam current Once these facts had been observed 

the explanation became simple: the protons in the beam ionize part of the residual 

gas These ions are driven into the walls of the vacuum chamber by the beam 

potential of 1 kV and penetrate considerably deeper into the wall material than 

a normal cleaning method does This ion bombardment leads to desorption from the 

wall, resulting in more gas to be ionized by the protons A run-away situation 

occurs above a certain critical beam current I « S/Ç , where S is the pumping 
c 

capacity available and £ is the desorption coefficient 

p[Torr] 

Fig 4 Example of a pressure increase caused by the stacked beam 



In the ISR the cures were to attack these two parameters, S and £, by the 

addition of hundreds of titanium sublimation pumps, by an increase in the bake-

out temperature of the vacuum components from 200*C to 300*C, and by glow-

discharge cleaning of all the critical vacuum components This was a gradual 

programme During each shutdown the weakest point was attacked, which led to the 

optimum rate of improvement The result was a steady advance over many years 

leading to critical currents above 60 A and average pressures below 10 Torr 

Figure 5 shows how the average vacuum improved over the years as a result of 

this programme 

1Ô10-

5-

a: 2 a. o 

10 

-12 
10-

ISR VACUUM - Average Pressure 

o 

8 o 

o • 
o 

Bake outs 200-—300°C 
Ti Subi Pumps 

GLOW DISCHARGE CLEANING 

• RING 1 

o RING 2 

8 • 

1 

o 
• 8 

71 73 75 77 79 81 1983 

Fig 5 The average pressure of the ISR vacuum for the years 1971-83 

3 1 3 Development of vacuum chambers for experimental areas 

Experimental areas had their special requirements for the vacuum system 

For background reasons it was necessary to produce a pressure well below the 
-1 3 

average in the rest of the machine and in the last years of operation 10 Torr 

was achieved These chambers had to have special shapes and at the same time the 

wall thickness had to be kept to a minimum in order not to interrupt the second

ary particles This sometimes conflicted with sound mechanical engineering and a 



few collapses of vacuum chamber walls occurred when safety factors were reduced 
too far The development over the years nevertheless resulted in very satisfac
tory designs giving reliable operation in spite of working very close to limits 

3 f 4 Beam clearing 

However good the vacuum is there will always be some residual gas that will 
be subject to ionization due to the bombardment of the protons in the beam The 
electrons created by this ionization tend to gather in the potential well of the 
beam, thus leading to the neutralization of the beam This was considered to be 
unacceptable because it would shift the betatron tune of the machine, and for 
this reason clearing electrodes working at several kilovolts were provided 

In the machine design it was estimated that if a clearing of about 90-95Z 
could be achieved no problems would arise Early operational experience 
demonstrated this to be wrong The clearing had to be improved to very close to 
100Z, and it was particularly important to clear local pockets of electrons that 
had a tendency of being trapped in unforeseen places In fact, the ultimate pro
blem turned out not to be the shift in betatron tune but a sophisticated coupling 
between the proton beam and the electron cloud in such pockets, leading to beam 
oscillations ( e-p lines at the frequencies of electron oscillations in the 
beam's potential well) and consequential beam losses Considerable detective work 
was needed in the early years of operation to find all the areas of inadequate 
clearing This effort removed all these problems 

It is worth noting that this is a problem specific to coasting beams 
Bunched beams clear themselves adequately 

3 1 5 Background for physics experiments 

Apart from perhaps the first few weeks, the ISR beam lifetime has always 
been adequate for efficient operation However, it was soon discovered that 
background conditions were bothersome or unacceptable at loss rates far below 
those acceptable from the lifetime point of view This led to the development of 
a series of remedies against beam losses The main attack was to keep the stored 
beam as resonance-free as possible It was, for instance, necessary to completely 
avoid the fifth-order resonance (Fig 3), and preferable to stay away from all 
orders up to the eighth order as well This became possible after the transverse 
feedback system was developed, opening up the clean area with a betatron tune 
between 8 9 and 9 

In addition, very good beam collimation was necessary and it became cus
tomary to scrape the halo off the beam at intervals during a physics run 
Figure 6 illustrates a typical loss rate of the order of one part per million 
per minute and how scraping operations (the large peaks in the figure) help 
maintain this to the end of a 56 hour run 
10 



RUN 133Q SHEET NO I 

Rl 
R2 

e? oe 

Fig 6 Example of an ISR run summary 

3 1 6 Longitudinal instabilities 
Since longitudinal instabilities belonged to the better known phenomena, 

exceptional care was taken during the construction to avoid such difficulties 
(see Section 2) This effort paid off handsomely and no real difficulties arose 
at low frequencies However, in the microwave range instabilities were observed 
when the injected beam was being debunched on the stacking orbit This led to a 
reduction in stacking efficiency A special cavity working on the third harmonic 
of the main radio frequency was constructed to enhance the non-linearities of 
the stacking bucket This provided Landau damping, which suppressed the 
instability 

3 1 7 Beam-beam problems 

A beam-beam limit in the normal meaning of the word was never observed 
under normal operation of the ISR in spite of extensive studies The beam-beam 
effect was probably too weak for that (A little more on this later ) However, 
from 1978 a beam-beam instability did occur occasionally at beam currents above 
about 30 A when the beams were steered head-on to each other The most critical 
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separation seemed to be one-and-a-half to two beam widths, but the probability 
of losing the beam by such a manipulation was only about 20Z This erratic be
haviour made systematic studies of the phenomenon rather difficult 

There have been quite a few theoretical speculations on the cause A recent 
theory on coherent response of a coupled beam system indicates that the critical 
frequency is outside the range of the transverse feedback system This should 
have been tested during the last hour of ISR operation on 23 December 1983, but 
the beams had to be dumped prematurely A quote can be given from the last report 
on the subject: The ISR ghost disappeared with the last beam 

3 1 8 Phase-displacement acceleration 
The magnet system of the ISR had a sufficient safety factor that it could 

accept particle energies up to 31 4 GeV However, a high-current stack has an 
energy spread of up to 37., which is much more than the rather low power RF system 
of the ISR could rebunch and accelerate from the injection and stacking energy 
of 26 GeV During the early operation of the ISR, small currents were rebunched 
and accelerated to 31 GeV in the normal way, but the results were unsatisfactory 
for physics owing to the low luminosity that this gave 

An acceleration method called phase-displacement acceleration had been in
vented by the MURA group and formed a part of their original paper on stacking 
The method consists of repeatedly moving empty buckets through the beam from 
above to below This shift downwards in energy of empty phase space leads to a 
corresponding shift upwards in energy of the phase space occupied by the beam 
No large voltages (buckets) are needed Small buckets only require more passages 
In 1973 it was decided to try this method at the ISR It required the development 
of very low noise operation of the RF system and very fine variation of bucket 
size and magnet power supplies The working line also required very fine adjust
ments during the acceleration to avoid instabilities This has been developed 
over the years into a very sophisticated procedure where all the operations are 
controlled on line by the computer, with only occasional operator intervention 
The result has been that 2 x 31 4 GeV beams have been available for physics with 
essentially no loss of luminosity or other beam qualities 

3 J 9 Low-0 insertions 
In the original design of the ISR some care was taken to make the vertical 

P in the intersection somewhat smaller than in the rest of the machine However, 
a low-0 insertion in the proper meaning of the word was designed and implemented 
only after the construction was finished It was in 1974 that a low-0 section 
was installed consisting largely of borrowed quadrupoles from the PS, DESY, and 
the Rutherford Laboratory This increased the luminosity by a factor of 2 3 in 
this particular intersection, a very welcome improvement 
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However, the development started, at about the same time, of superconducting 
quadrupoles for a more powerful low-0 insertion Such an insertion was installed 
in 1981 and gave a factor of 6 5 in luminosity, which brought the operational 

32 -2 -1 luminosity to above 10 cm s , a record that has not been beaten by any other 
colliding-beam machine Figure 7 illustrates how the effective beam height was 
reduced in this insertion by a large factor compared with the normal intersec
tions (Such curves result from the normal luminosity measuring method to be 
described in the next section ) 

Moreover, this gave other important benefits It gave experience in cons
tructing superconducting magnets of accelerator quality (precision, reliability, 
etc ) and it gave operational experience under the very stringent conditions of 
circulating stored beams 

-1 1 2 3 4 mm 
mutual beam separation 

Fig 7 Counting ra tes of p ro ton -p ro ton events on l u m i n o s i t y mon i to rs , as a 
f u n c t i o n of the beam sepa ra t i on , showing the e f f e c t i v e he igh t of the beam 
(h . ) at a normal i n t e r a c t i o n p o i n t (15) and i n the low-0 i n s e r t i o n a t IB 
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3 1 10 Diagnostics 
As already mentioned in Section 2, a large spectrum of diagnostic methods 

were used in the ISR, some of which were developed far beyond their planned 
capability, largely because of the operational demands arising during the years 
after the start of the machine Some of this development belonged to the most 
exciting experiences at the ISR and it is with regret that I have to limit the 
description to only a few typical examples 

Luminosity measurements became more significant than envisaged during the 
planning and construction period, as these measurements entered so directly into 
the accuracy of some of the most important experimental results from the ISR 
The method consisted of precision steering for beam separation in the interaction 
points, giving very accurate values for the effective height of the beams (see 
Fig 7) This, together with highly accurate measurements of the circulating 
currents, gave correspondingly precise values for the luminosity Considerable 
development and careful checking was needed to reduce both systematic and random 
errors to desired values Operationally, the procedure was used to calibrate the 
physics monitors at the beginning of a run, after which the monitors recorded 
subsequent variations in the beams during the run 

It was foreseen neither in the planning of the ISR nor during its construc
tion to use Schottky noise as an element in beam diagnostics It came, in fact, 
as a surprise to observe this noise on the ISR beam in 1972 However, as soon as 
it was observed, its potential became apparent, both as a tool for diagnostics 
and for the practical development of stochastic cooling (see later) The fact 
that a circulating beam consists of a finite number of protons gives rise to 
statistical fluctuations in the beam current and the beam s centre of gravity 
These fluctuations are very small and had not been previously observed in accel
erator beams However, the electronics available in the early seventies had im
proved, and integration methods could be used with beams that had lifetimes as 
long as those at the ISR It thus became possible to observe these fluctuations 
and make use of them, both to monitor the distribution of particles in longi
tudinal momentum and to measure the extremes of the tune-values in the stack 
without any interference with the coasting beam It also became instrumental in 
detecting the growth of betatron amplitude at particular orbits in a stack, which 
helps to discern the presence and strength of various non-linear resonances This 
became an operational tool from about 1974 

However, continued development led to new and better applications An 
example of this development is the use of the beam with its transfer function 
(the meaning of transfer function being as used in servo-mechanism theory) as 
an element in a feedback loop to study the stability of the system The method 
consists of giving the beam a small and harmless perturbation The result is 
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observed by Schottky scans and fed through a fast Fourier transform to give a 
stability diagram of the Nyquist type This is a very powerful way of taking 
preventive action against instabilities, and even on-line compensation methods 
have been used 

The Schottky scan method has possibly become the most powerful of all beam 
observation methods, not only for the ISR but also for the other collider pro
jects in operation, under construction, or in the planning stage 

3 2 Accelerator studies initiated by general interest 
Quite a few accelerator studies were started in the spirit of answering 

general questions in accelerator physics and technology rather than because of 
the pressure from performance requirements Quite often these studies also re
sulted in practical applications in the ISR Only a few of these studies will 
be listed below 

3 2 1 Cold bore 
In an accelerator with superconducting magnets it is natural also to keep 

the vacuum chamber at liquid-helium temperature and thus rely upon the pumping 
action of the cold chamber walls to achieve the required vacuum This gives a 
high pumping capacity However, for a storage ring, we have seen in Section 3 1 2 
that the desorption coefficient is an equally important element in avoiding beam-
induced pressure bumps Since a cold chamber wall pumps by collecting a certain 
layer of frozen gas on the surface there was some fear that the surface might 
develop a large desorption coefficient that could spoil the good vacuum perform
ance In order to investigate this experimentally, a section of cold vacuum 
chamber was installed and tested in the ISR The tests demonstrated critical cur
rents above the achievable ISR currents and the conclusion could be drawn that 
a cold vacuum chamber is perfectly acceptable from a pressure-bump point of view 

3 2 2 Lifetime of bunched beams 
There was, at one time, some uncertainty about the lifetime of bunched beams 

compared with coasting beams, and careful studies were undertaken in the ISR and 
later in the PS and the SPS The most conclusive results came from the SPS, but 
the ISR contributed to the conclusion that the main source of difference came 
from the noise on the RF system, and as this was eliminated the lifetime of 
bunched beams approached that of coasting beams 

3 2 3 Beam-beam effects 
When two beams cross, one beam behaves as a lens acting on the particles in 

the other beam The linear part of this lens only shifts the tune of the beam and 
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this can easily be compensated However, this kind of lens has very strong non
linear components, which are harmful to the beams (In spite of the fact that 
the linear part is harmless, the linear tune shift is normally used as a measure 
of the strength of the perturbation of the non-linear part ) This is the main 
limitation in luminosity observed on e+e" colliders In the ISR this effect was 
too small to be observed under normal conditions However, it constituted an 
uncertainty in the design of other hadron colliders, and therefore considerable 
studies were undertaken to try to find the limits that the beam-beam effect 
imposes 

An early experiment simulated the non-linear beam-beam effect by a non
linear lens Another approach was to increase the 0-value in the crossing region 
and to decrease drastically the energy of the 'probing beam to enhance the 
effect The effect on bunched beams was also investigated These experiments 
showed that the loss-rate enhancement due to beam-beam effects starts appearing 
at tune shifts of the order of 0 02 in a single intersection for coasting beams 
and at 0 003 per intersection for bunched beams For bunched beams the SPS pp 
Collider has later given more conclusive results 

3 2 i Stochastic cooling 
Stochastic cooling was invented in 1968, but at that time it was considered 

unrealistic for practical applications This changed completely in 1972, when 
technology had advanced sufficiently that Schottky noise was observed and made 
use of for beam observation This development made it natural to try an experi
mental verification of stochastic cooling on an ISR beam Cooling equipment was 
built and installed in the ISR, and, after some initial difficulties, a clear 
demonstration of the stochastic cooling effect was made, as illustrated in Fig 8 

cooling cooling cooling 
- i 1 1 1 1 1 1 1 1 1 1 1 1 

I , % K o ] l i -

° o ° \ H i I ° ^-J I-" 
h i i i i o -

° I , 1 , I , 1 I 
1 ' . I I I • • I 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 
time (hours) 

Fig 8 Observation of stochastic cooling in the ISR through measurements of the 
effective beam height (h/h ), as a function of time, decreasing when cooling is 
applied and increasing when not applied The cooling equipment, installed in 
only one ring, detects and corrects statistical fluctuations of average beam 
position Luminosity is inversely proportional to the effective beam height 
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As is well known, the most spectacular use of this cooling technique so far 
has been in the Antiproton Accumulator (AA) at CERN However, other important 
applications were also made directly in the ISR Special cooling systems were 
built for the circulating antiproton beam in the ISR and for proton beams up to 
10 A (the highest intensity ever cooled) This led firstly to an initial signi
ficant increase in luminosity during pp physics runs Secondly, it made it 
possible to keep the antiproton beams circulating for an incredibly long time 
(the record was 345 hours) without a decrease in luminosity Thirdly, the anti-
proton loss rate was unmeasurably small, which led, for instance, to a lower 
estimate of antiproton lifetime of more than 1,000 hours (in the rest frame of 
the particle) 

Another application of stochastic cooling in the ISR is for the hydrogen-jet 
experiment A circulating antiproton beam in the range 3 5 GeV/c to 5 72 GeV/c 
is cooled in the transverse and longitudinal planes In the latter the relative 
momentum spread is cooled down to ±3 5 x 10 This fixed-target experiment 
will be the very last experiment on the ISR to take place during the spring of 
1984 

3 3 Resulting ISR performance 
In the above summary of accelerator studies on the ISR it has only been 

possible to list some of the highlights A very much wider spectrum of studies 
is behind the impressive improvements of the ISR performance from the start in 
1971 to the final colliding-beam run in 1983 The performance can be illustrated 
by a list of figures and a few examples 

The highest centre-of-mass energy has been 62 GeV (equivalent to a fixed-
target accelerator of 2 TeV) This has been an operational energy used for a 
large fraction of the physics runs and with close to maximum luminosity 

The highest stacked current ever seen in a single beam was 57 A Normal 
operational currents during high-luminosity runs have been 30 to 40 A The 

3 2 -2 -1 
highest luminosity at the start of a physics run was 1 4 x 10 cm s , 
achieved in December 1982 Figure 9 illustrates the development of the maximum 
luminosity over the years of operation of the ISR Loss rates during physics runs 
have typically been kept to one part per million per minute, which rendered very 
good background conditions In fact, most of the background that the experiments 
struggled with came from the unwanted parts of the pp collisions 

Very long uninterrupted physics runs could be provided, of 50-60 hours if 
desired This was important since all the manipulations from switch-on of the 
machine to good beam conditions for physics typically took 10 hours, and long 
stable operation was also high -- 86Z of scheduled physics time during the last 
year of operation 
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Fig 9 ISR luminosity during physics runs: September 1971 -- First ISR experiment 
to be completed, R101; maximum luminosity = 1 3 x 10 cm", s" . December 1982 --
Highest luminosity achieved for physics (R807) = 1 4 x 10 cm" s" 

The ISR has also been used for antiprotons, a particles, and deuterons In 
1977 deuterons and protons were stacked in the same ring and in a rather impres
sive display the proton stack was decelerated through the deuteron stack, illus
trating how particles with different revolution frequencies can be selectively 
treated in the same ring 

In the last three years of ISR operation, several pp runs over the energy 
range 15-31 GeV took place A record antiproton current of 13 82 mA and a record 

28 -2 -1 luminosity of 4 5 x 10 cm s (in the superconducting low-0 insertion) was 
achieved at the very end of 1983 The quality of the ISR is illustrated by the 
exceedingly low background, which made it possible to distinguish the events in 
the highly asymmetric situation of antiproton beams of the order of milliamperes 
colliding with proton beams of up to 20 A 

4 CONCLUDING REMARKS 
The ISR performance has improved over the years of operation far beyond the 

most optimistic hopes during the planning and construction stages, and the fine 
use of this facility made by the physics community is very much appreciated 
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In addition, the ISR has been the finest instrument one can imagine for 
research in accelerator physics As well as the resulting performance, the accel
erator studies performed have led to technological inventions and developments 
in such areas as vacuum, diagnostics, stochastic cooling, controls, etc 

From the general performance of the ISR and the related accelerator devel
opment has emerged a general confidence in predictability of the performance of 
other hadron colliders, most of them still for the future In fact, a consider
able change in attitude has taken place Before the time of the ISR only fixed-
target facilities were on people s minds for hadron physics Nowadays, one talks 
almost exclusively about colliders for the future This has been a fantastic 
transformation for those of us who remember the reluctance of many physicists to 
accept the idea of colliders as a useful physics tool at the time the idea of 
the ISR was launched 

In this review of the development of the ISR, I have avoided quoting names 
This may be unfair to those who have made outstanding contributions and I apolo
gize to them However, I found that it might probably be more unfair to quote 
some names and leave out others Hundreds and hundreds of very devoted people 
have been involved in the ISR development from 1960 till today and in the fine 
exploitation of the facility The achievements I have described (and many more) 
are the results of a remarkable co-operation between all these people 

The greatest strength of the accelerator community at CERN has been its 
ability to pull together, and the finest example of that cohesion of effort, of 
which I am proud of having been a partner, has been the ISR programme, from its 
beginning to its end, which resulted in the remarkable machine we are now in the 
process of closing 
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PART II 

THE ROLE OF THE ISR 
IN THE DEVELOPMENT OF PARTICLE PHYSICS 
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FOREWORD 

Despite its title, this survey of physics at the ISR should not be consi
dered as an actual historical account of the development of research on this 
unique machine, which has been available for experimentation for close to 13 
years. It should rather be considered as the personal, and therefore biased, 
account of someone who turned out to be closely associated with this research 
programme, though more as a (talkative) spectator than as an actor himself. A 
particular testimony, which may be of some use for a history still to be writ
ten, it should not pretend to be more. 

An important reference throughout this survey will be "Julius Caesar" by 
William Shakespeare (London, 1599), and there is actually no better foreword 
than the quote from Brutus: 

"Good countrymen, let me depart alone 
and for my sake, stay here with Antony. 
Do grace to Caesar's corpse, and grace his speech 
Tending to Caesar's glories, which Mark Antony 
By our permission, is allow'd to make. 
I do entreat you, not a man depart 
Save I alone, till Antony have spoke." 

As we all hoped he would, the Chairman stayed. 
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1. INTRODUCTION 

"I come to bury Caesar not to praise him; 
The evil that men do lives after them, 
The good is oft interred with their bones; 
So let it be with Caesar." 

Julius Caesar, Act III 

The ISR missed the J/cp and later missed the T. These two gems of physics 
in the seventies were to be discovered in the study of lepton pairs. Yet, while 
physics at the ISR in early 1977 could be described as leptomania, with lepton 
searches at all active intersections but one1» 2 , it took, several months to 
collect evidence for the T once its discovery, at Fermilab, had been announced. 
The cross-section for T production at the ISR, once it had been measured in 
1978, turned out to be two orders of magnitude larger than at Fermilab. Yet it 
took a long time to overcome two major difficulties of collider physics. The 
first one is the relatively low luminosity of such machines when compared to 
beam dump type experiments on fixed target machines, relevant to such lepton 
pair studies. The second one is the very wide solid-angle spread over which 
particularly interesting events, such as lepton pair production, may occur, 
whereas, on fixed target machines, they are concentrated forward by the motion 
of the centre-of-mass system. The answer is, of course, sophisticated detectors 
covering at least the whole central region (45° < 0 < 135°) and full azimuth. 
This is a lesson which was well learnt when experimentation at the SPS pp 
Collider was at an advanced design level in 1977-1978 but, at the ISR, the 
lesson was learnt too late for the implementation of powerful detectors early 
enough to steal the thunder of fixed target machines in lepton pair study. Yet 
the construction of two major lepton pair detectors, the solenoid detector 
(later to be installed in II for e e pair study) and the magnetic toroid 
spectrometer (later to be Installed in 12 for u p. pair study) were indeed 
launched before the discovery of the J/(|> in 1974. The necessity of highly-
sophisticated lepton detectors became clear when the u/e ratio at p > 1 GeV/c 
had been found to be as high as 5 x 103 . This was the discovery of hadron 
production at large p , but was also a set-back for a quick investigation of 
lepton yields, once hoped-for. However, it took a very long time (not 
unexpectedly) before these two detectors were able to become fully operative, in 
1977-1978^. Physics at the ISR is, in many people's mind, marred by this short
coming with lepton pairs, and this had to be mentioned first as an evil that 
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lives on long after. Nevertheless, one should not overlook, behind this shadow, 
the many bright physics results which have originated from the CERN ISR. There 
are many good points which may tend to be forgotten as such, as they become part 
of our general background in particle physics. The rising total cross-section, 
short-range order in particle production, large-p production and its associated 
jet structure at wide angles, prompt photons, etc., all stand out as impressive 
features. The purpose of this review is to look back on them from our present 
vantage point, not at all to praise past deeds, but simply to try to tell how 
things developed over more than a decade of very active research on this unique 
machine. 

Experience gained at the ISR certainly deserves fair credit in the bril
liant and rapid success of the SPS Collider. Detectors were indeed able to be 
optimized according to specific questions which were clearly, and we now know, 
correctly formulated. I mention this in order to stress that the early exploi
tation of the ISR coincided with an important turning point in our understanding 
of hadronic interactions. By 1977-1978, our views of such interactions were 
radically different, and far more advanced, than they were a decade earlier, 
when the first round of experiments at the ISR had to be designed. By the late 
sixties, hadrons were considered as extended objects and hadronic interactions 
were by essence soft, limited in practice to low transverse momenta. A striking 
feature was the exponential drop with p of the secondary particle yield which, 
with a mean value of 0.35 GeV/c, merely conforms to the finite size (~ 1 fermi) 
of the colliding hadrons. The only major facility built at the beginning, the 
Split Field Magnet (SFM), was optimized for the study of such secondary par
ticles. Conversely it was therefore quite natural for several early ISR experi
ments to look for leptons beyond p ~ 1 GeV/c, say, where the pionic background 
was expected to have lost its overwhelming importance. However, as previously 
said, they stumbled on an unexpectedly strong hadron yield; large-p production 
had been discovered, a witness, as we now know, to pointlike structure within 
hadrons. 

In the late sixties, the description of hadronic phenomena was phrased in 
terms of Regge theory3, and simplicity was therefore expected to be found with 
increasing energy. Complications inherent in strong interaction calculations 
were, in any case, still referred to with awe. Ten years later, hadrons still 
appeared to be extended and complicated objects, but a pointlike structure deep 
inside had already been ascertained, although it was not yet understood, as it 
is today, in the framework of quantum chromo dynamics'* . Hard scattering among 
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pointlike constituents was therefore the interesting feature to probe. The 
production of particles with large masses, or of secondaries with large trans
verse momenta, was expected to occur, still at a low rate, but at orders of 
magnitude above anything anticipated earlier. Simplicity was now expected at 
very large momentum transfers and hence, only indirectly, at very high energies. 
We now know this to be the case. Leptons, photons and hadrons, isolated or 
correlated in jets, became the most interesting things to look for at large 
transverse momentum, and, in particular, at wide angle in the centre-of-mass 
system (practically the laboratory system at the ISR). This almost about-turn 
in our approach towards hadron physics which, one may say, corresponds to the 
merging of the concept of quarks and the concept of partons, took place as 
research at the ISR was already well under way and, to some extent, benefiting 
from it with the discovery of an anomalously high production of hadrons at large 
P T, in 19725. 

The history of physics at the ISR, as one is now able to contemplate it 
with some hindsight, indeed appears to be characterized by this mutation in our 
understanding of what is more fundamental in hadronic interactions. This shows 
up clearly if one merely looks at physics research around the ring at five-year 
intervals^; in 1972, when most experiments were involved in beam surveys, in 
what can be described as a systematic first generation round of experiments; in 
1977, as very strong emphasis had been put on leptons and hadrons at large 
transverse momenta, and finally, in 1982, as experimentation was still extremely 
active, despite the foreseen termination of collider physics by the end of 1983. 
By that time, the main elements of the programme were, on the one hand, the 
exploitation of the very high luminosity provided by the low-p insertions and in 
particular the superconducting one in 18, the intersection which was then 
equipped with the just-completed, highly-powerful axial field magnetic detector 
and, on the other hand, the comparative study of pp and pp interactions, which 
attracted several new experimental groups to the ISR by 1978. One should also 
mention an extensive study of heavy flavour excitation, with evidence for 
several particles and a reported rather large production cross-section for 
charmed particles. Such a survey of research activities at these particular 
times is displayed in Table 1.1. It provides a rapid tour of the ring in 1972, 
1977 and 1982. 

By the early eighties, a large amount of information on lepton and lepton 
pairs, on prompt photons at large p , and on hadronic jets at wide angle had 
been obtained. With this, predictions for physics at the SPS Collider could be 
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TABLE 1.1 

We here list experiments with their "official" purpose. An experiment at the 
ISR cannot, however, compare with an experiment at many other machines. It may 
often be rather referred to as a programme exploiting, as well as possible, a 
particular detector system. Indeed, the physics topics covered by most experi
ments often depart considerably from their initial and often limited purpose0. 
This was deemed reasonable for the exploitation of an entirely new kind of 
machine. The Appendix gives the list of institutions involved in each experi
ment. Ref. 0 can be used to trace all actual references from the experiment 
numbers. The three-digit numbers stand for the ISR experiment number, the first 
digit referring to the intersecting region. 

1972 1977 1982 

11 Electron and photons at 
large angle (102, 103). 

Electron at large p™ 
and associated hadrons 
with a solenoid detec
tor (108). 

High-mass electron 
pairs and high-p™ 
neutrals with a sole
noid detector (110). 

12 Inclusive production at 
small angles (201), medium 
angles (202) and large 
angle (203). Particle 
search (204). 

Muon pair production 
with a toroid spectro
meter (209). 

Total cross-section, 
particle production 
pp/pp (210). 
Elastic scattering 
pp/pp (211). 

14 Quark search (402), neu
tron production (405), 
SFM tests (403). 

Correlations involving 
large-pT particles 
with the SFM (407/408) 
and also with a wide-
angle spectrometer 
(410/413). 

High-prp phenomena with 
the SFM (416). Reac
tion with identified 
forward particles(419). 
Particle production pp/ 
pp (420,421). Heavy 
flavour production(422) 

16 Elastic scattering (601, 
602). 

Electron pair produc
tion with the lampshade 
magnet detector (606). 

Particle production 
with energetic forward 
secondaries (608). 

17 Electron pairs and 
large p™ hadron pro
duction using a double-
arm spectrometer (702) 

Charmonium study with 
a gas-jet target (704) 

17 Electron pairs and 
large p™ hadron pro
duction using a double-
arm spectrometer (702) 

Charmonium study with 
a gas-jet target (704) 

18 Total cross-section, 
particle production 
(801). 

Electron pair produc
tion using a transition 
radiation detector and 
an argon calorimeter 
(806). 

Large tr.ansverse pheno
mena with the axial 
field magnet detector 
(807). Study of direct 
photon production(808). 
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formulated on a firm basis, and these expectations have indeed been rather well 
met so far, despite often large extrapolation factors7. 

The most recent ISR results may be deemed very interesting. Yet they 
missed making the strong impact which they deserved. The reason is that the 
early results obtained at the SPS Collider were far more spectacular and often 
dwarfed them. The collider results are indeed rather dramatic, with prominent 
large-p features associated with hard collisions among constituents which stand 
out very clearly above the background inherent to the complexity of hadronic 
processes. Relatively modest thresholds can be imposed, in order to isolate 
practically particular subprocesses in their exquisite simplicity8. This is 
hardly the case at the ISR, except under rather extreme conditions. Evidence 
for hard processes among hadron constituents could be obtained, and the corres
ponding cross-sections could be measured. However, the ISR energy range is such 
that signal and background are much harder to disentangle. Of course, we 
understand why. At fixed p the typical relevant constituents have fractional 
momentum x » 2p //s, where /s is, as usual, the centre-of-mass energy. If 
p = 15 GeV/c, say, we are dealing with relatively rare large x (x » 0.5) con
stituents at top ISR energy, whereas fairly abundant low x (x « 0.05) consti
tuents are ready for the job at present collider energy. As a result, cross-
sections typical of hard processes increase much between ISR and collider energy 
(often by orders of magnitude), whereas background standard hadronic processes 
show only a logarithmic behaviour with s. 

As a consequence, the beautiful results on jet production at ISR energies, 
the successful outcome of a long and steady process involving many successive 
experiments, have been too often dwarfed by the very spectacular results ob
tained at about the same time at the Collider. The circularity (a bi-dimen-
sional correspondent to sphericity) distributions shown in Fig. 1.1a (R807) for 
different values of the transverse energy collected in the central detector are 
enough to convince the expert that jet dominance eventually prevails at large 
enough transverse energy. The data are sufficent to extract a jet production 
cross-section. A typical Lego plot, as routinely constructed at the Collider 
(Fig. 1.1b) convinces, however, even the most reluctant sceptic. Jet phenomena 
just stand out! Sure enough, one can also now obtain impressive Lego plots at 
the ISR (Fig. 1.1c), but the required value of E //s (neutral energy in that 
case) is such (> 0.5) that cross-sections have become extremely small. 
Figure 1.2a indeed displays the dramatic difference between jet yields at the 
ISR (R807) and at the SPS Collider (UA1 and UA2) as they were able to be fol
lowed to higher and higher p with increasing luminosity9. In the region of 
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Fig 1 2a Inclusive jet yields at the 
SPS Collider as measured by experiments 
UA1 and UA2, and at the ISR as measured 
by R807 The solid curves correspond to 
predictions based on QCD made several 
years before the results were obtained 
They originated from the analysis of 
inclusive particle production at large 
p at the ISR 

Fig 1 2b Differential luminosity for 
uu and gg collisions in pp scattering 
as a function of the ratio between the 
centre-of-mass energy at the constitu
ent level and at the hadronic level 
In the framework of perturbative QCD, 
a hadron is to be considered as a wide
band beam of quarks, antiquarks and 
gluons 

overlap (p T » 15 GeV/c), the luminosity of the ISR still compensates for the 

much smaller yields. Figure 1.2b shows the differential luminosity for uû and 

gg collision which, for fixed /x ~ x_ = 2p //s, readily allows for a calculation 

of the yield. The .solid curves in Fig. 1.2a correspond to predictions from 

quantum chromodynamlcs and the large ratio in yields corresponds to the rapid 

variation of the differential luminosity with / T 7 » 8 . 

Should such a comparison between recent results be seen as a final blow, 

adding insult to injury, so to say, to the doomed ISR? Much to the contrary. 

Having jet cross-sections at both collider and ISR energies is extremely 

important. The relevant ratio (three to four orders of magnitude for the p 

value relevant to Fig. 1.1c) is just as important to verify as the correctness 

of the prediction of the jet yield at collider energy. Jets at ISR and collider 

energies with similar p correspond to widely different fractional momenta at 

the constituent level, and this should imply differences worth a detailed study. 

30 



Even if jet physics at the ISR turns out to be more difficult than at the 
Collider, their complementarity should be emphasized. Studying jets, the ISR 
should be considered as an old father who has still much to teach his very 
successful son. Once again, however, it appears that Oedipus' father has to 
die. 

Research at the ISR was eventually able to overcome the predicament with 
which it met at the start, and came up with many results on hard scattering 
processes. The construction of sophisticated detectors, covering wide solid 
angles, was instrumental in doing this. While sophisticated calorimetry is 
needed for the study of hard reaction processes among hadron constituents, the 
development of large magnets and chambers offered the possibility of unravelling 
intermediate hadrons through invariant mass reconstruction of their fragments, 
all collected at the same time in the detector. At present, what is being 
achieved and, one may say, prematurely terminated, compares with results custo
mary to track chamber physics in the sixt ies, but with new sets of particles 
under study, and for that purpose, the triggering and particle identification of 
electronic devices. Much has been done recently, particularly with charmed 
particles. Some of the early (1978) results are presented in Fig. 1.3. First 
evidence for A production in its pK % decay mode could thus be obtained at the 
ISR, and Fig. 1.3a presents reconstructed histograms in the pK it mode, where the 
charmed baryon is expected to occur, and indeed does so, and in the pK it chan
nel, where no such signal should exist10. Hadronic charm production has been an 
import facet of recent research at the ISR, with reported cross-sections which 
appear to be rather large. While much has already been accomplished, and much 
will undoubtedly emerge from the existing data, the field has now to be aban
doned, leaving us with a somewhat unfinished job. As is well known, it is very 
difficult to infer actual production cross-sections from a "bump-hunting" 
search. Problems are not yet overcome in a satisfactory way. 

These two examples, jet production and charm excitation, may add a sweet 
and sour note. They were selected for that purpose. The results achieved in 
both cases are splendid, but they came too late to have a dramatic impact on the 
particle physics community. At present, reaching a satisfactory stage, particu
larly in the latter case, would imply a long and patient experimental effort 
which just cannot be considered in view of other priorities which force the 
closure of the machine. A global survey of physics at the ISR nevertheless 
leaves a very impressive vista, which, I hope, this review will convey. I tried 
at first to organize it as a global historical survey, articulating it on the 
three "snapshots" of Table 1.1, where the three different years are character-
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ized by very different trends in the research programme. This turned out to be 
cumbersome, since the history of each particular physics topic rather imposed 
itself. I therefore decided to try and present in turn the development of our 
knowledge of global hadronic features (Section 3), of large-p production and 
jet phenomena (Section 4) and of processes involving leptons (Section 5), thus 
following each topic through many years of research at the ISR. These sections, 
together with Section 6, which discusses a few miscellaneous questions, repre
sent the main part of this review. This being said, Section 2 is nevertheless 
an attempt at some global historical survey which, I confess, must suffer from 
my short-sighted view of the matter 

2. A SHORT HISTORICAL SURVEY 

The general trends presented in this section emerge from the reading of 
surveys of research at the ISR written at different times. Having been involved 
in the compilation of several of them, I would like to mention especially0 

"Physics at the ISR, A review of recent results", a paper written after a talk 
given at the ISRC in early 1973, or the more general lecture notes of the CERN-
JINR School of 1973 at Ebeltoft, Denmark, which both cover the beginning of ISR 
physics. The detailed review which I wrote with G. Giacomelli, "Physics at the 
CERN ISR", provides a survey of ISR physics in 1978. It benefited much from the 
ISR Workshop of 1977 1 1, from which over 15 detailed documents originated as CERN 
reports. Finally, "Selected topics in ISR physics", which I edited together 
with M. Albrow and C. Fabjan in 1982, provides a review of ISR physics as it 
appeared then, following a special ISRC meeting aimed at presenting a compara
tive review and future perspective. One may thus tentatively consider an early 
period of ISR physics (1971-1974, say). It can be deemed a brilliant start, 
with many new results on the global features of hadronic physics rapidly ob
tained. A tremendous energy range (200 to 2000 GeV in equivalent incident beam 
energy) was opened to experimentation. Surprises were met with rising total 
cross-sections12 and anomalously huge hadron yields at large p 5. General 
properties of particle production, as expected in the framework of Regge theory3 

were put to the test. Evidence for Feynman scaling and for short-range order in 
particle production were very important results at that time 1 3. Evidence for 
diffractive excitation extending up to rather large masses (10 GeV, say) also 
deserves a special mention1 . 

This period was characterized by a rather rapid rise of the luminosity, 
which increased by close to three orders of magnitude. This is shown in 
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Fig. 2.1a. Experimentation mainly relied on small aperture spectrometers (beam 
surveys) and on lead-glass arrays for the measurement of Y - rays at (by present 
standards) medium-p values. Wide-angle coverage was possible with hodoscopes 
only, which provided angular (pseudorapidity) distributions for the many charged 
particles produced. The very ingenious Roman pot system allowed one to measure 
elastic scattering at very small angles. Coming back to Table 1.1, one sees: 

(i) Evidence for large-pT production (II and 12); 

(ii) Inclusive production with evidence for scaling (II, 12, 14, 18); 

(iii) Evidence for short-range order in particle production (14 and 18): 

(iv) Evidence for rising total cross-sections (16 and 18); 

(v) Evidence for high mass diffraction (12). 

This was a great period, but also one during which one realized that one had to 
be far more ambitious with detectors. Early attempts at observing electrons at 
medium p (II and 12), thus searching for new particles or new effects, failed. 
The hadron yields remained too high, with a n/e ratio later measured to be of 
the order of 5 x 10 3. 

It took rather a long time, however, to get the proper detectors, and this 
corresponds to a somewhat difficult period at the ISR (1974-1977) insofar as it 
was marked at both ends by the two setbacks of leaving the discovery of the J/<\> 
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(1974) and the discovery of the T (1977) to other laboratories. This was a 
period during which the ambitious detectors which were needed and eventually 
constructed were not yet available. One had to make do with existing devices 
(combining spectrometers or spectrometers and hodoscopes), exploiting particu
larly the SFM, which eventually became a powerful, though not ideal, instrument 
only by means of a long and patient effort at both the hardware and software 
levels. Yet this turned out nevertheless to be a fruitful period. This was the 
time when evidence for the association of high-p particles with two-jet sys
tems at wide angle, as expected from the hard scattering of hadron constituents, 
was patiently obtained. This is a major result to which the jets, observed so 
clearly at the Collider, attribute in retrospect the importance which it deser
ves. The turning point, in my mind, comes in late 1975, when all the necessary 
pieces of evidence for correlations among large-p particles were at long last 
at hand. The rapporteur's talk of P. Darriulat at the Tbilisi Conference in 
1976 bears witness to the progress achieved. The jet structure of large-p 
processes was demonstrated. 

Despite this success, this was, as previously mentioned, a somewhat diffi
cult period at the ISR, not only because of the various difficulties with 
experimentation (most spectrometers were providing "keyhole views" only and the 
SFM was practically blind in the most interesting region, around 90°), but also 
because the start of the SPS was offering a very tempting alternative to many 
physicists hitherto engaged in experimentation at the ISR. This, of course, 
enticed many to leave. By 1976-1977, the still dedicated collider physicists 
also started to turn their views to a priori greener pastures expected at much 
higher energies, where the W and the Z appeared as attainable goals. This was 
indeed the time when the idea of a superconducting ISR was given some thought, 
but eventually, everything converged, with the brilliant success which we know, 
upon the conversion of the SPS into a pp collider1^. Physics at the ISR proper 
had by then lost much of its past glamour to many. The Workshops of 1976 and 
1977 bear witness to these difficulties, but also to some promises11. Indeed, 
physics at the ISR remained very interesting to some, and the experimentalists 
of the latter period (1978-1983) deserve much credit for having maintained a 
very active and interesting programme, despite the fact that the running days of 
the ISR were then numbered. The discovery of prompt photons at large p is one 
of the highlights of that period16 It was indeed very important to verify 
that, at large p , the y/% ratio is of the order of 1 and not of the order of a. 
This was expected from our understanding of jet production and fragmentation. 
Much further progress could be achieved with hadronic jets, with, at long last, 
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a measurement of the jet production cross-sections17, with lepton pairs and 
heavy flavour excitation. Finally, the comparison of pp and pp interactions 
not only offered valuable checks of expected properties of hadronic interac
tions, but it was also the occasion to come back to several features of particle 
production which had not been fully studied previously. Here also, one is left 
with a half-finished job. Important differences anticipated with prompt photon 
production at large p and lepton pairs at large mass (p T, M > 6 GeV, say) will 
not be put to a thorough test. Among the important features of the recent pro
gramme, one should also mention the study of aa collisions18 and the ingenious 
use of the machine with a p circulating beam passing through a hydrogen gas 
target, providing a pp fixed target experiment at the energy proper for the 
formation of the J/c|> family states. This demonstrates the extreme versatility 
of the ISR. 

This third period of ISR physics (1978-1983) is also characterized by an 
important increase in luminosity, thanks in particular to the superconducting 
low-p insertion used in 18. This is shown in Fig. 2.1b. The achieved lumino
sity was over 30 times the design value of 4 x 10 30 cm It could be used 
to the full, thanks to the highly sophisticated axial field magnet detector 
(R807-R808). This consideration of three different periods is, of course, 
somewhat arbitrary. However, my prejudices, which led to that, are supported by 
Fig. 2.2, which gives the number of physicists involved in research at the ISR 

0̂0 

Fig 2 2 Number of physicists working 
on approved experiments (August survey 
each year) One can follow a glorious 
start, a question time and a strong 
come-back 

36 



for each year. One notices a rise, a dip and finally a rise. After this global 
historical review, we now turn to the development of specific subjects. This 
review does not, of course, pretend to be complete. It is merely a succession 
of long captions for the figures presenting results. But for a few cases, 
references are given in terms of the experiment numbers. Using the Appendix, 
the reader will know which Collaboration was involved. This, together with the 
information collected in Ref. 0, should be enough to reach all the original 
publications not explicitly referred to here. 

3. GLOBAL FEATURES OF HADRONIC INTERACTIONS 

At ISR energy, hadron production is the dominant feature of pp interac
tions. The average number of charged particles is of the order of ten. Several 
ISR experiments (R202, R203, R701, R703, R803 - see Appendix) have contributed 
to the determination of the number of produced particles, indirectly (integra
ting over inclusive spectra) or directly. The famous Thome fit 1 9 of the form 
a + b In s + c ln2 s represents the status of the art and actually provides a 
very good extrapolation up to collider energy. This is shown in Fig. 3.1a. It 
turns out that only a fraction of the incident energy is used in producing new 
particles. The incident baryons retain, on the average, half of their kinetic 
energy. This is referred to as the leading particle effect. Subtracting the 
energy carried by the final leading protons, one may define an effective energy 
more relevant to the production of secondary particles, this being done on an 
event-to-event basis. The relevant multiplicities can then be compared with 
those observed in e+e~ annihilation and a beautiful agreement prevails, as shown 
in Fig. 3.1b (RA15, R421), which now corresponds to relatively recent results 
obtained at the ISR. This illustrates the apparent universality of hadroniza-
tion processes, which it was possible to probe in detail comparing many distri
butions (R415, R421). As we go on, we shall thus often try to put early and 
recent results side by side. This is what we do again with Fig. 3.2, which goes 
one step further in the study of particle production and shows that the incident 
proton fragments into secondary particles in a way which does not depend on how 
it has been hit (provided that it has been hit hard enough!). Figure 3.2a 
(R801) is a "textbook figure", giving the pseudorapidity distribution of charged 
particles with equal and unequal beam energies. One sees that a 26 GeV proton 
fragments the same way whether it has been hit by a 26 GeV or 15 GeV proton. 
The same applies to a 15 GeV incident proton. This beautiful demonstration of 
limiting fragmentation was already obtained in 1972. Figure 3.2b illustrates 
the same effect with very different and quite recent data (R608). If a proton 
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fragments irrespectively of the way it has been hit, the fragmentation of a 
proton into positives (negatives) in pp collisions should be identical to the 
fragmentation of an antiproton into negatives (positives) in pp collisions. 
This is splendidly the case (Fig. 3.2b), the inserts showing the measured ratio 
predicted to be 1 from the limiting fragmentation of the hadron in a strong 
process (C conserving). 

Such a property applies to particle yields but should also apply to more 
subtle effects, such as polarization. In particular, the (transverse) polari
zation bf a A appearing as a clear fragment of the incident proton (x ~ 0.5, 
say) should be identical to the polarization of a À" produced with the same 
kinematics in p fragmentation. Figure 3.2c (R608) shows that such an equality 
is indeed found. The mirror image display corresponds to using the same a. 
value to relate observed (parity-violating) asymmetries to polarization when, 
from CP invariance, a. = -ar« 

A A 

Limiting fragmentation is usually expressed in terms of the scaling proper
ty of inclusive production, whereby for fixed p the production yield depends on 
the longitudinal momentum scaled according to the centre-of-mass energy x = 
2p //s, but not explicitly on the energy. Several early results at the ISR 

Li 

(R201, R202, R203, R102, R401, R403, R405, R602, R801) provided beautiful checks 
of Feynman scaling and also evidence for the emergence of a rapidity plateau. 
This is displayed in Fig. 3.3a, which combines results from several early 
experiments. At that time (1972!) the existence of a rapidity plateau was a 
40 
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value 

very important issue. The successful theoretical models focused on successive 
particle emission with, at each step, a particular fraction of the remaining 
kinetic energy being given (on the average) to the secondary particle. It 
follows that the rapidity density reaches a limit. As the energy increases, the 
distribution of Fig. 3.3a extends to the right at constant value, leading to a 
mean multiplicity (the integral of the distribution) increasing as In s (the 
available rapidity range). The limiting plateau behaviour was obtained follow
ing a theoretical reasoning which also led to fixed asymptotic total cross-
sections (Pomeron dominance). As it gave evidence for rising total cross-
sections, the ISR also provided, with more precise measurements of inclusive 
yields (R803), evidence for a rising plateau (Fig. 3.3b) and, as a result, a 
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In2 s component in the mean multiplicity (Fig. 3.3a) 1 9. Thus there is, to a 

first approximation, an impressive scaling property (an important result) and, 

as one looks more closely, a small but sizeable violation of this scaling 

property (also an important result). This latter effect may have to do with 

interactions among partons becoming more incoherent with increasing energy, but 

in a way which we cannot yet precisely express. Correlated with that would then 

be an important recent result showing a rise of the mean transverse momentum 

with the rapidity density (R420). The effect is definitely there at the ISR but 

it is dwarfed (again!) by the (first seen) Collider result (UA1) 2 0. This is 

shown in Fig. 3.3c. 

With Fig. 3.4, we go one step further into the properties of particle 

production with correlations characteristic of short-range order. This was a 

major discovery at the ISR (R801, R404) with further and more precise results 

following (R701, R401, R406, R407). Observing a particle in a particular range 

of phase space may give information on the probability of seeing another par

ticle in the same region (short-range correlation) of phase space, or in any 

region (long-range correlation) of the available phase space. As shown by 

Fig. 3.4 (R801), the observation of a particle in the central region (the 
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plateau region of Fig. 3.3a) makes it more probable to see another particle at 
the same rapidity with a positive contribution hardly dependent on the selected 
rapidity, provided that it remains within a certain range, such that one stays 
within the plateau. This was a very important test, eagerly awaited at that 
time (1982-1983)13. The confirmation of short-range order, with important 
short-range correlations, led to the concept of clusters of hadrons, hadroniza-
tion providing uncorrected (asymptotically!) clusters of strongly correlated 
particles. 

The total cross-section is, to a great extent, the mere shadow of the many 
production mechanisms. While cross-sections were able to rise asymptotically as 
In2 s, thus reaching the Froissart bound, a strong prejudice prevailed for a 
constant asymptotic value. This could have resulted from an intuitive geometri
cal limit, or in a more subtle way from the eventual dominance of a Regge 
trajectory (the Pomeron). As shown by Fig. 3.5a, the pp total cross-section as 
measured at PS energies (and in the early seventies up to Serpukhov energy) gave 
all possible encouraging signs in favour of a constant asymptotic value. The 
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K p total cross-section, shown to rise over the Serpukhov energy range, could 
simply have converged with the decreasing K~p total cross-section to a common 
constant value. It is in that context that one should appreciate the impact of 
the rising pp total cross-section at the ISR (Fig. 3.5b). One sees here the 
early results of 1973 (R601, R801) together with later and more precise results 
(R805) 1 1. The total cross-section was found to rise by 10% over the ISR energy 
range! The correlated analysis of the energy dependence of a and of p (dis
cussed later) allows one to extrapolate in energy relatively safely. This 
favoured a In2 s "asymptotic" parametrization, which indeed seems to have suc
cess at collider energy insofar as at such energy the pp and pp total cross-
sections should be practically the same (Fig. 3.5c) 2 1. Shown here are the fits 
and predictions for the pp and pp total cross-sections which were able to be 
made, and in which the ISR results of course played a major role. If the total 
pp cross-section rises asymptotically, the Pomeranchuk theorem predicts that the 
ratio of the total pp and pp cross-sections should be asymptotically one, but 
their difference does not have to tend towards zero. There is, however, a 
strong prejudice, based on our description of this difference in terms of a 
Regge contribution (oo trajectory), that it decreases as an inverse power with s. 
It was therefore very important to verify whether such prejudices were well 
founded and, for that purpose, to measure both the pp and pp total cross-
sections at the ISR. The study of the expected convergence of the dominant 
features through an energy range where anticipated differences are still size
able was one of the main points of the ISR pp programme, which started in 1981. 
The study of very sizeable differences expected for some rare processes was a 
priori more interesting, but we shall sadly have to limit ourselves to the first 
tests. 

Figure 3.5d shows the total cross-sections for pp and pp interactions, as 
now measured over the ISR range (R210, R211). The pp total cross-section 
eventually rises and the difference between the pp and pp total cross-sections 
decreases as expected (Fig. 3.5e). Everything behaves according to expectation 
and prevailing prejudices. Queer contributions (such as the odderons) could not 
exceed the 1% level22. 

As is well known, the total cross-section can be measured in two different 
ways. One can measure anything produced in a collision using a detector cover
ing all angles. The reaction rate is then proportional to a L, where L is the 
luminosity of the ISR. One can also determine precisely the elastic scattering 
distribution at small angles, extrapolate it to forward angle, and use the opti-
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cal theorem to extract the cross-section. Assuming for the sake of argument a 
purely imaginary amplitude, the differential reaction rate is then proportional 

tot by to a 2 L, all proportionality factors being known. A determination of a 
either method requires an independent measurement of the luminosity, something 
which is, however, not required when both methods are used at the same time, as 
was eventually done at the ISR (R805) (later results in Fig. 3.5b). The elastic 
scattering method can be used well into the forward Coulomb peak (Roman pot 
device), and the study of the observed shape then allows one to measure p, the 
ratio between the real and the imaginary part of the elastic forward amplitude. 
Figure 3.6a shows the type of differential cross-section results now obtained 
for pp and pp scattering (R211). Figure 3.6b shows the value of p for pp and pp 
scattering as now measured (R805, R211). 

When a rising total cross-section was found, it became very important to 
verify that p was positive. Known to be negative at PS energy, it eventually 
had to become positive since a ~ In 2 s implies p ~(ln s ) - 1 and positive 
asymptotically. The value of p is actually related to the derivative of the 
total cross-section with respect to In s. To first order, p(s) = (l/o(s))(ô/ô 
In s)a(s). Figure 3.6b shows the values of p as now measured for pp (R805, R211) 
and for pp (R211). The combined study of p [which probes the variation of 
o",_ ^(s) over a wide domain] and of a can allow for serious extrapolations 
tot J tot 

such as those of Fig. 3.5c While everything appears to behave as expected, 
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Fig 3 6b The value of the p parameter, as now known up to top ISR energy IS 
results from R805 and R211 



such measurements remain very important. Expectations indeed involve theoreti
cal constraints, but also a fair amount of prejudice. It turns out that pre
vailing prejudices, particularly with a decreasing value of Aa (between pp and 
pp) as shown over the ISR energy range in Fig. 3.5c, but further strengthened by 
the fact that p - > p (Fig. 3.6b) 2 3, were in fact correct. It could well have 

PP PP 
been otherwise. 

In order to know better the shape of the colliding hadrons, the slope of 
the forward elastic peak should be considered together with the total cross-
section. The elastic peak ( t < l(GeV/c) 2, say) is well described by two 
exponentials, a slope at low t (It < 0.1 (GeV/c)2) and a smaller slope (by 
typically two units) at larger Itl (It > 0.2 (GeV/c) 2). 

Figure 3.7a shows the convergence of the forward slopes for pp and pp 
(R211, R210) and the good agreement which extrapolation meets with the collider 
results (UA4 and UA1)2**. A similar convergence is met at higher It (R210, 
R420). 

A striking feature found over the ISR energy range is that the shape of the 
colliding protons hardly changes. The mean radius R inferred from the width 
(inverse slope) of the diffraction peak appears to increase in proportion to the 
one inferred from the total cross-section (a ~ 2nR 2). This actually corres
ponds to a constant ratio for a , and a^ as displayed in Fig. 3.7b. While the 
r el tot 
proton remains grey (we are far below the unitarity limit of 0.5), it increases 

20 F FORWARD SLOPE 
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Fig 3 7a The slope of the forward pp and pp elastic peaks, as measured up to 
top ISR energy, with a common extrapolation which agrees with the recent collider 
results (UA1 and UA4) ISR results from R211 
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- 03 Fig 3 7b The ratio between the 
elastic and total cross-sections for 
pp and pp scattering The ISR results 
showed that the proton shape hardly 
changes at all, despite the important 
rise of the total cross-section 

Pub IGeV/c) 

in size, although it retains the same shape. This almost persists to a first 
approximation, up to collider energy. This property, named geometrical scaling, 
is important even if not yet understood in depth. The shrinking of the forward 
peak with increasing energy is also clearly seen in Fig. 3.7c, which displays 
the differential cross-section at larger Jt values. The marked diffractive dip 
in pp scattering was a very interesting finding at the ISR (R602, R401). The 
dip moves inwards with increasing energy as the slope increases. Figure 3.7d 
shows the ISR differential cross-section for pp at /s = 53 GeV as is very well 
known, together with the differential cross-section for pp at collider energy, 
as determined by UA42 . The dip has now become a shoulder. One may associate 
this with the rise of p (Fig. 3.6b), since the mere observation of a dip, which 
most likely corresponds to the vanishing of the otherwise dominant imaginary 
part of the elastic amplitude, demands a very small real part. However, things 
could be more complicated25, and whether one should have a marked dip on a mere 
shoulder at ISR energy is an open issue. Figure 3.7e shows the "status of the 
art", and therefore where we shall remain (R420, R608). With the closure of the 
ISR, one has to coin a new word, in between dip and shoulder. 
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Fig 3 7c The angular distribution in elastic scattering at medium momentum 
transfer The marked diffractive dip, moving in with increasing energy, was an 
important finding at the ISR (R401, R602) 
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Fig 3 8b Momentum distribution for the three-body system (pir ir~ ) with the high 
momentum peak resisting cuts associated with rapidity gaps isolating single 
diffractive excitation The forward peak does not change as the centre-of-mass 
energy is varied It here corresponds to the fragmentation of a 26 GeV proton 
Result from R603 

Single particle exchange in inelastic collisions dominated hadronic physics 
in the sixties. This was the realm of Regge models; it is no longer much men
tioned nowadays, but in due fairness one should be impressed at the validity of 
the extrapolation of such models up to ISR energies, that is, by two orders of 
magnitude in incident momentum. Figure 3.9a shows the cross-section and the 
differential cross-section for the charge-exchange reaction pp -*• (pu )(pn ), 
where % exchange, dominant at PS energy, was expected to yield eventually to the 
higher-ranking Regge trajectories of the p and A 2 • This is just what the data 
show (R411). Figure 3.9b refers to single particle exchange in an inclusive 
reaction (triple Regge term in the ancient vernacular). A proton turns into a 
A (or a A) while exchanging a n (or a K) with the other proton which flares 
into anything, an approximation which applies to production as x approaches 1. 
In such a case, pp -* A x and pp ->• A x should not approach the same value, 
since what matters in the process is the total it p and it p cross-sections res
pectively used at still much lower energy, where they are not equal. This is 
shown by the data (R608). At very high energy, one may follow a Regge (old-
fashioned) or a quark-parton (new-look) approach with interesting parallels. 
The hadron physics of the sixties, transported to ISR energy, retains much of 
its interest, but this interest is no longer widespread. However, one should 
emphasize the spectroscopic revivals of the later period. We have already 
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Fig 3 9a Typical Regge behaviour features observed in the charge exchange 
reaction pp •* (pir ) (pir ) studied up to top ISR energy One sees ir exchange 
yielding eventually to g, A ? exhange They appear (A) in the total cross-section 
and (B) in the differential cross-section Results from R411 

Fig 3.9b Typical exchange features seen in the high momentum production of Â (A) 
and Â (A) as fragments of a p (pj The sizeable differences reflect the fact that 
the reaction proceeds through K (K ) or ir (o) exchange, respectively, with only a 
limited invariant mass for the recoiling system An interpretation in terms of 
quark-parton processes may also provide an interesting alternative view Result 
from R60B 
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Fig 4 1b Inclusive n yield at large p The departure 
from the exponential dependence at large p is the stronger, 
the higher the energy is Result from R103 

It was quickly recognized that high-p production had to be associated with 
some hard scattering process taking place among hadron constituents (generically 
called partons at that time), and the production cross-section at fixed angle 

-N 

then N = 4 for pointlike constituents, N = 8 if one of the active constituents 
was thus parametrized as da/dp2 ~ p " F(x ) with x = 2p_//s. One predicted 

was a bound two-body system (pion) as expected in the Constituent Interchange 
Model (CIM) 2 7. Further results, in particular R105, showed that the parametri-
zation was accurate and that N = 8 was the proper value. 

The production of high-p hadrons is schematically described according to 
the graph of Fig. 4.2a. If the active constituents are quarks or gluons, accor
ding to the QCD vernacular which only imposed itself later, one expects two jets 
at wide angle corresponding to the hadronization of the constituents, as shown 
in Fig. 4.2b. The observed high-p particle (often a pion) is then nothing more 
than a member of a jet. If one of the active constituents is a pion (CIM), the 
other being a quark, one expects an isolated large-p pion on one side and a 
recoiling jet on the other side. By 1973 there were naturally a host of other 
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h (trigger) 

Ë2L(A+B-OD) 

Jet towards trigger 

(Away) 
Fig 4 2a Schematic description for 
the production of a high-p hadron 
(h trigger) It originates from the 
fragmentation of a constituent (C) 
scattered at wide angle through a 
subprocess whereby two constituents 
of the incident hadrons (A and B) 
scatter 

target jst 
towards 
away 

Fig 4 2b The two-jet structure 
expected to result from the hard 
scattering process of Fig 4 2a 
Towards and away refer to the par
ticle used as a trigger (high-p 
hadron, say) 

mechanisms proposed, but they all complicated themselves out of existence as 
more data became available. One was eventually left with the two-jet and it-jet 
(CIM) approach as the main contenders27. In the latter case, N = 8 was natural, 
and this was, of course, the key argument of its proponents. In the former case, 
one had to argue that N = 8 corresponded to an effective medium-p behaviour 
reflecting many side-effects still relevant (intrinsic parton transverse proton, 
higher order corrections, etc.), and that N = 4 should eventually prevail at 
very large p , where data were still lacking. From 1973 to 1975, a long series 
of correlation studies at the ISR eventually demonstrated that the former point 
of view had to correspond to the prevailing process. The CIM process could 
still be there, of course, but only as a minority admixture. This may actually 
well be the case at medium p (p < 10 GeV/c), and most probably is under the 
present name of higher twist effects. Experiments R801, R407/408, R410/413, 
R701 and R702 contributed important results. The key point was a detailed 
correlation study showing that the observation of a high-p particle (such 
typical triggers then only had 3 to 4 GeV/c) made it more likely to observe 
another large-p particle alongside it, whenever present in the same hemisphere, 
as the two fragments of a unique jet should be, and also that, whenever two 
large-p particles were observed in the opposite hemisphere to the high-p 
trigger, they were closely correlated in angle, again as the fragments of a jet 
should be. Figure 4.3 shows such evidence, (a) on the same side and (b) on the 
away side (R407/408). 

It was, of course, difficult to get away from the background offered by the 
many low-p particles with no appreciable correlation. Figure 4.3 represents a 
very nice success of the SFM. This was at the end of 1975. By 1976, at the 
Tbilisi Conference, P. Darriulat was able to present a rapporteur's talk with 
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Fig 4 3a Rapidity correlation among Fig 4 3b Rapidity correlation for two 
large-p hadrons seen on the same side large-p hadrons seen on the opposite 
as the trigger particle Evidence for side to the trigger particle Evidence 
the towards-side jet of Fig 4 2b for the away-side jet of Fig 4 2b 
Result from R407/408 Result from R407/408 

compelling evidence for a two-jet structure. It was, however, realized that 
triggering on a single high-p particle was inefficient. What had to be done 
was to collect the full jet, as was possible with a calorimeter28, yet this took 
a long time to implement successfully. It was only by 1982 that calorimeter 
studies (R807) could claim evidence for jet dominance in processes with large 
transverse energy and measure a jet cross-section, in agreement with expecta
tions based on QCD. 

Jet studies with the SFM continued, and Fig. 4.4 gives the recent status of 
the art (R419). One sees the two-jet structure in configurations triggered upon 
through the observation of a high-p particle (Fig. 4.4a). This becomes clearer 
and clearer as one limits oneself to secondaries with larger and larger p . The 
away side "jet" is seen to be wider because it actually sums over jets emitted 
in different directions with only a moderate back-to-back correlation. The 
trigger particle is clearly usually a member of a jet. With various choices in 
the nature of the trigger particle (it or K) and in the overall jet configuration 
(back-to-back or both in the forward or backward hemisphere), one can a priori 
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Fig 4 4a Angular correlation among large-p particles in events triggered upon 
by the observation of a trigger particle at high pT The two-jet structure appears 
clearly when the required p value is high enough Result from R419 

bias oneself in favour of quark or gluon jets, and a posteriori check that the 
charge ratio for the leading particle in the recoiling jet (R > 1 for quark jet, 
R = 1 for gluon jet) is indeed observed (Figs. 4.4b and 4.4c). The final state 
conforms to expectations based on QCD (R419). 

The calorimeter search was, however, strongly advocated on the grounds 
that, for a fixed value of p , one anticipated a much larger cross-section for a 
jet than for a single hadron, by two to three orders of magnitude29. This is 
known, under the name of trigger bias, to stress the point that triggering on a 
jet through the observation of a large-p hadron has only very low efficiency. 

The argument is based on scaling in jet fragmentation. The jet fragments 
are expected to take on the average fixed fractions of the jet momentum, as 
expected most generally from a soft hadronic process (Section 3). Such a 
scaling property was verified in ISR experiments. One could show that the 
particles seen alongside the large-p trigger particle were distributed in 
momentum in a scaling fashion. The same applies for particles corresponding to 
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Fig 4 4b Charge ratio (positive over 
negative) in the opposite polar hemi
spheres to a high-p K~ (favouring a 
recoiling u quark jet) or ir (not 
favouring it), plotted as a function 
of the fractional p_ balance x 
Result from R419 

Fig 4 4c Charge ratio (positive over 
negative) opposite to a high-p_ ir at 
rather forward angle (50") as a func
tion of the fractional p_ balance x 
One separates the opposite hemisphere 
(front-back), thus favouring u quark 
recoil from the same hemisphere, thus 
favouring gluon recoil Result of R419 
This beautiful crop of SFM results 
show that high-p processes follow 
expectations based on the quark-gluon 
partonic structure of hadrons 

the recoil jet on the away side. Figure 4.5a shows evidence for scaling on the 

same side (R702). Figure 4.5b shows proof for scaling on the away side 

(R410/413). 

With a scaling fragmentation, a high-p hadron is expected to have the same 

p behaviour as the global jet to which it belongs, but with a proportionality 

factor which is small (10 - 2 to 1 0 - 3 , depending on p ), and is the smaller, the 

larger p i s 2 9 . Observing a large-p pion, one actually biases oneself in 

favour of configurations where most of the jet momentum Is taken up by the 

observed particle, as opposed to picking up jets of much larger momenta, but 

with a typical fragmentation pattern. All observations were in agreement with 

conclusions based on such a trigger bias, but direct confirmation had to wait 

until 1982 and the first measurement of a jet cross-section (R807). Figure 4.5c 

shows the jet yield and the single-pion inclusive yields as now measured (R807). 

One sees the very large expected ratio, increasing from 10 2 to 10 3 over the 

probed p range. 
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Fig 4 5a Evidence for scaling on the 
towards side Fraction of the momentum 
of the large-p hadron used as a 
trigger taken by secondaries seen on 
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Fig 4 5b Evidence for scaling on the 
away side Fraction of the momentum of 
the large-p hadron used as a trigger 
compensated by secondaries seen on the 
away side (fragment of the away jet of 
Fig 4 2b) Result from R413 

Fig 4 5c Jet yield and single par
ticle yie£d at large p The important 
ratio (10 to 10 ) bears witness to 
the trigger bias effect, whereby a 
large-p hadron trigger acts only as 
a very inefficient trigger for hard 
processes Results from R807 
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A jet structure in beautiful agreement with QCD brings back the question of 
N = 4 versus N = 8 previously mentioned. In QCD, one indeed expects N = 4 up to 
logarithmic factors which may result in a slightly larger effective N value. 
One must therefore admit extra complications at medium p (by present stan
dards), p < 10 GeV/c, say, and focus on the larger p range (p > 10 GeV/c), 
where the data should eventually conform to perturbative QCD. By 1979, the 
study of inclusive single particle yield (up to p = 14 GeV/c by then) was 
indeed pointing to such features. This is depicted by Fig. 4.6a (R108), which 
gives inclusive %° yields together with (as dashed lines) the N = 8 fit which 
applied very well to lower p results (p < 6 GeV/c). A departure from the fit 
with higher yields is clearly seen, as if a mechanism with a lower effective N 
value was becoming dominant. One could thus say that only by p ~ 10 GeV/c, 
large p processes should simply conform to expectations based on perturbative 
QCD. This has now been confirmed by the determination of the jet cross-section 
from calorimeter studies (R807). Figure 4.6b shows the thrust distribution 
measured in a calorimeter wall with a jet component finally becoming dominant 
above background for p values in excess of 10 GeV/c. Further studies, with a 
full azimuthal coverage, could eventually show a two-jet dominance in processes 
triggered through a large transverse energy deposition (R807, R110). This is 
demonstrated in Fig. 4.6c. In any case, now that jet cross-sections are 
available, one should confront QCD predictions directly with data, rather than 
attempt to fit a particular value of N. As depicted in Fig. 1.2, the ISR and 
collider yields both agree with such predictions. 

The study of hadronic jets at the ISR had thus made an important stride 
forward, the culmination of a long, patient effort which extended over a full 
decade30• By that time, however, even more spectacular results had been ob
tained at the Collider (Figs. 1.1b and 1.2a). 

The ISR was still able to "beat" the Collider on one important feature. 
With a primary process such as the one displayed in Fig. 4.2a, one expects a 
generalized Bhabha scattering among quarks and gluons, which is, of course, at 
the core of expectations based on perturbative QCD. This implies a well-defined 
angular distribution with forward peaking which should be found for the jets (as 
indeed found by UA1 and UA2), but also when considering two high-p %° , which 
should respectively follow the two jet directions. Figure 4.7 shows such an 
angular distribution as measured by R108. It came almost a year ahead of the 
relevant collider results (UA1 and UA2). Indeed, despite much smaller cross-
sections, the ISR could play on its much greater luminosity to compete success
fully with the Collider. We now turn to the question of prompt photons at large 
P T 1 6 -*T 
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departure from the p F(x ) behaviour 
met at medium p (p < 10 GeV/c] 
bear witness to the emergence of a new 

Fig 4 6b Distribution of the thrust 
in a calorimeter wall showing the emer
gence of jet dominance for E > 10 GeV 
The shaded part distribution corres
ponds to jet production, the remainder 
to isotropic multiparticle production 
Result from R807 
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Fig 4 6c Fraction of the 
total transverse neutral 
energy contained in the two 
largest clusters as a func
tion of the transverse neu
tral energy This shows the 
eventual dominance of two-jet 
configurations at very large 
E_ Result from R110 
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Fig 4 7 The angular distribution of 
a two-it system in its centre-of-mass 
system for a transverse mass value be
tween 11 and 12 GeV The directions of 
the two H stand, to a good approxi
mation, for the direction of the two 
jets One verifies the forward peaking 
associated with generalized Bhabha 
scattering when describing the central 
blob in Fig 4 2a in terms of pertur-
bative QCD The solid line corresponds 
to expectations for qq scattering 
Result from R110 

COS 0 

At large p , one eventually expects photons to dominate over %. This is 

due to the fact that one should compute the prompt photon yield as one does for 

the jet yield. This involves, then, an overall factor which one may naively 

take as a, but which a more detailed calculation puts at the level of ~ 10 - 3, 

because of the many types of hadron jets one has to sum over. This factor should 

foreseeably be compensated by the jet/n ratio when considering the variation of 

the y/% ratio with p While the pioneering efforts of R107 deserve a mention, 

evidence for a sizeable (> 0.1) y/n ratio was obtained by R806 and by R108. 

This was an important "première" at the ISR. If this ratio had not risen with 

p , our understanding of hard processes, particularly large-p phenomena, would 

have been seriously undermined. Figure 4.8a shows the y/% ratio rising as a 

function of p for three different energies (R806). Figure 4.8b (R806) shows 

the angular azimuthal distribution of associated charged secondaries to a large-

u° . The it0 

ciated charged particles on the same side), whereas the photon is by itself, as 

p prompt photon and a large-p itu . The itu appears as a member of a jet (asso-

anticipated The recoiling jet looks the same in both cases. Yet, as shown by 

Fig. 4.8c (R108), the positive over negative ratio in the recoiling jet appears 

to be larger for a yray (expected recoiling u quark most of the time) than for 

a 7i° (expected recoiling gluon most of the time). 

The physics of prompt photons at large p thus appears to be in good agree

ment with QCD. Further results not yet fully analysed (R808 and R110) should 

help us to study this in greater depth. It was an important point of the 

anticipated pp programme that sizeable differences between the inclusive large-

p y yields in pp and pp could be observed The yield in pp collision should be 

64 



04 

02 

0 

06 

04 

02 

0 

06 

04 

02 

0 

/s=31GeV 
R806 

-•-•-

/s=45GeV 

• •-•-
• • 

• •' 

/s=63GeV 

.M , * . * . * . * . . . . . 

I» 
6 8 10 

pT GeV/c 
12 

IO-

c. g 
a 

0 5 -

1 1 1 7 1 

- R807 i : 

: : ; } • T > 4 5GeV/c 
1 : i 

- f -
- • 

1 f M i 
1 1 

î 
1 1 i 

7T/2 

Ac/) -
77 

F ig 4 8a The -y/ir r a t i o as a func
t i o n of p a t t h r e e ISR energ ies 
Resul t from R806 

8 - - Ï 

7 -

6 -

•5 
5 -

or 4 " 

3 

2 

xE>0 3 

R108 

2 4 6 8 10 12 
pT(GeV/c) 

Fig 4 8b The azimuthal distribution 
of charged secondaries associated with 
the observation of a large-p y and a 
large-p ir In the latter case, the 
towards jet shows up, whereas it is 
absent, as expected, in the former 
case Result from R807 

Fig 4 8c The charge ratio (positive 
over negative) for high-p recoil 
particles (x > 0 3) opposite to a 
large-p f and w trigger In the former 
case, a u quark jet is favoured In the 
latter case, a gluon jet is supposed to 
prevail frequently Result from R108 

larger (by a factor of 2, say, at p ~ 6 GeV/c) because of the presence of 

quark-antiquark annihilation terms with, in that case, a recoiling gluon jet. 

This analysis will, however, have to suffer from very low statistics. 
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5. PROCESSES INVOLVING LEPTONS 

As has been repeatedly said, the search for leptons has long been frustra-
tingly difficult at the ISR, hampered by the large-p hadronic background and by 
very low cross-sections. It was only in 1978 that the important effort made 
(solenoid R108, toroid spectrometer R209, lampshade magnet R606, lithium foil 
and argon calorimeter R806) finally paid off. Sophisticated wide-aperture 
detectors were at long last fully operative. At the Tokyo Conference, R108, 
R209 and R806 were able to report data on lepton pairs of masses extending up to 
15 GeV, including, of course, the T peak. In the meantime, double-arm spectro
meters were able to collect some results, R105 with the observation of a few J/(J> 
events soon after its discovery, and R702 later with a beautiful J/<J> signal 
(Fig. 5.1a), but the small aperture of these set-ups was a strong handicap. 

Besides the dramatic narrow peaks, lepton pair production was interesting 
as a probe of the Drell-Yan mechanism, which was at the origin of hopes for 
finding the W and Z in hadronic collisions, albeit at much larger energies. 
According to this mechanism, the differential cross-section da/dM decreases with 
M as M - 3 times a function of % = M 2/s. If the cross-section is known as a 
function of M and t, its s prediction can thus be foretold. 

The ISR had the proper range of energy to probe lepton pair production 
around /T = 0.15, which corresponds to W,Z production at the SPS Collider. At 
FNAL/SPS energy, such a x value corresponds to the J/<\> region, where the lepton 
pair background cannot be correctly probed. As shown by Fig. 5.1b, ISR experi
ments accumulated beautiful data in this /T range (R806, R108), later made more 
precise by R209. This was of great help in predicting the W and Z production 
cross-sections at the Collider, with values eventually met by experiment. Com
paring ISR data with SPS data also enforced much confidence in scaling, neces
sary for making predictions. QCD eventually brought predictable deviations from 
scaling which are actually quite small at A = 0.15. 

The Drell-Yan process treated in the leading log approximation4 provides a 
good, but first, approximation. Higher order effects in QCD lead to predictable 
deviations, particularly for lepton pairs with important transverse momentum. 
In such cases, the transverse momentum of the lepton pair is balanced by that of 
a recoiling gluon, the hadronization of which should lead to an appreciable 
exce.-s of secondary particles. This can be seen in Fig. 5.1c, which gives the 
observed mean charge multiplicity in the same hemisphere as a lepton pair and 
opposite to it, as a function of the transverse momentum of the lepton pair. 
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to a large-p ir , observed long ago Result from R801 (right) 

The mean multiplicity increases only on the away side, as expected from the 
hadronization of the recoiling gluon jet (R209). It is interesting to compare 
this result with the one obtained many years before by R801 when measuring the 
increase in multiplicity associated with a large-p TC° • Shown here is the mean 
excess of charged particles in the opposite hemisphere as a function of the 
momentum of the it0 . The similarity of the two variations is striking. Recent 
results of RllO will allow one to explore the dynamics of lepton pair production 
much further. 

The interest of lepton pairs notwithstanding, leptons, looked at inclu
sively, may be used to signal a priori interesting phenomena. Indeed, they were 
eagerly looked for when experimentation started at the ISR (R102, R103, R204). 
Lepton yields at p > 1 GeV/c, hence avoiding the very high pion background at 
low p , were eventually measured satisfactorily. Figure 5.2a shows the e/it 
ratio at the ISR. It is almost an order of magnitude above the value found at 
SPS energy, an important increase associated most probably with the rise of the 
charm production cross-section. Figure 5.2b depicts an extremely interesting 
effect discovered at the ISR when probing lepton production at lower p (p < 
1 GeV/c), in a region where the pion background raises overwhelming difficul
ties. The early results of R605 and R606 have now been confirmed by R808. 
There is no doubt that the e/n ratio reaches values as high as 10 - 3 at low p 
(100 MeV/c, say). It is most likely that such leptons correspond to the 
materialization of low-p Y - r a y s - What could be the cause of such strong 
radiation at low p ? Looking for a characteristic length, the one which 
naturally comes to mind is the Debye penetration length of the vacuum for the 
colour field. If this is the case, these low-p electrons would bear witness to 
the presence of very interesting QCD effects. This is worth further study. 
68 



Fig 5 2a Lepton over pion ratio 
(times 10 ) as a function of (equi
valent) incident hadron energy The 
measured values correspond to p > 
1 GeV/c There is a marked rise 
between SPS and ISR energy 

p L A B (GeV/c) 

10-

10" 

10" 

io-

ISR DATA 

• CCRS (1976) 
• ACHMNR (1977) 
• CBF (1981) 
• ACCDHW (1982) 
• CCZ (1982) 

AFS (1983) 
(Preliminary) 

/s= 53 GeV, 90° 
/s= 53 GeV 30° • 
/s= 63 GeV. 90° 
/s= 63 GeV. 90° 
{%= 53 GeV, 90° 
/s= 63 GeV. 90° 

Beauty Dretl-Yan 

\ i l 1 , 1 1 , 1 , 

100 1000 
Transverse momentum (MeV/c) 

10000 

Fig 5 2b The electron over pion ratio at ISR energy as a function of p There 
is a marked rise at low p , bearing witness to a new phenomenon 
R606 and R808 

Results from 

69 



Coming to charm production, the observation of a lepton around 1 GeV/c 
(Fig. 5.2b) is likely to signal the presence of a charmed particle having 
undergone a semileptonic decay (branching ratio of the order of 0.1 for each 
leptonic mode). The observation of a strange particle may help refine the 
signal. What results is a beautiful resonance peak (Fig. 5.3), which here 

- + corresponds to the partner (D seen in its K it mode) of the particle of which 
the daughters e, K have been used to select the event sample. As can be seen 
from Table 5.1 (R415-R422), the observation of a peak always responds to the 
trigger in a way which agrees with associated charm production. The production 
cross-sections are reported to be rather large (several hundreds of microbarns), 
as inferred from data of R606, R415 and R416. The same applies to searches 
using hadronic modes (Fig. 1.3) 3 1. However, many problems are not yet satis
factorily solved, and the question of heavy flavour excitation for charm and 
beauty at the ISR cannot yet be considered as a well-understood topic31. It 
remains that interesting new results may still emerge from the data recently 
collected by R422. 

0625 1025 U 2 5 1825 2225 2625 

m ( K " i r * ) | 6 e V / c 2 ] 

Fig 5 3 A D signal in the Kir distribution An 
electron trigger is used to signal charm pro
duction and the fellow charmed meson is then 
seen in the Kir distribution Result from 
R415-R422 
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Table 5.1 

Different channels and different triggers 
showing that a signal for charmed particle production 

is observed only when expected (R415-R422) 

P a r t i c l e Trigger S i g n a l 

(1) A* - P K V e", x L ( p ) > 0 3 

e + , x L ( p ) > 0 3 

YES (1) A* - P K V e", x L ( p ) > 0 3 

e + , x L ( p ) > 0 3 NO 

( 2 ) D+ " W V e 

+ e 

YES ( 2 ) D+ " W V e 

+ e NO 

(3 ) D° -*• K~TT+ 

e ' KTOF 
+ + 

e , K T 0 F 

YES (3 ) D° -*• K~TT+ 

e ' KTOF 
+ + 

e , K T 0 F NO 

(4) D + •*• K~~ + i r + 
- + 

e ' ho? 
e , K T 0 F 

YES (4) D + •*• K~~ + i r + 
- + 

e ' ho? 
e , K T 0 F NO 

(5 ) D° - K~ O F TT + TT + TT" e 

+ 
e 

YES (5 ) D° - K~ O F TT + TT + TT" e 

+ 
e NO 

(6) D~ •+ K^0FTT~TT~ 
+ 

e 

e 

YES (6) D~ •+ K^0FTT~TT~ 
+ 

e 

e NO 

(7 ) D° + K ^ O F T T " T I " T + 
+ 

e 

e 

YES (7 ) D° + K ^ O F T T " T I " T + 
+ 

e 

e NO 

(8) A ^ p r o F K V e 

+ 
e 

YES (8) A ^ p r o F K V e 

+ 
e NO 

(9) A ; - P T 0 F K V + 
e 

e 

YES (9) A ; - P T 0 F K V + 
e 

e NO 

6. A FEW OTHER POINTS 

The versatility of the ISR as an accelerator is worth praise. Our review 
has so far mentioned only pp and pp collisions. The ISR also stored deuterons 
and a particles; it has equally been used as a low-energy p storage ring, the p 
beam hitting a gas-jet hydrogen target with a centre-of-mass energy adjusted so 
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as to excite the J/cp and % states through their pp mode. This has had a success

ful start, and experimentation is continuing in early 1984 (R704). 

We shall limit ourselves here to a few words about aa collisions. The 

interest of ion collisions at very high energy is to create conditions (very 

large energy density over extended volumes) propitious for obtaining a quark-

gluon plasma which could exist according to our present understanding of QCD at 

high temperature and (or) density. It is likely that a's are ions which are too 

small for such conditions to be reached. Nevertheless, present results show 

that two of the necessary conditions are met. One needs first to transfer a 

large amount of the incident energy into transverse degrees of freedom, with a 

large number of secondary particles bearing witness to this. Such is the case, 

as can be seen from Fig. 6.1a (R418). One notices that aa collisions are far 

more efficient (by a factor of 1.8) at producing particles than pp collisions 

for the same centre-of-mass energy at the nucleon-nucleon level. This, of 

course, results from multiple nucleon-nucleon collisions in aa interactions, as 

confirmed by a comparison between aa, ap and pp collisions (Fig. 6.1a). The 

second condition is that multiple scattering should occur among the constituents 

of the colliding hadrons so that transverse energy can be thermalized, as 

opposed to producing individualized jets. Such multiple collisions take place 
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Fig 6 la Inclusive pion distributions comparing (left) aa and pp data at equal 
centre-of-mass energy at the nucleon-nucleon level, and (right) the same for ap 
and pp aa collisions are more efficient than pp collisions at transferring 
energy to transverse degrees of freedom Results from R418 
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Fig 6 1b Ratio between the high-pT yields of charged and neutral pions at large 
p observed in aa and pp collisions respectively at the same centre-of-mass energy 
at the nucleon-nucleon level The somewhat confusing situation after the 1980 run 
is shown (left): results from R418, R806, R807, and R110 The recent data seem to 
converge to the measurements of RB07 (right) The key point is that the ratio 
becomes larger than A = 16 at high p T, a generalized Cronin effect which bears 
witness to rescattering effects among hadron constituents 

because of the high quark density met in a nucleus-nucleus collision. As a 
consequence, the high-p yield should increase faster than A 2 (the atomic num
ber) with A. Indeed, this is again the case. Figure 6.1b shows the ratio 
between high-p pion yields measured in aa and pp collisions, first (left) 
combining all available data from the 1980 run with charged-pion (R418, R807) 
and neutral-pion (R806, R110) results, and then (right) considering only the 
rather precise R807 data. Lower than A 2 at low p , the ratio definitely exceeds 
16 at large p . The analysis of the 1983 data should yield further interesting 
information. 

Many experiments at the ISR have been involved with quark and monopole 
search (R106, R109, R301, R501). They are listed in the Appendix and Ref. 0; in 
particular, the fourth article in Ref. 0 gives the bounds which could thus be 
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APPENDIX 

LIST OF ISR EXPERIMENTS 

The first digit always stands for the intersection used; the others refer, to a 
first approximation only, to chronological order. For technical reasons, the 13 
and 15 intersections were hardly used for experimentation - such use was 
actually limited to monopole search. 

Expt. No. Collaboration 

101 Bombay-Bucharest-CERN-Cracow-Tata 

102 Saclay-Strasbourg 

103 CERN-Columbia-Rockefeller 

104 Brookhaven-Rome-Adelphi 

105 CERN-Columbia-Rockefeller-Saclay 

106 CERN-Bologna-Rome-Saclay 

107 Adelphi-Brookhaven-Rome 

108 CERN-Columbia-Oxford-Rockefeller 

109 CERN-Rome 

110 CERN-Oxford-Rockefeller 
**************** 

201 CERN-Holland-Lancaster-Manchester 

202 Argonne-Bologna-Michigan 

203 British-Scandinavian 

204 British Universities 

205 CERN-Daresbury-Liverpool-Rutherford 

206 CERN-Holland-Lancaster-Manchester 

207 CERN-Holland-Lancaster-Manchester 

208 CERN-Rome-Brookhaven 

209 Frascati-Harvard-MIT-Naples-Pisa 

210 CERN-Naples-Pisa-Stony Brook 

211 Louvain-Northwestern 
**************** 
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301 Bologna-Fermilab 

401 

402 

403 

404 

405 

406 

407/408 

410/413 

411 

412 

414 

415 

416 

417 

418 

419 

420 

421 

422 

**************** 
CERN-Hamburg-Orsay-Vienna 

CERN-Munich 

CERN-Hamburg-Orsay-Vienna 

CERN-Hamburg-Vienna 

CERN-Karlsruhe 

CERN-Bologna 

CERN-Collège de France-Heidelberg-Karlsruhe 

MIT-0rsay-Scandinavian-Liverpool 

Pavia-Princeton 

CERN 

CERN-Hamburg-Heidelberg-Orsay-Vienna 

Bologna-CERN 

LAPP-CERN-Collège de France-Heidelberg-Karlsruhe-Warsaw 

CERN-Pavia 

Ames-Bologna-CERN-Dortmund-Heidelberg-Berkeley-Lund-Warsaw 

CERN-Heidelberg-Warsaw 

Ames-Bologna-CERN-Heidelberg-Warsaw 

Bologna-Frascati-Turin 

Bologna-Frascati 

(R409, a minimum bias trigger experiment using the SFM, was approved but later 
withdrawn). 

501 

601 

602 

603 

604 

605 

LAPP-CERN 

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

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

CERN-Rome 

Aachen-CERN-Genoa-Har vard- Tur in 

Aachen-CERN-UCLA-Harvard 

CERN-Genoa-Harvard-Munich-Northwestern-Riverside 

Aachen-CERN-Harvard-Munich-Riverside-Northwestern 
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Aachen-CERN-Harvard-Lausanne-Munich-Northwestern-Riverside 

607 Amsterdam-Northwestern 

608 CERN-Clermont Ferrand-UCLA-Saclay 
**************** 

701 Aachen-CERN-Munich 

702 CERN-Saclay 

703 Bonn-Brussels-Cambridge-CERN-Stockholm 

704 LAPP-CERN-Genoa-Lyon-Oslo-Rome-Turin 
**************** 

801 Pisa-Stony Brook 

802 CERN-Rome 

803 British-Scandinavian-MIT 

804 became 209 

805 CERN-Rome 

806 CERN-Brookhaven-Syracuse-Yale-Athens 

807 CERN-Copenhagen-Lund-Rutherford-Pennsylvania-Tel Aviv, an 
also (from 1983) Queen Mary London-Pittsburgh 

808 Athens-Bonn-Brookhaven-CERN-Lebedev-Moscow-Novosibirsk-Pisa 

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


