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THE SECOND TIRRENIA STUDY WEEK 

P. Falk-Vairant 
DPhPE, Saalay, Franae 

Introduction 

The second Tirrenia study week was mainly devoted to the presentation and discussion 
of the status reports of the nine ECFA Working Parties concerning the first experimental 
facilities for the 300 GeV CERN accelerator. These status reports have been published in 
CERN/ECFN72/4, Vol. I. 

In addition to these reports, talks were given by invited speakers on specific topics 
related to this project. The progranune of the meeting is given on the next page. 

Among the 150 participants, about 100 were representatives of the Working Parties. 

3 

This volume contains the comments and discussions which followed the presentation of the 
Working Parties' Reports,. most of the invited talks (sometimes with a stumnary of the discus­
sion that followed), and some of the contributed papers which, for various reasons, were 
omitted from the Status Report of the Working Parties (Vol. I of CERN/ECFA/72/4). 

Chapters I to IV are each devoted to a session. Chapter V contains the sessions con­
cerning the techniques to be used for experiments at the SPS. Chapter VI is the reproduction 
of the GESSS report and Chapter VII. is devoted to the session on colliding beams. 

Brief commentaries on a few questions which arose in the course of the meeting were 
prepared by the session secretaries. They wish to apologize to the speakers for any misin­
terpretation or omission of certain remarks. 

The ECFA Working Group Executive Connnittee would like to thank all the members of the 
Istituto di Fisica dell'Universita, Pisa, who contributed to the excellent organization of 

this meeting. 
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ECFNSW/72-17 20.10.72 

THE ECFA STUDY WEEK ON THE 300 GeV ACCELERATOR 

Tirrenia (Italy) - September 20-29, 1972 

PROGRAMME 

Subjects and Speakers Subjects and Speakers 

8.30 - 10.30 hrs 11.00 - 12.30 hrs 16.00 - 17.30 hrs 18.00 - 19.30 hrs 

Wednesday 
THE 300 GeV ACCELERATOR PRIMARY BEAMS FRLM THE POSSIBLE UTILIZATION 

300 Ge V ACCELERATOR OF TilE WEST HALL 
20th Sept. 

E. Witson J. V. Atlaby H.O. WU8te>' 

Thursday 
BEBC W. P. REPORT GARGAMELLE W .P. REPORT 

SPECIAL TOP! CS CONCERNING TilE 
21st Sept. J. Meye>', A. GI'ant BUBBLE CHAMBER 1\URKING PARTIES 

and D. Mitle!' F. Jaaquet 

Friday NEUfRINO W.P. REPORT NEUfRINO PHYSICS NEW FACILITIES IN VISUAL SPECIAL TOPICS ON 
DEVICES W. P. REPORT v AND v-~ 

22nd Sept. 
H. Waahsmuth C.H. Llewetlyn-Smith H. Meye>' and C. Fishs!' 

SPECTROMETERS AND OMEGA STRONG INTERACTIONS SPECIAL TOPICS ON 
Saturday W.P. REPORT SPECIAL TOPICS ON INSTRUMENTATION 
23rd Sept. SPECTROMETERS AND OMEC.A 

SPECIAL TOPICS ON J. Dowen and W. Koah M. Jaaob 
v AND v-~ 

Monday 
HADRONIC BEAMS W.P. REPORT POSSIBILITIES IN ELECTRON PHYSICS PROGRAMME AT NAL 

AND PIKJTON BIWIS SPECIAL TOP! CS CONCERNING 25th Sept. IN TilE WORLI) AROUND 1977 HADRONIC BEAMS M. Steuep· B.H. Wiik D. ReedeP 

Tuesday CllARGED LEPTON AND PRESENT CHARACTERISTICS AND ELECTRON VERSUS MUON 
PHOTON BEAMS W. P. REPORT FUTURE DEVELOPMENT AT NAL PHYSICS 

26th Sept. SPECIAL TOP! CS CONCERNING 

F. W. BPasse and G. Ba!'bieZUni R.R. Witson E. Piaasso e, ~ ANDy 

Wednesday COLLIDING BEAM PHYSICS AND PARTICLE IDENTIFICATION 
IEVICES W.P. REPORT 

27th Sept. SPECIAL TOPICS IN EXPERIMENTAL AREAS 

c. Rubbia and K. Johnsen P. Mu!'phy 
AND SUPERCONDUCTING DEVICES 

Thursday GESSS REPORT NORIH EXPERIMENTAL AREA DECISIONS ON TilE TilE PHYSICS PROGRAMME 
PROBLEMS AND IDEAS 300 GeV PROGRAMME AT CERN AND 

28th Sept. ITS ORGANIZATION & FINANCING 
W. Heinz G. Brianti J.B. Adams W. Jentsahke 

Friday 
CONCLUSIONS 

PANEL DISCUSSIONS ON TilE OF THE 
29th Sept. WORKING PARTIES' RESULTS SI'lJDY WEEK 

G. SaZvini 
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THE PHYSICS PROGRAMME AT CERN AND ITS ORGANIZATION AND FINANCING 

W. Jentschke 

CERN, Geneva, Switzerland 

1. PHYSICS PROGRAMME 

The facilities at CERN have grown impressively over the last years. The Intersecting 

Storage Rings (ISR) have come into operation, and in five intersection regions, experiments 
have been installed in 1972. The big split-field spectrometer is being assembled and will 

considerably increase the experimental capacity at the ISR from 1973 on. The heavy-liquid 

bubble chamber, Gargamelle, became fully operative in 1972. The big European hydrogen 
bubble chamber, BEBC, and the large magnetic Omega spectrometer, equipped with spark chambers, 
underwent their first tests this year and will be ready for physics runs in 1973. The 

booster of the PS also started operation in 1972, and an improvement programme for the SC 

is under way. 

Last but not least the preparations for 300 GeV physics have already started and will 

require an increasing fraction of the total effort. 

In view of the financial and man-power limitations it is quite obvious that the complete 

programme with all its parts cannot be continued at full speed everywhere, and it will be 

necessary to set priorities and to reduce or even stop some parts of the programme even if 

they are scientifically justified and technically feasible. 

Indeed, two reductions of the programme have already been decided upon: 

i) the PS booster will essentially not be used for experiments before the start-up of the 
I 

300 GeV accelerator; and 

ii) the West Hall will not be opened up for 25 GeV physics except for the Omega spectro­

meter. 

Other decisions will have to be made at different times. They would have to be re­

considered in the light of one of the 300 GeV machine construction schedules discussed by 

J.B. Adams at this meeting, i.e. to install all iron magnets in order to achieve 400 GeV at 

an early date. This would have the effect that the physics in the West Area would start a 

few months later, probably towards the end of 1976, but making available 18 to 21 months for 

physics until February 1979 instead of 14 as foreseen in the previous time-schedule. In 

addition, the new time-schedule would permit the North Area to be opened up earlier. 

Let me mention a few questions that will have to be considered in the future with the 

aim of optimizing the physics programme. 

i) For the neutrino beam in the West Area, should one choose the underground (tunnel) or 

surface solution? Since civil engineering has to start early, this decision must be 

taken in October 1972. 

ii) Should the neutrino target and beam in the West Area be laid out for 200 GeV only, and 

a 400 GeV beam foreseen early in the North Area? or should one have also 400 GeV in 

the West Area? 
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iii) Neutrino physics with bubble chambers: should Gargamelle be moved behind BEBC? or 
should BEBC be filled with neon in addition to deuterium? or does one need both? 

iv) Shall BEBC be equipped with a rrruon identifier, a downstream spectrometer and/or a Track 
Sensitive Target (TST). 

v) Is it reasonable to plan counter neutrino experiments in the West Area? or should they 
wait until the North Area is opened? 

vi) Should a rrruon beam (combined or separate from a neutrino beam) be installed 'in the 

North Area? 

vii) How many electron and photon beams will be necessary? and when, where and at what 

energies? 

viii) Should the Omega spectrometer be improved (optical chambers replaced by wire chambers)? 
and how rrruch effort should go into the development of specialized spectrometers. 

A difficult decision will concern the fractions of the total effort that should go into 
the investigation of weak, strong, and electromagnetic interactions. Since the physics in 
the 300 GeV range has been discussed extensively by the ECFA Working Group I do not want to 
repeat the arguments here. However, it seems to me that everybody agrees that the most 
exciting results might be obtained from the weak interaction. The unitarity limit indicates 
that something is bound to happen in the hundred GeV region. Therefore, weak interaction 
experiments should have a high priority. On the other hand, we learned that the SPS will 
also provide high-energy electron and photon beams which cannot be obtained with electron 

accelerators. 

With respect to strong interactions, more detailed information on the dynamical be­
haviour is needed. ISR experiments at high centre-of-mass energies, and SPS experiments at 
lower energies but rrruch higher luminosities, will contribute to this information. 

It seems to me to be very important that we keep our programme flexible enough so that 

we can adjust it according to the results that will be found. 

In the coming years we shall not only have to balance the various parts of the SPS 

programme, but the SPS physics will also have to be confronted with the other activities 

carried out at CERN. 

2. ISR PHYSICS PROGRAMME 

For many years to come the ISRwill provide by far the hig~est centre-of-mass energies, 

although only for pp interactions. 

One of the most exciting parts of the progranune, the search for exotic particles, has 
already yielded rather low limits for the production of quarks. Similar good limits are 

hoped for in the near future for intermediate bosons and magnetic monopoles. If no exotic 
particles are found, this activity will probably come to an end in two or three years. 

The investigation of two-body processes has given interesting results. The total 
cross-section is approximately constant. The slope of elastic pp scattering was found to 

have a more complicated behaviour than was expected, and at large t-values the cross-section 
' 

seems to drop faster than an extrapolation from low-energy data would have suggested. The 
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accuracy of these data should be improved since, for example, a possible logarithmic rise of 

atot cannot yet be excluded. An extension of two-body processes to quasi-two-body reactions 
has already started (e.g. p + p + P + N*) and these kinds of measurements will continue for 

several years. 

An impressive amount of data has already been collected on multiparticle reactions. 

Some results on multiplicities have been obtained, and several experiments investigated the 

scaling behaviour for single-particle inclusive spectra. The results indicate that for most 

types of produced particles, the scaling limit is reached at ISR energies. It is quite 

remarkable that the scaling seems to hold also in the central region C~ 90°). However, 

these data have to be completed since the whole admissible kinematic range has not yet been 

covered, some particle have not yet been measured, and all the errors should be reduced. 

The results obtained thus far have revealed some gross features of multiparticle reac­

tions. The features can be explained in terms of various models. In order to distinguish 

between different models and to get a better understanding of the dynamical details, more 

refined measurements are necessary. They include different kinds of correlations and the 
selection of specific types of events. From such measurements one might expect surprises, 
and indeed a surprisingly large number of events with high momentum transfers have already 

been observed in two experiments. At any rate, the study of the detailed dynamical behaviour 
of multiparticle events is barely starting and will have to continue for many years. The 

split-field spectrometer becoming available for physics in 1973 will provide an excellent 

facility for such investigations. From this one concludes that the second generation of 
ISR experiments starting in 1973 will continue for several years. 

For the short-term programme one has to answer the following questions: 

i) How much effort should go into an increase of luminosity (low beta section)? Should 

a second large magnet spectrometer be built in particular to investigate large momentum 

events around 90°? 

ii) For the long-term development the impact of the SPS on the ISR programme has to be 

assessed. A major conversion of the ISR may then have to be considered. 

3. 25 GeV PHYSICS PROGRAMME 

In a superficial way one could argue that at a time when the SPS and the ISR will be 

fully exploited the interest would shift almost completely from 25 GeV physics to high 
energies. This woul~ be a wrong conclusion, however. For the strong interaction, the 

asymptotic behaviour at very high energies will certainly be of fundamental importance, but 

the whole richness of the strong interaction lies in the resonance region where many impor­

tant problems remain to be solved. But even for the weak interaction where qualitatively 

new information can be expected at high energies, the investigation of rare processes at low 

energies will contribute essentially to our understanding. Hence it seems premature and 
superficial to expect that the new fundamental discoveries will be made exclusively at very 

high energies. To put this statement on a firmer ground, let me give you some examples. 

The two most successful and complementary schemes for classifying elementary particles 

are SU(3) multiplets and Regge trajectories. Quite a number of complete SU(3) multiplets 

are known by now, and it would be desirable to fill a few more and to discover possible 

discrepancies. The question of Regge trajectories is not yet settled, however. For bosons, 

in particular, the situation is deplorable, as is shown in Fig. 1. 
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For the three multiplets (with 0-, 1-, and 2+) which are completely known, only one 

recurrence has been found, the g meson which is the recurrence of the p meson. There are 

about a dozen well-established resonances which, however, cannot be associated with trajec­
tories since their spin-parities are not yet well established. Besides these, there is a 

large group of resonances whose existence is not yet certain. Because of this lack of 

information, several fundamental questions cannot be answered. For example, the validity of 

exchange degeneracy relies mainly on the fact that the 2+ multiplet lies on the respective 
trajectories of the 1- multiplet. Nothing is known about the trajectory of the 0- multiplet 

(pion trajectory). 

An obvious way to improve on the present experimental situation is by improving the 

statistics. Some of the doubtful candidates come from experiments with a statistical accur­

acy of about 4 to 6 events/~b obtained from about 100,000 bubble chamber pictures with 
15 particles per picture. Counter experiments could sometimes help, as in the case of the 

g meson, but the restricted acceptance poses problems especially for decays into more than 

two particles. 

The experimental situation for baryon resonances is somewhat better than for bosons. 

The main reason is that bosons can be found only in production experiments, whereas baryons 

can be detected also in formation experiments where a long experience in phase-shift analysis 

exists. The richer information manifests itself in several known trajectories. Figure 2 
shows, as an example, the trajectories of the SU(3) decuplet. The five resonances on the 

6 trajectory are quite impressive, but they immediately raise the question, How far do the 
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trajectories continue to rise linearly? One of the difficulties of extending the measure­
ments to higher masses comes from the fact that higher partial waves enter into the phase­
shift analysis. The development of polarized targets has made it possible to measure the 

polarization P, which helps to unravel some ambiguities. In future, however, it will become 
I 

necessary to measure also the Rand A parameters. Hence a long programme of sophisticated 
precision experiments seems necessary to clarify some of the fundamental problems of the 

Regge classification. 

But also some problems concerning ~eaation mechanism can best be studied at low ener­

gies, and a few examples will be mentioned. The Regge model with the exchange of moving 
poles was quite successful in explaining many two-body reactions qualitatively. _In a second 
approximation, however, Regge cuts are needed. They correspond to corrections in low partial 

waves, i.e. corrections for central collisions. The situation is particularly unclear for 
unnatural parity exchanges (TI, K, B), where even very little is known about the leading pole. 
Pion exchange can be illvestigated in np charge exchange, TI-P-+ np 0 or TI+P-+ t.++p 0 • Since 

the cross-sections for these reactions drop fast with energy, they can best be studied with 
high accuracy at lower energies. 

The typical structure length in Regge theory is about t.a.(t) ::::: 2, and hence one needs 
measurements up tot= 2 GeV2 • Many results are only fort::::: 0.4 GeV2 • Of course, cross­
sections are low at large t-values and the measurements are accordingly difficult. 

Another field of great theoretical interest is that of reactions with exotic exchanges 
since they will throw some light on higher-order effects, e.g. the exchange of two Regge 
poles. The K-p backward scattering is an example for exotic baryon exchange, while 

- + -
7T p -+ K E proceeds through exotic meson exchange. Since the cross-sections for such reac-
tions fall with a high power (> 4) of the incident momentum, they cannot be investigated at 

high energies. 
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Also for the study of weak interactions the 25 GeV domain will preserve its attraction. 
The interest will centre on rare decays of kaons and hyperons. From such investigations one 

will get information on the validity of various selection rules (e.g. ilQ = 0, ilQ = ilS) or on 
the Cabbibo hypothesis. Most of the selection rules are not required by a known fmdamental 
theory, and therefore it seemS interesting to test how exact those rules are. In the past 
most of the rare decays have been measured up to the level of about 10-5 • With higher inten­
sities available after the commissioning of the booster or even the SPS, these limits could 

-s -1 o be pushed into the 10 to 10 range. 

In conclusion one can state that the 25 GeV physics programme will have considerable 
scientific value for many years to come. However, the examples of experiments mentioned 
above will all require a considerable technical and financial effort in order to be able to 
obtain the needed precision, to measure extremely small cross-sections, or to determine the 
polarization parameter. This will require strong groups with complex and elaborate equip­
ment. Hence it will be important to concentrate the man-power and the financial means. 

From the above deliberations it seems safe to draw the conclusion that the South and 
East Halls cannot both be closed at the same time during the coming years, and that the 2 m 
hydrogen chamber will continue to operate. However, the following possibilities will have 
to be looked into: 

i) Can secondary beams derived from 200 GeV protons improve the 25 GeV programme qualita­

tively? 

ii) Should the South Hall be closed? The implications are: no internal targets, number 
of comter beams reduced to about half the present number. 

iii) The necessity of 25 GeV test beams for the preparation of 300 GeV physics should be 
studied. 

iv) Can one close the PS North Hall after the hyperon bubble chamber (HYBUC) has finished 

its operation? 

v) Should the South-East Hall be made available to 25 GeV or intermediate-energy physics? 

4. NUCLEAR STRUCTURE AND ATOMIC PHYSICS 

European intermediate-energy nuclear physics has been given strong incentives by CERN 
and a long tradition has been established there. The SC was the central.facility which 
permitted this field to develop and to thrive. It may be useful to mention some of the 
major achievements of the past. 

The SC is an excellent source of muons. The investigation of nruonic atoms yielded 

results on nuclear sizes and shapes of gromd and excited states, on the distribution of the 
nuclear magnetization, and on higher-order QED effects. From measurements on nruonium, one 
of the best values of the fine structure constant could be deduced. Muon capture in nuclei 
gave information on the induced pseudoscalar coupling and played a major role in the devel­
opment of PCAC. The investigation of picnic atoms gives precise values for the pion mass 

and information on the rrN interaction. 

Pion-nuclear scattering has provided valuable information on the validity of isospin 
invariance, it has shown that the 3,3 resonance survives in nuclei, and it has helped to 
test dispersion relations. 
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The results of quite a number of scattering experiments were the basis of an under­

standing of multiple scattering effects in all its various aspects (Glauber theory). 

11 

The isotope separation facility ISOLDE made it possible to study many new isotopes far 

away from the stability line. As examples of interesting results, one might mention the 

sudden change of nuclear volume as a function of the neutron number, or the systematic 

determination of S-decay strength functions. 

Many important questions remain open. One cannot pretend to understand the nucleus 

until one knows the behaviour of all the particles it contains. The classical picture of an 

assembly of protons and neutrons is too simplified. Mesons and excited nucleon states play 

a role. Presumably the nuclear meson field is modified by the other nucleons, and hence the 

pion field is probably coupled collectively to the nucleus. Quasi-elastic knock-out of 

mesons or radiative TI capture could shed some light on these problems. There have also been 

suggestions that the pion can interact coherently with the entire nucleus in such a way as 

to produce "size resonances" in the nucleus. While this is known for nucleons in nuclei, 

the pion case is very different since it is a field quantum. The question of the existence 

of hard-core correlations in nuclei is also not settled. 

Hence I have no doubt that nuclear structure and atomic physics will have to be con­

tinued at CERN for quite some time to come. However, this could be done in many different 

ways, and the following points arise: 

i) The time schedule for the delayed improvement programme of the SC poses some problems, 

and how much longer the users are prepared to wait has to be clarified very soon. 

ii) The improved SC seems to be competitive with other meson factories for a certain 

period, but most people agree that as far as the long-term programme is concerned, 

the CERN Synchro-cyclotron might become an obsolete machine. 

iii) .Another question is, How much should the PS be made available to this kind of physics? 

Especially after the start-up of the booster, the PS will be a unique facility in 

Europe for the production of low-energy kaons. Two low-energy kaon beams exist already 

at the PS and the interest will probably inc:rease. 

Internal targets will probably not be permissible after the commissioning of the booster, 

and low-energy kaon beams have to be set up at 0° production angle at external targets. 

Hence there will be a considerable interference with high-energy physics experiments, 

and the question of how many low-energy K beams can be installed at the PS requires 

very careful study. 

iv) One must also consider very seriously the danger of overloading the PS by using it as 

an injector both for the SPS and the ISR and also for a heavy physics research pro­

gramme. 

5. NUMBER OF HIGH-ENERGY PHYSICISTS 

~ben setting up a long-term programme one must consider the physics interest and the 

financial limitations, but certainly the physicists cannot be neglected. Although it is 

extremely difficult to guess how the various interest will develop, some statistical con­

siderations seem appropriate. Of course, one should be very careful not to draw too definite 

conclusions from the mnnbers given below, but they should at least indicate the over-all 

situation in 1976. 
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Since 1966 ECFA has made a census of the total number of high-energy physicists in 

Europe every two years, and the main result is shown in Table 1 for the end of the years 

1966, 1968, and 1970. As one notices, not only has the total number of physicists increased, 

but also the percentage of physicists depending on CERN is rising. Extrapolating these 

figures from 1970 to 1976, it seems reasonable to assume that there will be a slight further 

growth of the high-energy physics conummity. This is based on the assumption that the pres­

ent rate of increase will not drop suddenly but will change only slowly because of a certain 

inertia. The estimated figures for 1976 as shown in the table also take into account that 

the actual number of physicists using CERN is already considerably higher than the 1970 

figure. However, it can be expected that the total number of high-energy physicists is 

approaching a constant level. Nevertheless, since some of the national progranunes will be 

reduced, it seems likely that more physicists will have to depend on CERN. Hence the esti­

mate that about 900 physicists will be involved in electronics experiments at CERN and about 

750 physicists will analyse bubble chamber pictures taken at CERN does not appear to be 

exaggerated. Of course, it does not imply that all these counter physicists will have to 

work all the time at CERN. Since the data analysis is requiring an increasing effort in 

counter experiments, many of these physicists will only spend very short periods at CERN. 

Total number of high-energy physicists in Europe 

End 1966 End 1968 End 1970 1976 (estimate) 

Total Using CERN Total Using CERN Total 
Using*) 

Total Using CERN (estimate) CERN 
(estimate) 

SC + EM (electronics 718 271 "' 38% 929 460 "' 50% 1012 630 "' 62% 1200 900 "' 75% experiments + emulsion) ± 100 

BC (bubble chamber) 607 474 "' 78% 694 708 600 "' 85% 900 750 "' 83% ± 100 

1325 745 1623 1720 1229 2100 1650 

Nuclear structure 111 118 167 

*) Including physicists preparing experiments for CERN, e.g. for the ISR. 

Another question is, How many experimental groups will be present at CERN? Over the 

last ten years the number of experimental groups has linearly increased with about 2.4 new 

groups/year and there is still no sign of saturation (see Fig. 3). Indeed, when the ISR 

came into operation some groups moved from the PS to the ISR. But their places were filled 

by new groups. On the other hand, the number of groups increases less than the number of 

physicists using CERN. The average number of physicists per group increased from about 12 

in 1966 to 23 in 1970, and one might guess that it will be around 25 to 30 in 1976 (see 

Table 2). 

On the basis of these figures one may try to estimate how many physicists will be 

engaged in various activities in 1976. This is shown in Table 3. It has been assumed that 

12 groups will work in the West Area, half of them with the Omega spectrometer. Ali these 
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NI.UIIber of physicists in 271 460 630 900 electronics experiments 
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Physicists/Group 16 23 23 25-30 

(excluding nuclear structure physics) 
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Table 3 

Number of physicists involveq in various activities 

End 1971 1976 

Electronics e~eriments 

- 25 GeV physics at PS 630 370 
- ISR 130 200 

- 200 GeV West Area - 300 
North Area - 30 

760 900 

Bubble chamber e~eriments 
- 2 m chamber 450 300 
- Gargamelle 150 150 
- BEBC - 200 
- Mirabelle - 100 

600 750 

(excluding nuclear structure physics) 

groups will not, however, be present at CERN at the same time, and indeed some of the physi­

cists will appear at CERN only very rarely since, like bubble chamber physicists, they will 
mainly be involved in data analysis. It has also been assumed that some physicists will be 

busy with preparations for the North Hall. ~Vhen the North Hall comes into full operation, 

about the same number of electronics physicists as those working in the East Hall might be 

accommodated. This implies that after 1978 about 500 to 600 of the total of 900 electronics 

physicists will be engaged in 300 GeV physics. As a consequence, about a third of them will 
still be interested in ISR and 25 GeV physics. 

6. THE 300 GeV PREPARATORY EXPERIMENTS COMMITTEE 

On 31 May, 1972, .the NPRC decided to set up a Committee which should take over from the 
ECFA Working Group the preparation of 300 GeV physics and, in particular, call for proposals 

at the proper time. The terms of reference of this Committee are as follows: 

i) The 300 GeV Preparatory Experiments Committee will have the task of advising the NPRC 

on all matters and decisions concerning the preparation of the 300 GeV experimental 

programme. The results of the present ECFA working group will provide a basis from 

which to start. 

ii) Since the preparations for bubble chamber and electronics experiments will need very 

good co-ordination, not only from the technical but also from the financial point of 

view, the Committee will be concerned with all kinds of experiments. 

iii) The Committee must make sure that all necessary consultation is held between potential 
users and CERN Laboratory I and Laboratory II (SPS). This includes informing the future 

users of the technical and operational possibilities of the new facilities on the one 

hand, and conveying to the responsible staff of CERN the needs and desires of future 

users on the other hand. For this purpose open meetings will be organized. 
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iv) The Committee will call for proposals for 300 GeV experiments, which will then be pre­
sented in open meetings. It will help to form collaborations, taking mto accmmt 
physics, teclmical, and financial conditions. 

v) The Committee is also expected to make recommendations to the NPRC concerning general 
experimental facilities, e.g. beams, big spectrometers, special fillings, or modifica­
tions for bubble chambers. 

vi) As its first task, the Committee should submit to the NPRC a consistent programme for 
a first generation of experiments. Mter this the NPRC will reconsider the function 
of all Experiments Committees. 

7. FINANCIAL PROBLEMS 

Let me say a few words on the budget and its implication in the physics programme, and 
in particular in the 300 GeV physics preparation. 

Irt 1969 we had set up a programme for Laboratory I for the years 1971 to 1978 in which 

a good exploitation of the facilities was planned. 

As a consequence of building'the 300 GeV accelerator at CERN we agreed to reduce the 
total cost over these years by 210 MSF. In 1972 prices this lead to the following yearly 

budget figures: 

Laboratory I 

71 

MSF 391 

Laboratory II 

MSF 30.9 

72 

371 

95.0 

73 

360 

p6.6 

74 

345 

200 

75 

345 

194 

76 

357 

183 

77 

357 

183 

78 

357 

183 

79 

30 

In addition to the reduction of 210 MSF, Laboratory I has to cover additional items which 
will be needed for the 300 GeV programme: 

a) equipment for the West Area (beams and experiments) for 300 GeV physics; 

b) improvement of the PS, and additions to make it a reliable injector for the SPS. 

Beams for the North Area will be covered by the Laboratory II budget, but there still remain 
the detectors to be provided for. 

In order to be able to provide the necessary funds for the items mentioned under (a) 
and (b), several steps have been taken. A Budget Analysis Committee, with the help of many 
working groups, studied the cost and man-power required for the various CERN activities. On 

the basis of the material provided by this Committee, various options for the ISR, PS, and 
SC programmes were examined and evaluated by a Programme Evaluation Committee composed of 
the Board of Directors and the Chairmen of the Experimental Committees. 

Apart from many small measures which I shall not discuss here (which, however, led to 

non-negligible savings), the following decisions were taken: 

i) The number of electronics experiments at the PS should not be increased. Except for 
the Omega, no other 25 GeV physics beams for electronics experiments should be set up 

in the West Area. 
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ii) Bubble chamber pictures should be limited to about 8 million per year. 

iii) The growth of computer capacity should be restricted. 

iv) The booster should, for the next few years, be operated only at intermediate intensity, 
J 

for which no additional equipment would be required in the PS; of course, the full in-

tensity should be available for experiments with the SPS. 

v) No neutrino physics should be done in BEBC at 25 GeV. 

vi) To stop all development work which is not connected with the ISR and the 300 GeV 

progranune. 

vii) To keep the staff numbers well below the ceiling authorized by the Council. 

viii) To get all Group and Division Leaders to be economy-minded. 

Very rough estimates, which are based on the progranune as it is known at present, have 

shown that Laboratory I will have the following expenditure: 

1. About 100 MSF on the first generation of experiments in the West Area including an 

RF-separated beam for BEBC, a neutrino facility, a superconducting RF-separated beam 

for Omega, and several beams for counter experiments. 

Half of this sum is required for beams and buildings, and the other half, i.e. about 

50 MSF, will be split approximately between electronics and bubble chamber physics 

experiments. At present various options are still open, but they require fur~her study 

and discussion before a final decision can be made. 

2. 30 MSF on equipment for further development of the experimental areas. At the moment 

it is not possible to specify in more detail how this money will be used. 

In summary, a total sum of about 130 MSF of capital expenses will be necessary to start 

the 300 GeV physics progranune. In addition, funds for operating the beams and experiments 

in the West Area and to cover staff expenses will have to be found. 

With the economy measures I have mentioned above it has already become possible to save 

considerable amounts of money. At present it seems that about 40 MSF will still have to be 

found until 1976, which I. am afraid will make necessary some further cuts in the progrannne. 

If the physicists would want a 400 GeV neutrino beam in the West Area, this will require 

additional shielding. Furthermore, if muon and/or neutrino facilities are wanted at an 

earlier date in the North Area, some additional expenses will arise. 

In conclusion I can say that even with the economy measures which have been already 

established it will not be possible to carry out the full progrannne. We shall have to 

establish priorities and make choices. 
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300 GeV PROGRA11ME: t1ACHINE CONSTRUCTION SCHEDULES 

J.B. Adams 
CERN, Geneva, SWitzerland 

INTRODUCTION 

1. The basic document defining the 300 GeV Programme, on which the CERN Council reached 

its decision to start the Programme on 19 February 1971, is CERN/958/Rev. This document 

makes the following statements concerning the utilization of the accelerator during 

the Programme: 

a) The existing West Hall will be used as the initial experimental area (Section III, 

para 3). 

b) Research can start at the 300 GeV energy level or at an intermediate-energy level 

in the existing West Hall experimental area during the sixth year of the Programme 

(Section III, para 4). 

c) The Programme will be completed by the construction of a new experimental area, 

called the North Area, on the new site, which will become operational at the 300 GeV 

energy level eight years after the start of the Programme (Section III, para 5). 

z. CERN/958/Rev. also lays down the financial provisions for the 300 GeV Programme in two 

ways. Firstly, the expenditure during the Programme must not exceed 1150 MSF at 1970 

costs and constant prices (Section IV, para 1). Secondly, the annual expenditures dur­

ing the course of the Programme, which add up over the eight years to 1150 MSF, are 

specified year by year (Section IV, para 3). 

3. A machine construction schedule applicable to iron-cored magnets, which would satisfy 

both the utilization requirements and the financial provisions mentioned above, is 

described in report CERN/1050. This schedule assumed tl~ energy stages, namely ZOO GeV 

and 300 GeV. It proposed operation of the West Area at ZOO GeV energy during the sixth 

year of the Programme, and operation of the North Area at 300 GeV energy at the end of 

the eighth year of the Programme. An alternative schedule proposed operation of the 

West Area at 300 GeV energy towards the end of the sixth year of the Programme and opera­

tion of the North Area also at 300 GeV energy at the end of the eighth year of the 

Programme. 

4. Yet another construction schedule is mentioned in CERN/1050, involving superconducting 

magnets. This schedule considers operation of the West Area at ZOO GeV energy using 

iron-cored magnets during the sixtl1 year of the Programme, and the installation of a 

half-set of superconducting bending magnets for the second energy stage which would 

give about 400 GeV energy, which could then be used for beams to the North Area. Whether 

such a schedule could be completed by the end of the Programme and within its financial 

provisions was not clear when the Programme started, and is still not clear today. It 

was therefore proposed to start by ordering iron-cored bending magnets to give ZOO GeV 

energy, and then to take a decision towards the end of the third year of the Programme 

whether to order a second set of iron-cored magnets to give 300 GeV energy or a set of 

superconducting magnets to give about 400 GeV energy. The decision would depend on the 
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state of technological development of superconducting magnets and their estimated costs 

at the time. 

5. This note discusses the machine construction schedules mentioned above, in the light of 

the developments which ~ave taken place since the start of the Programme on 19 February 

1971. 

CONSTRUCTION SCHEDULE A (see Fig. 1) 

6. This schedule follows the one mentioned in CERN/1050 which results in the operation of 

the West Area at 200 GeV energy level during the sixth year of the Programme. 

7. In this schedule, the production of the first set of bending magnets for 200 GeV energy 

begins in the second half of 1973 and is completed towards the end of 1974. Installation 
of these magnets is completed in the middle of 1975, and magnet system testing is com­

pleted at the end of 1975. Final machine commissioning then starts, and experiments 

in the West Area at 200 GeV energy could begin early in September 1976 (i.e. about the 
middle of the sixth year of the Programme). In order to synchronize with this schedule, 

, the beam lines, detectors, and other experimental equipment in the West Area should be 
installed and tested-out early in 1976. 

8. Towards the end of 1973 the decision on superconducting magnets is taken, and it is 

assumed in this schedule that it is decided to go ahead with iron-cored magnets. It is 

further assumed that the financial provisions of the Programme and the annual budgets 
will allow a second set of iron-cored magnets to be ·ordered so that 400 GeV could be 

.. -
reached as the second energy stage. Therefore a second order for iron-cored bending 

magnets is placed towards the end of 1973 such that their production in industry follows 

START 

j 71 72 
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on the production of the first set and at the same rate of production. The production 
of the second set is completed by the beginning of 1976, at about the same time as the 

accelerator is being commissioned at the 200 GeV energy level. The second set of bend­

ing magnets are stored on site in the Assembly Hall and the problem is how to get them 

into the accelerator. 

9. Schedule A proposes that these magnets are installed in the machine tunnel during shut­

downs of the machine in the following 20 months. It is imagined that the machine runs 
at 200 GeV energy, feeding the West Area experiments for periods of 2 months duration, 

and after each run there is a shut-down of 1 month during which time the bending magnets 

are brought into the machine tunnel. Thus during the 20 months, 6 months are allocated 

to installing bending magnets and 14 months to machine operation. Owing to the remanent 

fields of the bending magnets it seems inadvisable to install them in the machine itself, 
but rather to mount them above the vacuum chamber in the machine tunnel. 

10. In the spring of 1978 when the second set of bending magnets are all in the machine 

tunnel, there is a long shut-down of 10 months during which time the second set of bend­
ing magnets are installed in the machine, the machine is realigned, the magnet system 

is tested with all its magnets in place, and the machine is commissioned at the 400 GeV 
energy level. 

11. In this schedule the beam extraction system for the West Area is installed and com­
missioned together with the beam transfer lines so that beams are available in the West 

Area by the middle of 1976. The beam extraction system for the North Area is installed 

and commissioned during the long shut-down at the end of the Programme. 

12. Schedule A as just described would give 14 months of machine operation at 200 GeV energy 

during the Programme starting in September 1976, and 400 GeV energy operation in the 

North Area at the end o~ the Programme, starting in February 1979. 

13. From the financial point of view Schedule A has two consequences. Firstly, it requires 
more expenditure on the accelerator during the Programme, since bending magnets for 

400 GeV energy are ordered in place of bending magnets for 300 GeV energy. Secondly, 
this extra expenditure, which occurs in 1975 and 1976, increases the annual budgets 

during these years. Since the total Programme cost is fixed, this extra expenditure, 

which amounts to about 20 MSF, could be recuperated from whatever contingency remains 

after 1976 or, if all the contingency is used up at that time, it could be recuperated 

from the sum set aside for the North Area. 

14. Recent re-estimating of the 300 GeV Programme suggests that Schedule A could probably 
be carried out within the financial provisions of the Programme. 

CONSTRUCTION SCHEDULE 8 (see Fig. 1) 

15. An alternative construction schedule which follows closely Schedule A but avoids the 

continuous interruption of machine operation at 200 GeV energy for installing the second 

set of bending magnets, is simply to store these bending magnets in the Assembly Hall 

until towards the end of 1977 and then, during a shut-down of 16 months, to install them 

in the machine, realign the machine, test the magnet system, and commission tl1e accelera­

tor at 400 GeV energy altogether at the end of the Programme. This schedule also gives 
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14 months of machine operation at 200 GeV energy during the Programme and has the same 

financial implications as Schedule A. However, it may possibly be preferred from the 

experimental point of view. 

DISCUSSION OF SCHEDULES A AND B 

16. Both Schedules A and B satisfy the 300 GeV Programme as defined in CERN/958/Rev. and 

described in CERN/1050. In addition they make available 400 GeV instead of 300 GeV at 
the end of the Programme, which is more than was originally promised. They make avail­

able 200 GeV in the middle of 1976 so that experiments can start in the West Area as 

soon as possible during the Programme. Mter the end of the Programme the maximum beam 
energy of ejection to the West Area could be increased up to 400 GeV should this be 

required by the experimental programme at that time. 

17. From the experimental point of view the limitation of Schedules A and B is that the 

energy available from the machine is 200 GeV until 1979, and only the West Area is 

available for experiments up to that time. 

18. The main problems of both schedules from the machine construction point of view are 

firstly that the accelerator is commissioned twice during the Programme, once at 200 GeV 
and later at 400 GeV, and secondly that the machine groups responsible for the magnet 

system and the extraction systems must be maintained at nearly full strength during the 

entire eight years of the Programme. 

19. It has always been realized that installing the second set of bending magnets iri the 
machine once it has started operation at the 200 GeV energy level may not be the best 
solution either from the point of view of the experimental programme or from the point 

of view of machine construction. From both points of view it might be better, as fore­

seen in CERN/958/Rev., to install all the bending magnets in one operation as they be­

come available from the manufacturers. In this case there would only be one machine­

commissioning period during the Programme, and once the machine is operating there would 
only be normal shut-downs for maintenance and modifications rather than six longer shut­

downs during which the second set of bending magnets are brought into the machine tunnel. 

Furthermore, it might be possible to open up the North Area earlier than 1979. Such a 
construction programme is described below and is called Schedule C. 

CONSTRUCTION SCHEDULE C (see Fig. 2) 

20. Schedule C follows Schedules A and B until towards the end of 1973 when the decision 

must be taken concerning superconducting magnets. Again it is assumed that a second 

set of iron-cored magnets is ordered so as to reach 400 GeV energy. However, in 

Schedule C the firms manufacturing the bending magnets are asked to increase their rate 
of production over the rate at which they are then producing the first set of bending 

magnets. In this way all the bending magnets for 400 GeV energy might be made avail­
able by mid 1975; and allowing the same times as in Schedules A and B for assembly, 

alignment, testing and machine commissioning, a proton beam could be made available in 

the West Area at the end of 1976, i.e. only four months later than proposed in Schedules 

A and B. 
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21. From the beginning of 1977 to the end of the Programme in February 1979 the machine is 

operated with normal shut-downs and one long shut-down of a few months in order to com~ 

plete and commission th~ extraction system for the North Area. Thus in Schedule C ex­
perimentation starts a few months later than in Schedules A and B, but machine operation 

time during the Programme is 18-21 months instead of 14 months, i.e. 4 to 7 months 

longer. 

22. Clearly, Schedule C also raises the possibility of an energy higher than 200 GeV to 

feed the underground neutrino target in the West Area during the Programme, and 400 GeV 
earlier than at the end of the Programme in the North Area. Both these possibilities 

arise from the machine being commissioned at the end of 1976 complete with all its 

bending magnets. 

DISCUSSION OF SCHEDULE C 

23. As in Schedules A and B the bending magnet cost during the Programme is increased over 

what was foreseen, since bending magnets for 400 GeV energy would be ordered rather 

than for 300 GeV. In Schedules A and B this extra cost falls in the year 1975, but 

in Schedule C it falls in 1974 and 1975 which is more difficult since the annual budgets 
up to the end of 1975 are very tight indeed. The total sum available according to the 

Programme up to the end of 1975 is 634 MSF, of which 201 MSF are allocated for the equip­

ment for the accelerator, including the magnet system. If all the bending magnets for 

400 GeV energy are produced and paid for by the end of 1975 -- which follows from Sche­
dule C -- then an extra 40 ~ffiF is required, which is 20% more expenditure on machine 

equipment than was foreseen up to the end of 1975. 
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24. A similar problem arises with the possibility of supplying more than 200 GeV energy 

to the West Area. In the estimates for the Programme given in CERN/1050, an extraction 
system for 200 GeV energy was foreseen for the West Area together with a beam transport 
system to the neutrino target also for 200 GeV. According to Schedule C the production 

and payment of this equipment must also take place before the end of 1975 if it is to be 

ready in 1976, and the extra cost for a 400 GeV extraction system together with a 400 GeV 

beam transport system to the underground neutrino target, compared with the cost of a 

200 GeV system, is about 10 MSF. 

25. Furthermore, considerably more expenditure is required to set up a 400 GeV neutrino 

facility in the West Area than is needed for a 200 GeV neutrino facility -- a cost which 
does not fall on the 300 GeV Programme but on the budgets of Laboratory I. 

26. Another possibility with Schedule C is to open up the North Area at 400 GeV energy 

before the end of the Programme, i.e. before February 1979. 

27. Considerations of staff availability and the technical possibilities of the 300 GeV 

Construction Programme suggest that the North Area might be opened up for some experi­

mentation about a year earlier than is now foreseen, i.e. about February 1978. However, 
financial limitations then arise in two ways. Firstly, as much as possible of the North 

Area extraction system should be installed before the machi~e is first brought into opera­
tion towards the end of 1976. This would both shorten the installation and commissioning 

time for this system after 1976, and allow a continuous development, construction, and 
commissioning programme to be established for the group responsible for this equipment 

and the industry involved in its manufacture. Some of this expenditure will fall before 

the end of 1975 and hence add to the financial problems already mentioned above. Secondly, 

in the Programme now foreseen, the development of the North Area is scheduled such that 

its expenditure falls in the three years 1976, 1977, and 1978, so that if the North Area 

is made ready for limited experimentation earlier than February 1979, some expenditure, 

mainly for civil engineering and for the staff of the group carrying out this work, will 

fall in 1975 and further add to the financial problems of the first five years of the 
Programme. The extra money required in 1975 is estimated to be about 15 MSF, which would 

have to be recuperated from the budgets of the remaining years of the Programme. 

28. From this brief discussion of Schedule C it is clear that although the technical pro­

blems it presents could probably be overcome, the financial problems it presents are 

serious. It will be recalled that the Council, in agreeing to the 300 GeV Programme, 

decided to restrict the annual budgets and to spread the costs of the Programme over an 

eight-year period. This financial restriction on the annual budgets came about because 

of the difficulties experienced in the Member States in increasing their annual budgets 

for the high-energy physics in the years following the start of the 300 GeV Programme. 

In some Hember States the decision to go ahead with the 300 GeV Programme was coupled 
with a decision either to hold constant the annual budgets for the national laboratories 

and the universities in this field of research or in some cases to reduce them. It seems 

only prudent at this stage, therefore, to plan the machine construction schedule on the 

basis of the annual budgets which are now agreed by Council. 
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29. The extra costs of Schedule C over the original estimates made for the 300 GeV Programme 

can be summarized as follows (see Table 1): 

a) As with Schedules A and B there is the extra cost for 400 GeV bending magnets rather 

than 300 GeV bending magnets which were originally foreseen. This amounts to an 

additional 20 MSF on the total Programme cost, and since the latter is fixed this 

20 MSF must be recovered from the contingency or, in the last resort, from the North 

Area expenditure. Also, a 400 GeV West Area extraction system and beam transport 

to the neutrino target adds a further 10 MSF to the total Programme cost. 

b) In addition, Schedule C requires a shift of expenditure from the latter years of 

the Programme to the years 1974 and 1975, which increases the annual budgets of those 

years over that which is available. The shift of expenditure arises from three 

requirements: 

- Firstly, all the bending magnets are ordered, delivered, and must be paid for by 

the end of 1975 instead of only half the bending magnets. As a result, about 

40 ~~F is added to the annual budgets of 1974 and 1975. 

- Secondly, if 400 GeV protons are fed to the neutrino target in the West Area in­

stead of 200 GeV protons, about 10 MSF must be added to the annual budgets of 1974 

and 1975 (in addition there will be considerably more expenditure incurred by 

Laboratory I if a 400 GeV neutrino facility is set up in the West Area in place of 

a 200 GeV facility). 

Thirdly, if the North Area is opened up early in 1978 rather than early in 1979, 

about 15 MSF must be shifted from the last three years of the Programme into 1975, 

mainly to pay for civil engineering installations. In addition, the North Area 

extraction system should be completed earlier than now foreseen, which adds a 
I 

further 20 MSF to the cost of the Programme in 1974 and 1975. 

Table 1 

Additional Additional I project cost cost 1974-1975 

(in MSF) (in MSF) 

400 GeV instead of 300 GeV 20 -

400 GeV magnets by mid 1975 - 40 

400 GeV protons to v target, 
West Area 10 10 

North Area 1 year earlier - 15 

North Area extraction system 
by 1976 - 20 

Totals 30 85 



24 Introduction 

30. If all the possibilities of Schedule C were taken up, the 300 GeV Programme cost would 

be increased by 30 1\lSF, and since the total budget is fixed by Council this amount would 

have to be recuperated from whatever contingency remains towards the end of the Programme, 

or as a last resort from,the sum put aside for the development of the North Area (143 MSF). 

The most serious financial problem is the extra expenditure incurred up to the end of 

1975, which amounts to 80 to 90 MSF and is comparable with the total sum put aside as 

a contingency up to that time. This contingency sum is 82 MSF and is intended to cover 

any unforeseen expenditure for machine components, civil engineering and site installa­

tions, and personnel costs. 

31. Clearly, it is far too early at this stage of the Programme to allocate all the con­

tingency to the machine components alone, and in any case the decision on which machine 

construction to follow will not have to be taken until the second part of 1973. Never­

theless, it seems possible that some of the features offered by Schedule C might be 

carried out, and it is important to know from the experimenters which of those listed 

above are the most interesting and most important from their point of view. 

32. In this respect the following list of questions to experimenters may help the discussion: 

a) Schedules A, B, and C compared with original schedule 

Is 400 GeV rather than 300 GeV worth the extra expenditure during the Programme, 

remembering that the extra cost is only 20 MSF? 

b) Schedule C versus A or B 

Which is more attractive? to start experiments in the West Area in the middle of 

1976 and have available about 14 months of machine operating time up to February 

1979? or to start experiments in the West Area at the end of 1976 and have avail­

able 18-21 months of machine operating time up to February 1979 plus the possibility 

of opening up the North Area in 1978 rather than in 1979? 

c) Choice of possibilities of Schedule C 

Is it more important to feed the underground neutrino target in the West Area with 

400 GeV protons rather than 200 GeV protons at the earliest possible date, or to 

open up the North Area at 400 GeV energy early in 1978 rather than early in 1979? 

33. It is important to note that all the schedules mentioned above refer to what could be 

done during the 300 GeV Construction Programme and do not affect what might be done 

after the end of the Programme. For example, if it is decided to limit the energy 

to the neutrino target in the West Area to 200 GeV during the Programme, it is always 

possible to raise this energy to 400 GeV should this be required after the construction 

programme is finished. 

MACHINE CONSTRUCTION SCHEDULE D (see Fig. 3) 

34. Schedules A, B, and Call assume that a decision is taken towards the end of 1973 to 

complete the machine with iron-cored bending magnets. ScheduleD, on the other hand, 

assumes that it is decided at that time to install superconducting rather than iron­

cored bending magnets. The time-scales mentioned below are taken from the most recent 

GESSS estimates (GESSS-1, May 1972). 



START 

I 11 

Design 

72 

r1AGNETS Order 

TUNNEL 

INSTALLATION PIPES AND CABLES 

INSTALLATION MAGNETS 

TESTS 

COMMISSIONING 

OPERATION: 200 GeV WEST AREA 

73 74 

Production 

Assembly \ 
-----=-----i 

i\ l\ 
1----l 1----l 

\ \ 

Introduction 

END 

75 76 77 78 I 1s 

1------i 1------1 

Design + 

Prototypes 

~ 
~ 

I 200 GeV 
1--------------------1 

Production 

Order 
I Install. 

Fig. 3 

25 

Comm·g 

35. If, towards the end of 1973, a decision is taken in favour of superconducting bending 

magnets, it is clear that the design and production of these magnets will take longer 

than simply ordering ano,ther set of iron-cored bending magnets which are already in 

production. Schedule D might then go as follows. Detail design on the superconducting 

magnets starts at the beginning of 1974 and is completed, including prototypes, by the 
end of 1975. Offers for tenders are sent out at the beginning of 1976; production 

starts early in 1977 and is completed by the end of 1978. Installation of the magnets 

then starts early in 1979, and the accelerator is running at 400-500 GeV energy by the 
end of 1980 after a commissioning period of one year. 

36. From mid 1976, when 200 GeV is available in the West Area, until the end of 1978, ex­

perimentation is limited to 200 GeV energy, and no higher energy than this would be 
available until the end of 1980 at the earliest. 

37. The North Area could be opened up at the end of the Programme and possibly earlier, 
but only at 200 GeV energy. 

DISCUSSION OF SCHEDULE D 

38. Since Schedule D extends outside the eight years of the 300 GeV Programme, it does 
not conform with the Programme requirement that at least 300 GeV energy should be 

reached by the end of the Programme. Therefore a modified Programme would have to 

be presented to the Council and could only be adopted by a new decision taken by 

Council. 
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39. The cost of a set of superconducting magnets for 400-500 GeV energy is still not 
known. However, it should be noted that the cost to go from 200 GeV to 400 GeV us­

ing iron-cored magnets is 40 MSF, and it seems very unlikely that superconducting 

magnets for 400-500 GeV energy could be manufactured, together with their cryogenic 
system, for 40 MSF. Whatever extra cost is involved could either be recuperated from 

the sum of money put aside for the North Area development, or the Council could be 

asked for additional money for the 300 GeV Programme with superconducting magnets for 

its second energy stage. Again the CERN Council and the Member States would be pre­

sented with a new decision. 

40. Schedule D, from the point of view of experimenters, offers about the same energy 
(_400-500 GeV) as Schedules A, B, and C; it delays experimentation at 400 GeV energy 

by at least two years; and it may delay the North Area for financial reasons in order 

to recuperate the extra expense incurred by the superconducting magnets. It does not 

therefore look very attractive from the experimental point of view, and it would only 

be interesting if it offered something more to experimenters than the other schedules 

offer. This something more is the possibility later on, after the 300 GeV Programme 

is completed, of raising the machine energy to 1000 GeV. It must therefore be con­

sidered whether Schedule D is the best way of achieving this goal. 

41. An alternative way to that of Schedule D of reaching 1000 GeV is to complete Schedules 

A, B, or C, and then to build a new accelerator with superconducting magnets either 

inside the machine tunnel then existing or in another tunnel alongside it, using the 

existing machine as the injector into the superconducting magnet machine. By using 

200 or 400 GeV as the injection energy, considerable reductions can be made in the 

apertures of the superconducting magnets and hence in their costs, and these savings 
might compensate the extra costs involved in building a complete accelerator with 
superconducting magnets. 

42. Machine design studies for such a superconducting magnet accelerator are being carried 
out by the GESSS Collaboration in conjunction with CERN Laboratory II, and will form 
an important element in the decision to be taken towards the end of 1973. 

43. Clearly a new accelerator using superconducting magnets will constitute a new Programme 
for CERN; it cannot be considered as part of the present 300 GeV Construction Programme. 

It will therefore be compared with any other new Programme proposed at that time (about 

1980), such as electron-proton or proton-proton intersecting rings. 

CONCLUSION 

44. This note has compared the main features of several machine construction schedules with 

the aim of stimulating discussion amongst experimenters on the interest and importance 

they would attach to the particular features offered by the different schedules. 

45. The principal limitation on all schedules is financial, both in respect of the extra 

expenditure they impose on the total Programme cost and, particularly, on the annual 

budgets up to the end of 1975. 

46. Technical and man-power limitations also arise, but these can probably be overcome, 

again at some extra cost. 
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47. It is important in planning the 300 GeV Programme that experimenters establish priorities 

amongst the various possibilities offered by the different schedules. From the point 

of view of the 300 GeV Programme itself, the important decisions must be taken in the 

second half of 1973. Until then, all the possibilities can be maintained by including 

options in the machine component contracts which are placed in 1972 and 1973. 

48. The views and opinions of experimenters will help us to make the decisions on the Pro­

gramme as they arise in the next year, so that what is finally built will best suit the 

needs of the European nuclear particle physicists. 
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OUTPUT BEAMS FROM THE SPS 

E.J.N. Wilson 
CERN, Geneva, Switzerland 

1. GENERAL 

In an earlier session, H.O. WUster explained to you some of the limitations to the 

performance of an accelerator such as the SPS. In this talk I would like to give you a 
summary of the parameters of the proton beam which we expect to emerge from the SPS, and to 

indicate which of the performance limitations he mentioned come into play. 

In Table 1 I have listed the parameters of the output beam. Some of them, such as the 
energy or duty cycle, one can predict with some precision. For others, for instance inten­

sity or ripple amplitude, one can only define a range in which we expect the machine's 

performance to lie. 

I would like you to have a clear un­

derstanding of the level of confidence we 

attach to each end of the range and to have 

no illusions. To give you a feeling for 

this, let us imagine that the machine is 

being commissioned and we have got past the 

initial stage of just getting systems to 

work at the same time. Then there will be 

a period of trying to get the machine work-

ing in a respectable way for high-energy physics. 

Table 1 

Energy and repetition rate 

Intensity and extraction efficiency 

Beam emittance and momentum spread 

Flat top and slow spill ripple structure 

We will feel this task is nearing its 

end when we reach the performance figures which we term "design parameters": the numbers 

we quote in CERN/1050. The range of possible performance extends upwards from these design 

parameters. Given the incentive, certain parameters, such as intensity and extraction effi­

ciency, will of course be improved during the life of the machine. They will in some cases 
and with varying success approach the upper end of the range -- the upper end of the range 

(the "design aim", if you like) being the theoretical estimate of performance which can 

only be reached with ideal conditions and after an infinite amount of machine development. 

2. ENERGY AND REPETITION RATE 

Figure 1 shows a typical acceleration cycle. Let us look at the lower figure (400 GeV). 

We see, after a short pause for injection, a constant rate of rise in current (the solid 

line). Particle energy and magnetic field of course follow the same curve. The magnet 

behaves just like an inductance, and this rise rate is just proportional to the voltage 

applied. The voltage, or more precisely the peak power, is the maximum we can persuade the 
Electricite de France (EdF) to let us take from their super-grid. Altogether it comes to 
about llO MW. The RF system is designed to just provide this acceleration rate. So the 
maximum rise (and fall) rates are fixed, and a lower energy cycle inevitably gives a shorter 

rise and a quicker repetition rate. In Table 2 I have given the maximum rise-times for 

200 and 400 GeV and the total cycle time. The first two lines are for the nominal 0. 7 sec 
flat top, and the last shows the effect of a 2 sec flat top which, if you remember, we in­

cluded in our plans following your request at Tirrenia last year. 
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Fig. 1 Pulse profiles 

The last line, incidentally, corresponds almost exactly to the "Future 400 GeV cycle" given 

in the NAL design report. I would like to emphasize, however, that none of these cycles 

exceeds the mean and peak power limits already agreed with the EdF, and cooling water suf­

ficient to operate these cycles will be available from the start. 

Table 2 

Energy Flat top Rise-time Cycle time Duty cycle 

I (GeV) (sec) (sec) (sec) (%) 

200 0.7 1.11 3.33 21 

400 0.7 2.42 5.6 12.5 

400 2.0 2.42 8.6 23.2 

3. INTENSITY AND EXTRACTION EFFICIENCY 

Intensity, I have said, can only be estimated within a range, and one's estimate must 

depend on how rapidly the machine commissioning progresses. 

The space charge limit at injection of the CPS, without the PS Booster, was clearly 

reached a few years ago in the CPS at 2 x 1012 • Putting in more protons at SO MeV only led 

to more losses and the CPS was obviously saturated. This, you may remember, was what led 

to the PS Booster (PSB) being built, since the only way of pushing more protons in the CPS 
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was to raise the injection energy so that space charge forces become less important. The 

PS Booster is designed to inject at 800 MeV. Its design intensity is 10 13 ppp, and success 

with the running in of the PSB gives us considerable confidence that it will be reached. 

Even supposing the 10 13 protons then pass through the CPS without difficulty, the SPS 

will not immediately be able to digest them. 

First of all we shall start setting up with a pencil beam of less than 10 11 protons 

this we expect to have very quickly on~e all systems are working_ together. We then plan 

to measure the shape of the closed orbit. We expect, because we have cut the machine aper­
ture to the minimum, that the wiggles in the closed orbit will then be almost as big as the 

vacuum chamber, and computed correction currents will have to be fed to small dipoles to 

straighten the orbit at injection. Then we will start to work .the machine energy up to, 
say, ZOO GeV to allow us to find out how much of the wiggle remains. This residual compo­

nent will be that due to misalignments of magnets, and will be directly compensated by 

moving a few sensitive magnets. 

Even if this procedure works easily and we have enough room for a fat beam from the 

CPS, there will remain much hard work to be done before we can allow an intense beam any­

where near the SPS. The self-destructive capacity of the machine is impressive. For example, 

if the full intensity beam is allowed to drift into the vacuum chamber or any other component, 

it will raise its temperature to about 3000°C. Only 3 x 10 11 particles, i.e. 3% of the 10 13 

intensity, can be allowed to be lost on a regular basis if components like the extraction 
septum are to be accessible for removal, let alone maintenance. 

There are many opportunities for beam loss. Mter injection we must capture the beam 

in the RF bucket. Then we must pass through transition where strong correcting sextupoles 
will be needed to keep the edges of the energy spread from hitting the net of resonance 

lines in the Q diagram. The beam must also be coaxed through /3 ytr' where the bucket area 
is smallest compared to the beam. Finally, the complicated extraction system has to be 

tuned up to be efficient to at least 97%, and we must be confident that on bad pulses the 

beam does not strike anything. People keep asking how long this will take. Well, the in­

tensity laid down in the programme definition is 10 12 protons per second corresponding to a 

few times 10 12 protons per pulse. We hope that if everything goes smoothly in the commis­

sioning, this design parameter will be reached between six months and a year of establishing 

the first turn. However, this assumes that no new and unforeseeable difficulty emerges. 
Nasty surprises can happen. Look at the instabilities in storage rings or the injection 

losses NAL are worried about, neither of which were predicted. Should anything like this 

arise, of course, we will all just have to be patient. 

If we have 1012 protons per second as the design parameter, what about the design aim? 

Obviously we will try eventually to take the full 10 13 per pulse that the CPS offers. 

We have, of course, our own SPS limits to intensity. Interaction between the beam and 
the high-impedance RF cavities will become important as we approach 10 13 ppp. This could 

prevent RF capture. Transverse instabilities, which grow as the retarded image forces become 

strong between the resistive walls of the vacuum chambers and the beam, will become important 

at about the same intensity level. To combat these effects and to reach 10 13 , certain 

measures can be taken. Momentum spread helps and damps rebunching; so does adding a "pinch 
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of non-linear field". However, these remedies make it more difficult to steer the beam 

through the net of resonance lines. In short, it will be a long, hard job to reach 10 13 , 

the upper limit of the intensity range; and although one might one day dream of pumping in 

more than one PS load, we cannot say yet whether more than 10 13 protons will ever be ac-
1 

celerated. What is clear is that NAL and ourselves are in a very similar situation as far 

as these intensity limits are concerned. This is perhaps the best answer to those who wish 
to compare these two machines. 

4. BEAM EMITTANCE AND MOMENTUt·1 SPREAD 

Table 3 is just reproduced from CERN/1050. Emittances before extraction have been 

estimated assuming that the SPS aperture is full at injection, as is indeed likely to be the 

case for the bunch-by-bunch transfer mode from the CPS. In theory, emittance then shrinks 
as 1/By during acceleration, but experience in the CPS suggests that the final emittance 

may be twice as large as one might calculate in this way. This factor of 2 inflation has 

been included in the values given in Table 3. The continuous transfer scheme will, it is 

hoped, inject a smaller beam into the SPS, and the horizontal emittance may well be as small 
as the figure given for the vertical emittance. So much for the beam in the machine. 

Fast extraction does not affect the emittance; but slow extraction, because it peels 
the beam, reduces the horizontal emittance. On the other hand, slow extraction over a long 
spill must be with a debunched (large momentum spread) beam. 

Table 3 

Stage A Stage B Stage C 

Fast SEill 
Energy (GeV) 200 300 400 
Horizontal emittance (rr mm mrad) 0.7 0.5 0.4 
Vertical emittance (rr mm mrad) 0.35 0.25 0.2 
Momentum spread C%o) ±0.5 ±0.4 ±0.3 

Slow SEill 
Horizontal emittance (rr mm mrad) < 0.4 < 0.3 < 0.3 

Vertical emittance (rr mm mrad) < 0.4 < 0.3 < 0.2 

Momentum spread (% 0 ) ±1.5 ±1.2 ±1.0 

These emittances can be focused down to a few millimetres without much difficulty. 

5. SLOW EXTRACTION AND FLAT TOPS 

Slow extraction is not an easy concept and I will spend a minute or so reminding you 
of some of its features. 

Slow extraction is the more delicate of the two extraction modes. Normally, during 

acceleration, protons oscillate about the centre of the vacuum chamber performing linear 

betatron motion. In horizontal phase space (x,x') their motion follows an ellipse (Fig. 2). 
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x' 

X 

Q= Number of revolutions per turn 

Fig. 2 Betatron motion 

The frequency of their motion around 
the ellipse is Q per tum of the machine. 
If Q is a whole number of an integer 
divided by 2 or 3, resonances of growing 
amplitude can build up since imperfections 
in field are seen in the same phase every 
third tum. In the slow extraction pro­
cess the machine is deliberately tuned, by 

increasing the quadrupole strength, until 
Q = 83/3. The proton amplitude then grows 
until it "jumps" the extraction septum and 
flies out of the machine down the extrac­
tion channel. 

To make· the jump grow rapidly so that 
few particles actually hit the septum, 
non-linear sextupole fields are switched 
on. This has the effect that above a 
certain amplitude threshold the resonant 
motion becomes unstable and the proton 

gets out of the machine in a few tens of turns (Fig. 3). In phase space terms, we say there 
is a separatrix between stable and unstable motion, the "cliff edge" if you like. 

As the Q of the machine is tuned towards the 83/3 value, this separatrix shrinks, 
gradually squeezing all protons out into resonance. 

What is really happening is that the Q is amplitude-dependent, and at the separatrix 
becomes exactly equal to 83/3 1 Nearer the centre of the triangle the Q is further away from 
resonance. If we sweep the Q of the machine slowly towards 83/3, first the large-amplitude 
particles become resonant, then those of smaller amplitude. The stable triangle shrinks, 

squeezing out protons in a 
steady stream.. This, of course, 
is just what we need to give a 
long spill for counters. 

Figure 4 shows how Q is 
gradually tuned by increasing 
the machine quadrupole strength 
until the whole Q-spread in the 

beam (~Q) from small to large 
amplitudes is brought into reso­

nance. If T is the spill time, 
the gradient dQ/dt is just ~Q/T. 

The gradient of this change 

in Q, dQ/dt, is very shallow 

indeed, and any small ripple 
component in the quadrupole or 
dipole magnet current, both of 

A proton is stable 
within this triangle 

x' 

Fig. 3 Extraction at 1/3 integer 
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which ·affect Q, can upset the 

smooth sweep through the Q-spread 

in the beam and modulate the rate 

of spill. Figure Sa shows ho~, 

if the time derivative dQ/dt and 
that of the ripple are comparable, 
the approach to the resonance can 

momentarily be halted and the rate 

of spill be modulated with 100% 

amplitude (Fig. Sb). Figure Sb is 

in fact the differential of 

Fig. Sa. 

If we ask for spill over a 

long time (say 2 sec instead of 
0.7 sec), or if we wish to extract 

only a fraction y of the beam (say 

20%) before fast-ejecting the major 

part to, say, a neutrino target, 

then dQ/dt becomes proportionally 

shallower and the modulation gets 

worse. However, there is one thing 

which helps and which makes the 

ripple problems just tolerable. 
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Fig. 4 Ideal slow spill 
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b) 

Fig. 5 Spill modulated 100% owing to ripple 

I have simplified this explanation of the effect of ripple by ignoring the dependence 

of Q ·on momentum, the refractive index of the machine. This makes the Q-spread in the beam 

large, and can help to make dQ/dt larger and the sensitivity to ripple better. 

It is important to blow up the L'lp/p in the beam to the maximum which the RF can hold 
before slow extraction to help with the ripple situation. 

But even with this to aid us it would be impossible to keep ripple structure down to 

tolerable limits were it not for one of the features peculiar to the 1/3 integer scheme. 

Protons take longer to get out of the machine with 1/3 integer scheme than with the 

integer. This is a considerable help. You must first realize that because of the depend­

ence of Q upon momentum, different combinations of amplitude and momentum are extracted at 

the same time. Protons of smaller amplitude take more turns and therefore a longer time to 
get to the septum than those of a larger amplitude and lower momentum, though they may start 

together. If these differences in exit time are comparable with the ripple period, the 

effect of ripple is smeared out. The exit time for 1/3 integer ejection is just long enough 

for this smearing to blot out all but the lowest frequencies of ripple which we expect from 

the power supply waveform(~ 100Hz). This is why we must use the 1/3 integer scheme for 

slow spill. 

~Vhen all this is put together we find we can guarantee as a design parameter that, 

given 1/3 integer ejection and provided L'lp/p is blown up, the modulation of the spill rate 
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~R/R will be less than 50% for a 0.7 sec spill 1 ). We will try to improve on this, of course. 

Our design aim is to give you only 80% modulation even in the extreme case of extracting 

20% of the beam over 2 sec. On paper this is possible if we ignore one thing -- the trans­

mission line modes of ripple which propagate around the ring. How rapidly we ascend the 
range from parameters to aim will depend on how serious these modes are -- they are almost 

impossible to calculate. 

These spill modulations seem large, but remember that as far as accidental rates and 

dead-times are concerned, 100% ripple reduces the duty cycle by 36%. We cannot, like the 

PS, correct this by servo spill -- the exit time is too long and the phase lag too big. 

There is a very big IF in all this. We must increase ~p/p by switching off the RF and 

letting the beam smear-out. This means that in an intermediate flat top (Fig. 6) where such 

gymnastics are prohibited because the beam must be kept within the bucket ready for accelera­

tion up to 400 GeV, ripple will be a problem. Add to this the need to slow extract only a 
fraction of the beam to leave some for 400 GeV and the situation becomes even worse. In fact 

we cannot guarantee a slow spill on an intermediate flat top as long as 100 milliseconds. 

5x1012 W 
200GeV 

Case 1 Case 2 

Fig. 6 Alternative sharing modes 

Fortunately there is a solution which has other attractions (Fig. 6). If we make 

alternate 200 and 400 GeV pulses we can give ripple-free spill to each area2). Of course 

the double pulse is longer (Table 4). 

Table 4 

Case 1 Case 2 

West flat top 0.7 sec 0.7 sec 
North flat top 0.7 sec 0.7 sec 
Cycle time 5.5 sec 7.7 sec 
Protons/second 1.8 X 10 12 2.6 X 1012 

Spill modulation in West 84% 7% 
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But imagine you are sitting in a counting room in the West Hall. You see one pulse 

every 7. 7 sec but it contains twice as many protons. Not only that, but the ripple modula­

tion is about 10 times better, so there is no question that you cannot handle the increased 

intensity; in fact you may find you can ask for SO% of the beam instead of only 10% if with 

the intermediate flat top you were rate-limited. This request makes ripple even better. 

Even fast spill experiments and users who are not rate-limited will perhaps find the 

double cycle an advantage. It gives SO% more protons per second and the ability to have 

long slow spills at 200 GeV will make it-easier to schedule BEBC in the double pulse mode. 

The comparison becomes even more favourable when long (2.0 sec) flat tops are demanded. 

Then the fact that the repetition rate is limited by heating of the magnet rather than rise 

rate makes the two repetition rates almost the same (8.6 and 9.0 sec). 

This is because there is quite a lot of dead-time in the 8.6 sec cycle to let the 

magnet cool. The extra 200 GeV cycle which does not heat the magnet nruch can be largely 

substituted for this dead-time. 

5. FAST-SLOW EJECTION 

I have said that extraction of a particle (the exit time) is longer for 1/3 integer 

ejection than for integer ejection, and this is essential if we are to have good slow spill. 

Add to this that 1/3 integer extraction can be made less sensitive to bending magnet ripple 

by putting the driving sextupoles 180° apart and opposite in polarity, and one sees that we 

nrust start by setting up 1/3 integer extraction. 

However, the long exit time means that if we try to extract over less than S rnsec, the 

stable area, which re-forms as Q passes through the resonance to the other side, traps the 

majority of particles which have had no time to get out. 

Once we have solved the problem of slow spill with the 1/3 integer, we might try to 

make spills as short as 1 rnsec with an integer scheme; but apart from the many months 

(perhaps longer) involved in getting this to work at high efficiency, one would never be 

able to switch from one scheme to the other within a pulse. Any fast-slow spill user would 

therefore monopolize the beam, which could not be shared with counters wanting a really long 

spill. So I am afraid that we cannot assume a fast-slow spill of less than S rnsec. There 

is therefore a big gap between it and the fast extraction (3S ~sec). 

6. FAST EXTRACTION 

Ideally, fast extraction would be a 100% efficient process. A fast rise-time kicker 

would deflect the beam across the septum and down the spout. The rise would be within the 

time interval between bunches. Such a system was designed for the CPS, but there, because 

there is a long gap between bunches, the rise-time can be as slow as a hundred nsec. In 

our case, not only would the kicker have to be many times as powerful (because of the energy 

of the SPS), but 20 times as fast because of the bunch spacing. It is just not possible for 

the SPS. Fortunately there is another way of doing it. A pair of bumpers rising within a 

turn (23 ~sec) can sweep the beam across the septum over 30 ~sec (the rise-time plus one 

turn). Smaller fractions can be extracted for just a few microseconds if needed for RF 

beams. This kind of ''beam shaving" extraction is very flexible. 
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7. SEQUENCES OF EXTRACTION 

Experience with the CPS has shown that the sequence of fast and slow spills can become 

quite complicated, especially when more than one experimental area is being fed. The prin­

ciples of extraction in the SPS are similar to those employed on the CPS, and there is no 

fundamental reason why the SPS should not be scheduled in the same way with fast and slow 

spills following each other, taking different fractions of the beam and with extraction at 

different energies on the same alternate cycles. In many ways the natural separation of the 

energies of the West and North Areas will simplify the sequencing, as will (at least initial­

ly) the absence of a need for fast spill in the North. One of the apparently difficult 

sharing problems in the SPS is to give simultaneous slow beam to two extraction channels. 

This seems to be ruled out by the numerology and symmetry of a machine designed to avoid 

rather than stimulate resonances. Fortmately, we have a hope of dedicating each area to a 

different energy range, so that sequential rather than simultaneous spill will be a more 

natural request. Life will certainly be easier if we can keep it that way. 

Figure 7 is an illustration of what one might do. 

a) A slow spill to the West of 20% to 100% of the beam. This would then be split in the 

West Hall to feed a number of comter experiments simultaneously. 

b) A fast spill, perhaps 1% in 5 llSec, to the RF target. This could be followed by another 

such 1% burst at the end of the flat top, followed even by a further one during the 

rise of the second pulse, giving altogether three bursts to BEBC. It must be said that 

the second of these would be better placed before the slow spill, since to fast-eject 

1% of an already depleted beam is difficult, and one must not forget that its momentlUil 

would have been blown up for slow spill. 

c) Slow spill to the North Area at 400 GeV. 

Clearly there are many variations on this theme which can be scheduled on a day-to-day 

basis. More detailed information is to be fomd in the references below. 

(c) 

Fig. 7 A possible sequence 
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POINTS ARISING IN THE DISCUSSION AFTER E. WILSON'S TALK 

1. PULSE DURATION FOR THE WEST AREA UNDERGROUND NEUTRINO FACILITY 

The question was asked whether it would be possible to increase the pulse duration 

from <v 30 llSec to <v 1 msec. The motivation would be not so much the requirements of the 
EMI for BEBC, but the installation of a neutrino cotmter experiment behind BEBC. 

To achieve this, one would have either to substantially increase the fast burst dura­

tion (extraction on many turns) or operate the slow extraction on a fast mode. 

The following comments concerning these two alternative methods can be made: 

1.1 Slow-fast extraction 

The main limitation comes from the losses (and consequent heating) of the thin electro­

static septum. It is not possible to prolong the pulse duration at full intensity; this 

can only be done by substantially reducing the beam intensity (and density). 

1.2 Fast-slow extraction 

Of the two resonant extraction modes, the best for slow extraction is the 1/3 integer, 

because it is essential if the long spill is to be reasonably free of ripple, and it should 

be the most stable. Unfortunately it is also an intrinsically slow process and, if driven 

fast, a substantial number of particles would not be extracted and would be lost in the 

machine. From the point of view of fast-slow extraction, the situation would be better 

with an integer resonant mode, but this implies operating the machine on a less favourable 

working point (close to an integer stop-band). Moreover, it cannot be shared on the same 
machine pulse with a 1/3 integer extraction used for cotmters. 

On the whole, it is not possible to promise anything intermediate between normal fast 

extraction (< 30 llSec) and slow 1/3 integer extraction (> 5 msec) at substantial intensity 

before considerable operational experience is gained. 

2. SHARING OF PROTONS BETWEEN THE WEST AREA 
AND THE NORTH AREA ON THE SAME MACHINE PULSE 

2.1 Slow extraction in both areas 

With the two Areas operating at different energies (e.g. West at 200 GeV and North at 

400 GeV), the West Area slow extraction can be done on an intermediate flat top of a com­

bined 200-400 GeV cycle (Case 1 of Fig. 6) or on a separate 200 GeV cycle (Case 2). Examples 

of these two cycles are given below: 



Tw TN 
(sec) (sec) 

0.7 0.7 

0.7 2.0 

2.0 2.0 

TN 

'w;J.o" p/p 

~ T1 

CYCLE 1 

Experimental Areas 

Comparison of Case 1 and Case 2 
(updated figures for two RF cavities) 

T I Tz/T1 
Dissipation 

limited 

I 
(sec) I 

I 

! 
I 1 2 I 1 2 

6.6 9.4 1.42 no no 
9.1 10.7 1.18 yes no 

9.8 12.0 1.23 yes no 

= 400 GeV 

Tw 

Protons 
per hour 

I Nz/N1 
I 

1.41 
1.69 

1.63 

TN 

\" I Ew~ 1013 p/p 1013 p/p 

-I T2 

CYCLE 2 

41 

I 

I 
I 
I 
i 

I 

Case 2 presents no problems, ~hereas in Case 1 the 200 GeV extraction must be done with the 

RF on and a bunched beam if one wants to reaccelerate the remaining beam to 400 GeV/c. 

From the machine point of view, a spill with RF on implies tolerances on both the mag­

netic field ripple and the RF stability which cannot be guaranteed at this stage. The 

reason is that these tolerances strongly depend on the beam emittance and could, for small 

emittances, be extremely difficult to meet. 

Even if these difficulties for Case 1 could be overcome, a separate 200 GeV cycle has 

still several advantages. In Case 2 the slow extraction to both the North and West Areas 
can be done with a debunched beam, and in this case the modulation of the extracted beam 

current by magnetic field ripple will be several times smaller than in Case 1*). Moreover, 

the number of protons accelerated per hour is larger in Case 2, as shown in the above table. 
This is obviously to the advantage of the experiments at 200 GeV, but in general it is also 

true for experiments at 400 GeV since they do not suffer from a reduction in the accelerated 

beam current owing to the removal of part of the protons by slow extraction during the inter­

mediate flat top. 

The conclusion is that the separate cycles look more attractive. 

*) A detailed study of this effect is available from G. von Holtey (CERN Lab. II). 
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2.2 Fast extraction in the West Area 
and slow extract1on in the North· Area 

No special problems exist if the two operations are done at· the same energy [e.g. fast 
extraction (FE) for the WA neutrino target at 400 GeV and slow extraction (SE) for the NA 
counter targets also at 400 GeV]. 

If the two operations are required at different energies, the situation is as follows: 

- FE at low intensity at 200 GeV (e.g. RF-separated beam to BEBC) followed by SE at 
400 GeV: possible. 

- Same but FE at high intensity: may result in a subsequent slow spill with strong 
ripple structure. 

3. FAST EXTRACTION FOR THE NORTH AREA 
(RAPID-CYCLING BUBBLE CHAMBER) 

So far only the slow extraction is planned for the North Area, but the design of the 
EPB is compatible with both slow and fast extraction. 

Concerning the rapid-cycling bubble chamber, the number of particles that it can 
accept per burst suggests that it may operate in a secondary beam fed by slow extraction. 
Two problems exist; namely the supply of secondary particles to the chamber only during 
the sensitive time, and the particle separation. The fonner may be solved by a special 
pulsed magnet at the end of a secondary beam, while the latter seems to imply the use of a 
long-pulse separated beam. 
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Before entering into details of a possible way of using the West Hall at the new high­

energy level which will become available in 1976, let me first review briefly just what is 
meant by "the West Hall". It is in fact not one hall but a complex of several adjoining 

halls and two wide approach tunnels. Figure 1 shows a sketch of the West Area showing the 

dimensions and nomenclature of the various parts of the complex. 

Fig. 1 

I 
I 
I 

11::. 
Diagram of the West Area showing the dimensions of the halls 

Crudely we can say that starting from the right with TT4, which is approximately 8 m 

wide, each successive area is double the width of its predecessor until we arrive at the 

main hall E1 , which is 64 m_wide. The hall E2 , which is 25m wide, links the main hall with 

the BEBC building. All the halls except TT4 are equipped with overhead cranes. The approach 

tunnels TT4 and TTS have external earth shielding which makes them especially suitable for a 

target region. 

Figure 2 shows the location of the West Area with respect to the 300 GeV accelerator. 

The link between the accelerator and the area is fairly straightforward in the horizontal 

or plan view, and involves no major bending of the ejected proton beam (EPB). However, in 
the vertical view or elevation, it is clear that because of the depth of the accelerator the 

EPB must be bent quite strongly in order to transport it to the surface. The choice of the 

form of this vertical bending is very constrained owing to the presence of the road RN 84 

under which the EPB must pass at a safe depth. It is this constraint which makes it imprac­
tical to put the counter target zone further upstream than TTS. The special case of the 

target for the RF beam to BEBC will be discussed later, but the reason it is possible to 

place this target inside the transfer tunnel itself (which is only 4 m diameter) is because 
the intensities needed for this target are always less than 1011 protons per pulse. Such 

low intensities are not very interesting for counter beams. 
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Fig. 2 Diagram showing the link between the SPS and the West Area 

Thus a first point to recognize about the West Area is that there are definite limita­

tions in length. Assuming that primary targets are located in TT5, then there are about 

250 m to the end of hall E1 and about 285 m to the end of hall E2 in which to accommodate 

secondary beams and experiments. In addition, there is behind E1 about 250 m of space be­

fore the boundary of the CERN site is reached, and this could eventually be used if needed 

in the future. 

The West Area contains two important assets which play a significant role in the plans 

for its utilization. These are the large (3.5 m) hydrogen bubble chamber BEBC, and the 
large magnet and spark chamber facility called the Omega. Both of these have already been 

constructed. BEBC is in the testing stage, and Omega has already had some preliminary runs 

with beam. 

2. BASIC ASSUMPTIONS 

Before discussing the details of possible ways of utilizing the West Area, it is perhaps 
useful to review the basic assumptions we have had in mind throughout the whole planning stage. 

a) The West Area is not the only experimental area to be available, but merely the first 

to become operational, because it exists already. The North Area, which has far less con­

straints on length, energy, or intensity of beams, should be utilized for those facilities 

which would be much inferior if located in the West Area. 
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b) The 3.5 m hydrogen bubble chamber BEBC is a facility which is assumed to be fixed. 

Although in principle, it could be moved, the cost in both time and money would be prohibi­

tively high. Thus the bubble chamber programme is naturally centred around the West Area. 

c) The Omega spectrometer, although not as immobile as BEBC, is already working in the 

West Area with beams provided by 24 GeV protons from the CPS. It is attractive to consider 

this -- at least initially -- as a West Area facility which should be operational with good 

beams at the earliest opportunity. 

d) The limited length of the West Area leads to the conclusion that the area is most 

suited to secondary beams of momentum ~ 150 GeV/c. This is clearly a limitation. However, 

the fact that the beams are above ground and contained in halls serviced by cranes makes for 

great flexibility in the possible utilization. Beam layouts can and will be changed quite 

often to suit the demands of individual experiments, as is the case now at the CPS. 

e) The fact that the counter beams are produced above the surface means that massive 

quantities of shielding material are needed. Because of the space limitations of the West 

Area and the proximity of RN 84, this leads to a natural limit of ~ ZOO GeV for the energy 

of protons entering the West Hall itself. This limit is in fact not serious given the limita­

tion of secondary beams to ~ 150 GeV/c and the availability of the North Area for higher 

energy beams. 

3. PARTICLE PRODUCTION AT HIGH ENERGIES 

Let us now look at possible ways of utilizing the slow ejected proton beam to produce 

secondary beams for counter physics. The important feature of particle production at high 

energies is the strong forward collimation of secondaries because of the natural limitation 

in transverse momentum. This can be represented algebraically by 

dcr _ A -BpT 
dpT - PT e , 

where pT = p sin 8 is the transverse momentum, and A and B are independent of pT. 

If we consider a beam of secondaries of momentum p produced at 0° with an acceptance 

of ±~8 in both planes, then all secondaries with momentum transfer less than Pr = p~8 

will be collected by the beam. This number can be obtained by integrating Eq. (1): 

Pr Pr 

J (~~TJ dpT = ~· f B2pT e -BpT dpT = ~ [1 
0 0 

Hence we can define a geometrical efficiency s for a 0° beam by 

Pr 

J (dcr/dpT) dpT 
B I 

s(8 0) 0 1 - (1 + BpT) e- PT 
00 

J (dcr/dpT) dpT 

In an analogous manner we can derive the yield of secondaries for a beam produced at an 

angle 8. All particles produced at momentum transfers between Pr = p(8 - ~8) and 

(1) 

(2) 
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pf = p(e + ~e) will be distributed over an annulus of which approximately the fraction 

M/'rr6 will be accepted by the beam. Thus in this case the efficiency will be 

pf 

J (dcr/dpT) dPr • ~6/n6 

£(6 f 0) 
Pr 

00 

J (dcr/dPr) dpT 
0 

(3) 

Figure 3 shows the geometrical efficiency for hypothetical beams of acceptance ±2 mrad 

in each plane (i.e. ~n = 4n x 10-6 sr) evaluated from Eqs. (2) and (3) using the value 

B = 6 GeV/c- 1 • It can immediately be seen that the efficiency falls rapidly as the produc­

tion angle is increased, especially at higher momenta. The efficiency of 0° secondary beams 

clearly increases for a fixed solid angle, as the momenta increases. Figure 4 shows the 

geometrical efficiency of the above hypothetical beam at 0° as a function of secondary 

momentum. The efficiency rises rapidly as a function of momentum up to about 200 GeV/c and 

then rises more slowly, asymptotically approaching unity. Finally one can ask what solid 
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Fig. 3 Geometrical efficiency of a 
charged particle beam, with 
~n = 4n x 10-6 sr, as a func­
tion of the production angle 
e, for three secondary momenta 
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Fig. 4 Geometrical efficiency of a 
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~n = 4n x 10-6 sr and at 
e = 0 mrad, as a function 
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angle should be used to obtain an efficiency of, say, E = 0.6. This is shown as a function 

of secondary momentum for 0° beams in Fig. 5. Clearly the solid angle needed at 300 GeV/c 

is much smaller than that needed at 150 GeV/c, which is helpful for beam designers. 

[IQ 

t 
10 

0.1 L__ __ __,_ ___ ....L._ __ ___,_ __ ____, 

200 300 400 100 
- P GeV/c 

Thus it is extremely important to pro­

duce beams at very small angles and prefer­

ably at 0°. It is not easy to produce more 
than one charged beam at 0° from a target, 

which leads to the possibility of having.to 

consider several targets, each of which can 

be fed by some fraction of the EPB. To do 

this one must split the EPB. 

Fig. 5 
Solid angle of a charged particle beam 
needed to maintain a geometrical ef­
ficiency of E = 0.60, as a function of 
momentum 

Figure 6 shows a scheme to split the EPB into three separate beams. This is based on 
I 

the familiar iron septum magnets used at present in the East Hall at the CPS. Using this 
method, it is possible to design secondary beams from three separate targets, thus allowing 

one to approach the ideal situation in which beams are produced very close to the forward 

direction. The three targets T1 , T2 , and T3 , can be located in the shielded tunnel TT5, 

as shown in Fig. 7. 

Before dicussing possible beams it is perhaps useful to look at the spectra of secondary 

particles one can obtain from ZOO GeV protons. Figure 8 shows a comparison of the yield of n­

ina 1 ~sr beam into 1% llp/p for 1012 interacting protons, from ZOO GeV incident protons 

and from Z4 GeV incident protons. This comparison is interesting in that it demonstrates the 
extremely high flux of secondaries which will become available in the West Area from ZOO GeV 

protons. Not only will there be higher energy particles, but they will be sufficient in 

number to enable really precise measurements to be carried out on reactions with quite small 
cross-sections. If one reflects that for the past 13 years good physics has been done with 

the spectrum of secondaries available from Z4 GeV protons, it is exciting to view the enormous 

increase in potentiality to be provided by ZOO GeV protons. It is often said that ZOO GeV, 

being only eight times the CPS energy and thus an increase of only less than three times the 

centre-of-mass energy now available, is not very exciting. Figure 8 shows that this state­

ment is not correct from the point of view of secondary beam production. Figure 8 also shows 
that the yield of n- from ZOO GeV protons is very healthy up to 150 GeV/c, supporting the 

earlier statement that for secondary counter beams in the West Area a limitation to ZOO GeV 

incident proton energy is not serious. 
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Fig. 8 
Comparison of the 
n- yield from 24 GeV 
and 200 GeV protons 

Figure 9a shows the spectra of posi­
tive particles which will be produced by 

200 GeV protons. Notice the extremely 

rich yield of K+, although at momenta 

above 100 GeV/c the huge flux of protons 

will be an embarrassing contamination to 

handle. Figure 9b shows the spectra of 

negative particles. Here one does not 

have protons, but for high statistics 
experiments with K- or p using a device 

such as the Omega spectrometer, the high yield of n- would severely limit the data acquisi-

tion rate. This can be overcome by using superconducting RF separation techniques, which 

will be mentioned later. 
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4. POSSIBLE COUNTER BEAM LAYOUT 

A great deal of work has been done within the ECFA Working Parties on the question of 
what counter beams should be envisaged for the West Area at 200 GeV. Detailed discussions 

can be found in Volume I of the ECFA Working Group report, and in the presentations during 

this meeting. Figures lOa, lOb, and lOc show three examples of how some of the beams dis­

cussed in the Working Parties could be combined into a West Area layout. Common to all three 

layouts are: 

i) an RF separated beam to BEBC -- to be discussed later; 

ii) an RF separated beam to Omega; 

iii) a high-energy high-resolution conventional charged beam. 

These might be considered as the basic beams in the West Hall. 

The use of superconducting RF separators for producing high-energy counter beams en­

riched in rare particles has been discussed for some years. Such beams are advantageous 
when the experimental apparatus is saturated by the total flux of charged particles of an 

unseparated beam, and one wishes to obtain the maximum number of events produced by a rare 
+ -constituent of the beam, for example K- or p. The Omega spectrometer would be saturated by 

a typical unseparated beam produced by 200 GeV protons, and thus the rate of accumulating 
events produced by K± or p would be severely limited. The use of superconducting RF cavities 

allows the construction of an RF separated beam which would enhance the data rate on these 
rare particles by at least an order of magnitude. The use of S-hand cavities limits the sep­

aration up to between 30 and 40 GeV/c (depending on the quality of the separator) for a beam 

which could be accommodated in the space available between target T1 and Omega. Since the 

separated beam is rather complex and costly in magnetic elements, the beam (1) is limited 
to 40 GeV/c and is thus speci~ically designed for use with RF separators. More details re­

garding this beam and the physics experiments that can be carried out with it are given in 

the report of the Working Party on the use of Omega (CERN/ECFA/72/4, Vol. I, Chapter 8). 

Since the West Area will be the first experimental area in operation at the SPS, it is 

felt to be important that one beam should be available which will allow experiments up to 

reasonably high energies, with good momentum resolution. Such a beam is shown as beam (3) 

in Figs. 10, and is produced at 0° from target T2 • The maximum momentum is 150 GeV/c and 

the acceptance is about 10 ~sr. The beam has been located so that the experiments can ex­
tend into hall E2, thus giving an extra 35 m of space. Nevertheless it is true that the 

length is a limiting factor, and only about 80 mare available after the experimental target. 

This is why the momentum has been chosen to be a maximum of 150 GeV/c, rather than 200 GeV/c. 

A lot of interest has emerged during the past year on the use of high-energy electrons 

or photons for experiments either with the Omega spectrometer or with specialized detector 

systems. Beam (2) of Fig. 10 shows how an electron beam of maximum momentum 100 GeV/c and 

acceptance of 20 ~sr can. be produced by conversion of they-rays produced in target T1 • 

Electrons of this beam could be used directly in Omega or used to produce a tagged photon 

beam for Omega. A simple modification of the downstream end of this beam would allow the 

electrons or tagged photons to be used by an independent experiment simultaneously with the 
operation of beam (1) for Omega. This modification is shown as 21 in Fig. lOa, b. Finally, 

beam (2) could, if desired, be used without major modification to produce an unseparated 

charged hadron beam up to 100 GeV/c for the Omega spectrometer. 
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The target T3 can be used to produce many different kinds of beams depending on the 

demands of the experimental programme. In Fig. lOa it is used to derive a 50 GeV/c unseparated 

beam (4) of high intensity produced at 0°, which might be used, for example, to study pro­

cesses with rapidly falling cr~ss-sections utilizing the very high fluxes of secondaries 

available below SO GeV/c. In addition, one can utilize the protons in the T3 branch, suit­

ably attenuated in intensity, to produce a special short-lived beam such as a hyperon beam 

or a Ks beam, as is shown schematically in Fig. lOa as beam (5). 

In Fig. lOb, target T3 is used to produce a neutron beam (6), and a polarized proton 

beam from A0 decay (7). Both the neutrons and the A0 are produced at 0°. The polarized 
proton beam (7) could alternatively be derived from target T1 , as shown in Fig. lOc. A 

final possible combination of beams from T3 is shown in Fig. lOc, where a KL beam (8) pro­

duced at about 6 mrad, is combined with an unseparated beam of maximum momentum 100 GeV/c 

(9), produced at 0°. 

The conclusion of this section is that the West Area can be used to provide a wide 

selection of secondary beams for physics experiments using 200 GeV/c protons. All the beams 

discussed are produced at 0°, with the exception of the KL beam, where there is some advan­
tage in moving away from the forward direction in order to reduce the neutron background. 

Thus one has tried to make the most efficient use possible of the protons coming from the 
SPS. Although the shi~lding will be designed in such a way that each target can accept up 

to 3 x 1012 protons, it is quite clear that many experiments will not need such intensities 

all the time. This is important in view of the desire to utilize a good fraction of the 

accelerated protons to produce a neutrino beam; this will be discussed later. An important 

beam for counter physics which does not appear in Figs. 10 is a muon beam. This point will 
also be taken up later. 

5. AN RF SEPARATED BEAM FOR BEBC 

The need for RF separation of particles in a beam for a bubble chamber is even more 

apparent than is the case of an electronic detector. Not only is a bubble chamber saturated 

by the beam intensities available, but it completely lacks any time resolution. Although 

tagging schemes have been·proposed which would enable the particles entering a bubble chamber 
to be labelled, only the interactions of the dominant particle in the charged particle spec­

trum could be studied with high statistics. Thus the statistics of experiments with K± or 

p would be extremely limited. 

Fortunately, a bubble chamber does not need -- and indeed cannot use -- a long-spill 

beam. Thus the RF cavities do not need to be superconducting but can be pulsed at room 

temperature. Such cavities have already been in use at CERN for many years, and the technique 

is well developed. 

The maximum momentum at which separation of particles can be achieved depends on the 

square root of the frequency of the RF cavities multiplied by the distance between the 

separators. 
+ Separation of K- has been achieved at the CPS up to 16 GeV/c, with a length between 

cavities of SO m and using S-band cavities of frequencies of 2856 MHz. Thus an attempt can 

be made to achieve separation at higher momenta by increasing the intercavity distance and 
by increasing the frequency. It is technically feasible to use a frequency of~ 6000 MHz 
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(C-band), and components for such separators exist at the right power levels and are readily 

available. The higher frequency offered by X-band cavities, operating at~ 9000 MHz, is 

less attractive since the components do not all exist in industry, and furthermore the aper­
ture of X-band cavities is very small, limiting their usefulness in a beam. 

Assuming the use of C-band cavities, the next step is to consider what length is avail­

able for intercavity separation. If an RF beam for BEBC were produced from a target located 

in TTS, then only about 100 m would be available for the intercavity separation, remembering 

that there must be sufficient bending before the first cavity to momentum-select the beam, 

and sufficient space after the last cavity for the beam-stopper and final beam optics. Thus 

there would be a gain of only a factor of two in maximum momentum compared to the present 
+ 

16 GeV/c separated beam at the CPS. Since there already exists a 32 GeV/c separated K- beam 

at Serpukhov, this would not be so exciting for the SPS in 1976. 

Thus one was led to explore the possibility of moving the target for the BEBC RF beam 

much further upstream in order to provide a greater intercavity separation. It was found 

possible to locate a target inside the EPB transfer tunnel at a total distance of 905 m 

from BEBC, thus allowing a beam to be designed with an intercavity separation of 504 m. 
+ 

Using C-band cavities, full separation of K- can be thus achieved up to 73 GeV/c, and se-

paration of K- from ~ only up to about 100 GeV/c. 

The schematic diagram of this beam is shown in Fig. 11. A fast-ejected beam, of in­

tensity< 1011 protons per pulse in a 5 ~sec pulse, will travel along the EPB line to a beam 

switch which will direct these protons onto the RF target. Charged particles produced at 0° 

are collected by the RF beam and momentum-selected in the vertical plane. Separation is 

achieved by RF modulation in the transverse plane. Three cavities would enable the separator 

system to cover the momentum range smoothly from about 20 GeV/c up to the maximum. The 
I 

magnetic elements would operate up to a beam momentum of 150 GeV/c. 
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Notice that the momentum analysis is provided by those vertical bending magnets needed 
to bring the beam to the surface in the West Hall. It nrust be stressed that this target 
can only be located in the transfer tunnel~ because the intensities to be used are always 
less than 1011 protons per pulse. 

Details of this beam and of its use for hadronic physics with BEBC are presented in 
the BEBC Working Party report in Vol. I, and will be discussed later in this meeting. I 
Will merely draw the sweeping conclusion that BEBC seems capable of providing a wide range 
of interesting experiments up to about 100 GeV/c momentum, and thus the provision of an RF 
separated beam of the kind described seems well justified. 

6. A NEUTRINO FACILITY IN THE WEST AREA 

All the beams that have been discussed so far have been basically beams for the study 
of hadronic reactions either by direct hadron-hadron interactions or, in the case of the 
electron or y-beams, by using an electromagnetic probe to study the hadronic structure of 
particles. The field of weak interactions has been explored in the past either by the study 
of decay of particles -- which does not always necessitate high energies -- or by the study 

of neutrino interactions. 

Although probably the most significant individual experiment using neutrino.beams was 
carried out by Steinberger and collaborators using spark chambers, the major effort in 
neutrino physics over the last ten years has been Undertaken using the bubble chamber tech­
nique and, until recently, using heavy-liquid chambers. European physicists have played an 
important role in this work, and it is natural that there is great interest in a neutrino 
facility at the SPS. The construction of massive liquid-hydrogen bubble chambers in recent 
years has opened up the possibility of study neutrino interactions on pure hydrogen and 
deuterium, and the first experiments of this kind, ·using low-energy neutrinos, have already 
been carried out at Argonne. BEBC was constructed originally with the intention of using 
it for neutrino physics, so it is also natural to see if one can provide an interesting 
neutrino beam for BEBC in the West Area. 

The major problem in neutrino physics at high energies lies in the detector and its 
shielding. Because the neutrino has such a small cross-section, the detector must be massive. 
However, since neutrinos are identified by the appearance of a muon in the detector, ·one must 
take great care to limit the background of muons passing through the detector •. Since muons 
are produced in the beam along with the neutrinos, from the decay of pions and kaons, one 
has a difficult shielding problem to solve, because muons are difficult to ·stop. Thus al­
though a bubble chamber has some ideal qualities in the detection of rare events such as 
neutrino interactions, great care nrust be taken to eliminate the nruons coming from the beam, 
and the only realistic solution seems to be to stop them in material by their ionization and 
electromagnetic energy-loss. At high energies the shield necessary to stop the muons be­
comes very massive and takes up a lot of space, thus limiting the solid angle acceptance 
of the detector. 

A neutrino beam consists of a target, which nrust be irradiated by an intense beam of pro­
tons to produce the maximum possible number of secondaries, a focusing device to make the 
beam of n and K as parallel as possible, and a decay region in which the n and K can decay 
to produce the desired neutrinos. 
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If one considers a wide-band neutrino beam produced from a target located in TT5 in 

the West Area, one has a total distance of 283m up to BEBC. A good neutrino beam could 

be constructed for incident protons of up to 150 GeV/c momentum. At the highest momentum, 

this would have a decay region 170 m long and a steel muon shield plus some inevitable dead 

space of 113 m length. Beams optimized at lower proton momentum could have a thinner steel 

shield and more decay length. Above 150 GeV/c incident proton momentum, the muon shield 

becomes even thicker, and the space left for the decay region is inadequate so that there 

is a loss of neutrino flux compared with the flux obtained at 150 GeV/c. The layout of 

such a beam, usually called the "surface solution", is shown in Fig. 12. Notice that in 

addition to the steel for the muon shield, a large amount of steel must be used to shield 

the decay region. 

Another possibility which has been considered is to produce the neutrino beam from a 

special neutrino target located underground and fed with 200 GeV protons by a special beam 

switch located as close as possible to the point at which the beam emerges from the ac­

celerator. A schematic diagram of this underground beam switch is shown in Fig. 13. Here 

one sees that the first part of the beam switch is provided by the magnets necessary for 

the RF beam to BEBC. By adding more switching magnets, the proton beam could be deflected 

even further into a special tunnel for the neutrino beam. This so-called "tunnel" solution 

was already discussed in concept at the first Tirrenia meeting last year, and as a result 

the EPB tunnel connecting the accelerator and the West Area will have a widened section to 

allow these beam switches to be accommodated if needed. The decision to do this was taken 

by John Adams last year in order to keep open the possibility of having the long RF beam to 

BEBC and the "tunnel" neutrino beam. 

After the beam switch, the proton beam must be focused onto the target. When suf­

ficient space is left for this a solution is arrived at which gives a distance between 

neutrino target and BEBC of 830 m. In this solution, the decay region would be a simple 2 m 

diameter tunnel bored in the rock, preceded of course by a wider region to accommodate the 

focusing device, which for a wide-band beam would be the familiar "hom". Figure 14 shows 

the details of such an underground neutrino facility optimized for 200 GeV incident protons. 

The muon shield is provided by 50 m of steel followed by 230m of rock, earth, and concrete. 

This leaves a decay region 550 m long. 

Fig. 13 

l.switch 
(pulsed bending 

magnet) 

10 20m 

Schematic diagram of underground beam switch to feed the RF 
target, and the "tunnel" solution neutrino target 
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One advantage o£ the ·~unnel" solution is that if at a later date a beam using 400 GeV 
protons is required, it is possible to achieve this by, for example, ~ing a further 
120m of steel at the end of the decay tunnel to stop the higher energy muons; but it is 
hoped that a better solution can be found. 

What are the physics possibilities offered by these two solutions? Figures 15 and 16 
are linear graphs showing the event spectra and integrated· event spectra, respectively, for 

the "surface" solution .and the "tunnel" solution at 200 GeV. 

It can readily be seen from Figs. 15 and 16 that both solutions give respectable event 
spectra leading to total event rates which are only marginally different. The difference 
lies in the shape of the two spectra. At neutrino energies of < 10 GeV, the surface solu­
tion yields more events. For 15 < Ev < 40 GeV, the tunnel solution gives better yields. 
Finally, for 40 < Ev < 80 GeV the two solutions have identical yields, within the errors 
of the calculations. Clearly, before trying to decide which solution will yield the most 
physics, it would be valuable to know how efficiently BEBC will operate as a function of Ev. 
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Figure 17 shows the yield of neutrino events for the tunnel solution at 400 GeV. Note 

that the horizontal (Ev) scale has been doubled, reflecting the higher neutrino energies 
available. The integrated number of events for 10 1 ~ protons is almost twice that for the 

solutions at lower energy but this will be completely compensated by the increased cycle 

time at 400 GeV, so that the number of events/hour will stay the same. The interest of in­
creasing the energy to 400 GeV 1lies again in the effect which this has on the spectrum. 

Figure 18 shows a comparison of the event spectra for the two "tunnel" solutions (200 GeV 

and 400 GeV). Even bearing in mind the loss in cycle time at 400 GeV, it is clear that above 
40 GeV a considerable gain in neutrino events will be obtained by going to higher energy 

incident protons. 

The decision whether to build the "tunnel" neutrino beam arnot must be taken very 

soon, if such a facility is to be available when the accelerator begins to operate. The 

detailed dicussions of the advantages and disadvantages of the "tunnel" versus the "surface" 

solution will take place during and following the report of the neutrino Working Party, 

later in this meeting. 

The neutrino beams described so far have been optimized from the point of view of BEBC 

as detector. However, one must not lose sight of the relevance of other neutrino detectors 

which might be available. One obvious example is the large heavy-liquid chamber, Gargamelle. 

This could, if desired, be moved into a location behind BEBC and thus benefit from the neu­

trino facilities described. The physics possibilities of Gargamelle located behind BEBC 
will be discussed in the Gargamelle Working Party report at this meeting, and are contained 

in Chapter 3 of the Working Group Report, CERN/ECFA/72/4, Vol. I. 

The SPS can also be considered for neutrino experiments using electronic detectors. 

Clearly such an experiment could also be located behind BEBC. However, an electronic neu­

trino experiment usually involves a massive target of some hundreds of tons and is thus 
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more specifically powerful in the highest momentum region of the neutrino spectrum where 
the statistics and energy-measuring capability of bubble chambers are limited. Furthermore, 

the neutrino beams described are fed implicitly by the fast ejection from the SPS, since 

the slow ejection mode cannot be made to. operate for a time shorter than 5 msec, which is 

too long for a bubble chamber. The longest spill from fast ejection is about 30 f.LSec, 

which is very short for an electronic experiment. Thus if an electronic experiment were 

located behind BEBC, it would have to either accept a 30 f.LSec spill and run simultaneously 
with BEBC (and possibly also with Gargamelle), or it would have slow ejection and have to 

be the sole user of the accelerator, since a slow-ejected beam cannot be split in the space 
available in the EPB tunnel. The tunnel neutrino facility could operate. together with slow 

ejection to the counter targets in the West Hall provided it operates on fast ejection. An 

additional complication for a counter neutrino experiment behind BEBC is that if a wide­
band neutrino beam is desired with ejection longer than ~ 30 f.LSec, a special long-pulse 

neutrino horn would have to be constructed. 

Perhaps by far the best solution for neutrino physics with electronic experiments 

would be to combine, in one facility which would be located in the North Area, both a long­

spill neutrino beam and a high-energy muon beam. Studies of this possibility have taken 

place within the Working Parties this year, and look extremely attractive. 

It is impossible to construct a good high-energy muon beam in the West Hall itself be­

cause of the limitations in length and also in proton energy. It is also very unattractive 

to try to obtain a muon beam from the decay region of either the "tunnel" or the "surface" 

neutrino solutions discussed above, since the muon beam needs slow ejection and a d.c. 

focusing system distributed along the whole length of the decay tunnel, whereas the bubble 

chamber neutrino beam needs fast ejection and a horn focusing system followed by an evacuated 
decay tunnel. Furthermore, the muon beam which could be derived from either the "tunnel" 

or "surface" solutions would be not well located for experimental use, being essentially 

outside the West Hall proper. 

The advantages of the North Area for a combined muon-neutrino facility are many. The 

proton beam energy would be 400 GeV. There is adequate space to build a well-optimized 
facility. The cost should not be too high, since the decay region would be only about 10 m 
below the surface. Details of a possible facility of this kind will be given by Brianti in 

his talk on the North Area. 

7. CONCLUSIONS 

A possible way of utilizing the West Area to provide a wide range of beams for physics 

in the early period of operation of the SPS has been described. The limitations of the 

West Area in the beam length, and the muon shielding problems, suggest that it will be a 

valid area for secondary beams of momenta less than 150 GeV/c and using incident protons 
up to 200 GeV. These limitations, together with the desire for a good muon-neutrino facility 

for counter experiments -- which is difficult to realize in the West Area -- make it impera­
tive for us to operate the North Area as soon as possible. 

- + Facilities outlined for BEBC include an RF separated beam giving separated K and TI 

up to 100 GeV/c, and two possible alternative wide-band neutrino facilities, one of which 

can be extended to operate at the highest energies expected from the SPS. 
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POINTS ARISING IN THE DISCUSSION AFTER J.V. ALLABY'S TALK 

The question of the height of the beam in the West Area was raised. The present plans 

assume that the beam height will be 2m above the floor of hall E1 , just as it is now with 

the beams produced from the CPS. 

Questions were raised concerning the possibility of deflecting the superconducting RF 

separated beam envisaged for Omega so that it might be used for other experiments, in parti­

cular a rapid-cycling bubble chamber. The answer is, in principle, it is possible, but 
there is little space in which good use could be made·of such a beam. On one side~ the wall 

of the Hall E1 would impede the installation of all but the simplest experimental equipment. 

If the electron beam (2) were in place, the other side would also be completely blocked. 

The logic of putting only one beam derived from target T2 was questioned. The reason 

why only one beam has been indicated so far is that until a decision is reached on the 

neutrino facility (surface or tunnel solution) it is necessary to leave space to accommodate 

the surface solution in the Hall. If the tunnel solution is chosen, there would possibly 
be enough space to derive a second beam from T2 in addition to the high-energy high-resolu­

tion beam (3). A further question concerned the possibility of extending outside the walls 

of the West Hall complex in order to place light equipment such as Cerenkov counters after 

the high-energy beam. It is certainly possible to consider this since the walls at that 
place are light and not an integral part of the roof support. 

Questions were also raised concerning the possibility of constructing other hadron 

beams for BEBC, such as a polarized proton beam or lower energy, separated K+ beams, since 

the proposed long RF separated beam has a lower limit in K momentum of about 30 GeV/c owing 

to decay. Lower energy K beams or any other special short beam for BEBC could be obtained 

by using the RF beam to transport 150 GeV/c protons to a special target close to the chamber. 

Such an arrangement would conflict in space requirements with the proposed counter beams 

and so could not be maintained as a permanent facility but could be installed if needed for 
a special experiment. 

A final question concerned how much money is really available to cover the many expen~ 
sive beams and options discussed. The answer to this question is contained in the talk 
presented by Professor Jentschke. 
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LAYOUT OF THE 300 GeV NORTH EXPERIMENTAL AREA: A Summary of Problems and Present Ideas 
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This is a revised and more complete version of our contribution to this meeting1). It 

summarizes the studies carried out to date with a view to determining the layout of the 
North Experimental Area, starting from an external proton beam at the end of tunnel TT20. 
A tentative layout is presented. Some elements, such as production of secondary particles, 

target stations, and basic features of a high-energy secondary beam, are considered in more 

detail. 

* * * 

The design of the North Area (NA) is still in a very preliminary stage. We present, 

however, a list of problems and present ideas on possible solutions, merely to stimulate 

discussion and arrive at a reasonable compromise between potential requests by experimenters 
and over-all technical and financial limitations. 

When considering the NA, one should bear in mind that the West Area (WA), with its 

specific features and facilities, will contribute substantially to the physics programme at 

the same time. Moreover, the WA will be fed by its own extraction system and external pro­
ton beam, so that both Areas will be completely independent (operationally) from each other. 

Therefore, the ideas presented in this report are based on the following assumptions: 

i) The NA should be conside~ed, at least for a first period, as complementary to the WA, 
namely reserved for facilities which, because of their nature, cannot or will not be 

constructed in the WA. In this way the best use can be made of the limited funds 

available. 

ii) It is not necessary to plan for the mutual independence of the various facilities to 

be installed in the first part of the NA. 

1. GENERAL CONSIDERATIONS 

A 400 GeV experimental area, by its size and nature, presents problems which cannot be 

solved simply by extrapolation of the "comprehensive experimental hall" philosophy, adopted 

so far at energies up to 25-30 GeV. This philosophy envisages primary target, secondary 

beam, and experiment laid down on a conmon floor (and mostly under the same roof), served 

by its extracted beam, and then surrounded by the necessary quantity of mobile shielding 

(concrete or iron blocks). Within limits, the position of the target and the layout of the 

secondary beams can then be changed rather freely. However, the price of such a flexibility 

becomes excessive, and one can hardly envisage this solution at the highest energy of the 

accelerator. 

The extension to 400 GeV would lead to a very large and expensive experimental floor, 

most of which would be permanently buried under shielding whose very quantity would reduce 
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flexibility in the sense that a layout, once installed, would necessitate a rather long 

shut-down period to introduce major modifications. 

The ideas outlined here do not remove the rigidity but attempt to reduce the cost of 
a 400 GeV beam layout by suppressing most of the so-called mobile shielding. It has to be 

remembered that the cost of a given effective shielding thickness varies in the proportions 

1/10/100 depending on whether it is realized with earth/concrete blocks/iron blocks. 

It therefore seems attractive and almost compelling to locate primary target, secondary 

beam, and experiment in different and specialized building enclosures, better adapted to the 

particular needs of each part. 

Of course such an approach makes it necessary to understand in detail the main parts of 

the layout before attempting to recombine them into a coherent solution. 

To date, a first round of studies to present a tentative layout has been completed. 

Even if such a layout were acceptable for physics, more work would be necessary to assess 

feasibility and to elaborate detailed technical solutions. 

The following sections enter into more detail on some features and problems of the 

various parts of the layout. 

2. EXTERNAL PROTON BEAM (EPB) AND ITS BRANCHES 

The EPB is completely designed as a slow extracted beam with classical iron magnets 

for 400 GeV/c, to allow the construction of the tunnel TT20 which has started. The beam is 
pulsed to follow the machine cycle, thus providing the possibility of performing experiments 

at different energies on successive pulses. The end point of the EPB (~ 470 m from the 

machine tunnel and ~ 590 m from the ejection point) is assumed to be the origin 0 of the 

area (see Section 5). 

It is envisaged to divide the EPB after the point 0 into branches so as to allow same 

kind of multiple use of the area. The sub-division may be obtained by switches (protons 
only in one branch at a time), by splitters (protons simultaneously in all branches), or by 

a suitable combination of both. 

Since a split provides the highest degree of multiple use of the area and is also the 

most demanding in terms of longitudinal space, we consider a three-way split similar to the 

one described in CERN/1050 (page 166- Section 13.3.6) •. The distance needed for the split­

ting section is about 150m. A further 50-100 m are needed to separate the branches by 1 

or 2 m and to focus the beams onto the targets. 

It is important to stress that all targets for the layout presented below will be 

included in one common radiation zone to which there will be no access whenever one target 

operates. 

Although this limitation may give rise to same inconvenience, it is practically 

impossible to eliminate it, since only a further considerable lateral separation c~ 10 m) 

of the EPB branches would make the independence possible. This separation would require a 
distance of ~ 200-300 m, thus limiting even more the space before the river available to 
experiments and would cost a considerable amount of money(~ 3 MSF per branch). 
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3. PRODUCTION OF SECONDARY PARTICLES 

Two main parameters are of interest for 
the design of secondary beams: 

i) the production angle o; 
ii) the angular semi-aperture of the acceptance 

cone e. 

65 

s 

In fact, normally with quadrupole focusing the acceptance cone has an elliptical rather 
than a circular cross-section, with an acceptance defined by 

n = n ex e = n e2 
y ' 

where 

e = lex ey (x,y are the two transverse coordinates). 

Calculations have been carried out, following the Hagedorn-Ranft thermodynamical 

model 2 ), by means of the CERN computer library program SPUKJ for a hydrogen target. For 

heavier-element targets, the flux will be less by a factor 1 to 2, depending on the element. 

A first set of curves (Fig. 1) illustrates the well-known forward-peaked characteris­

tics of the production, which implies that with o f: 0 the beam intensity is considerably 

lO=i-5 -.,.---,---r--, 
0 

Fig. 1 

3 4 2 3 4 2 3 4 

o PRODUCTION [mrad] 

Production characteristics of secondary particles (PEPB = 400 GeV/c; 
1012 interacting protons; ~p/p = 1%; total acceptance ellipse: 
1 mrad x 1/2 mrad) 
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reduced, especially at high energy. Only for an energy of the secondaries not exceeding 

one-half of the primary energy, is a small 6 (5 3 mrad) still acceptable. It should be 
noted that the characteristics assumed in Fig. 1 (number of interacting protons, l::.p/p, and 

acceptance) correspond to those of a realistic beam reaching the highest energy available. 

Concerning the second parameter e, clearly the larger it is the more flux one gets 

(up to a certain value). Since limitations are, however, imposed one, both by the confi­

guration of the target stations and, above all, by financial considerations, it is important 

to assess values of e which may realize the best compromise between the various requirements 

in each particular case. MJreover, many experiments will be intensity-limited so that it is 

legitimate to ask, What is the minimum 9 necessary to collect a given flux of particles? 

Figures 2, 3, 4, and 5 attempt to answer this question. The flux of all particles of a 

given sign has been limited to 108 or 10 7 • One should underline that for negative particles 

above a certain energy a flux of 10 8 particles (or even 10 7 ) is not obtained whatever the 

angle e, and therefore the total flux (smaller and varying with energy) is indicated. The 

angle e necessary to obtain 10 8 or 10 7 total is shown where it is possible to obtain this 

intensity, and where it is not possible we show the angle that is necessary to obtain SO% of 

the total flux possible. The flux of individual particles under these conditions is also 

shown. In Figs. 2 and 4 one should note the preponderance of protons, while in Figs. 3 and 

5 the line A-A corresponds to the limiting divergence (referred back to a target of ±1 mm) 
accepted by a DISC counter of 8 an aperture with an angular divergence tolerance of 0.02 mrad. 

The general conclusions which can be drawn are as follows: 

i) In principle, all beams should be designed for 6 = 0 over the widest possible momentum 

range. This allows the most efficient use of protons. 

However, to be able in some cases to vary the flux of secondary particles at "low" and 

"medium" energies and to bbtain positive secondaries at the highest energy, the range 
0 5 6 < 4 mrad should be available. 

ii) e ~ 1 mrad seems to be adequate for Psec ~ 100 GeV, even if a total flux of 108 ppp is 
required. 

iii) A beam of a given acceptance produced at 6 = 0 collects considerably more particles at 

high momentum than several beams arranged to receive roughly equal shares of flux at 

6 ! o. 

4. TARGET STATIONS 

Various schemes for deriving charged secondary beams from targets placed in branches 

of the EPB are being studied with the aim of providing the following conditions: 

i) zero production angle 6 for the secondary particles, but range 0 ~ 6 < 4 mrad available 
(see conclusions of Section 3); 

ii) fixed beam lines, independent of the sign of the charge and the momentum of the 

secondary particles selected. 

In an attempt to show how these requirements might be met, we consider schematically 

two different types of target station and discuss briefly some of their basic features and 

limitations. We indicate -- but do not yet pretend to have solved -- some of the problems 
associated with their practical realization. 
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4.1 End target station 

The greatest degree of freedom is evidently obtained with a target station where no 

further use of the EPB branch is required after the target, i.e. at the end of an EPB branch. 

The principle of such a target station is illustrated in Fig. 6a. The EPB is incident on a 

target T which is followed by an analysing magnet M; a beam of secondary particles of chosen 
central momentum ±p produced at zero angle is deflected through an angle a to emerge along a 

fixed line OS independent of p; the unused EPB will be deflected through an angle E 

(Er ~ E ~ -s2) and emerges in a direction OP which depends on the choice of p. 

a) 

b) 

EPB 

1 MOMENTUM Po) 

T 

/ 
/ 

/ 

SECONDARY BEAM: M:MENTUM p (~)Po 

EPB 

(MOMENTUM Po) 

I T, 
I 

Mz 

SECONDARY BEAM: M:MENTlJM P = (-E-)Po a + E 

/ 
/ 

_,.'\ 

~ > _E_ > -s2 a - Po a 

_s_1_ > _E._ > ~ 
a + s 1 p 0 a - s 2 

Fig. 6 Principles of target stations: a) End target station; 
b) Transmission target station 

Figure 7 shows a possible example of a target station of this type; an additional 

(C-type) magnet Me is used to increase the separation of the secondary beam line from the 

extreme EPB trajectory at P1. In this example positively or negatively charged particles 
of momentum p in the range 

+0.8 Po ~ p ~ -0.9 Po (in principle -p0 is possible) 

can be selected at zero production angle from the target. 
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Fig. 7 Example of end target station (schematic) 

Two alternative locations of the target along the incident EPB line may be considered: 

i) EPB focused on target at T (using quadrupoles Qp)' followed by quadrupoles Q1, Q2, Q3 
in front of magnet M. 1n this case the acceptance angles for secondary particles are 

defined by the section Q1, Q2, Q3 and can be made as large as is practicable. This 

section will, however, be common to any other beam derived from the target. 

ii) EPB focused on target at T' (using Qp' Q1, Q2, Q3) immediately in front of magnets M 

and Mt• followed by quadrupoles Q{ and Q~; these then limit the acceptance of the 
beam. In this case, the magnet system can be used to select particles of given momen­
tum correlated to the production angle; in particular, a diffracted proton beam 

(p = p0 ) can be derived at a scattering angle of~ 3 mrad along a trajectory T'P'S. 

The analysing system M can furthemore be regarded as a sweeping magnet which would 
+ 

allow a neutral beam (n, Kt, y + e-) to be derived along a line T'N at zero (or near-

zero) production angle from the target at T'. 

4.2 Transmission target station 

In order to increase the utilization of a given EPB branch without incurring the loss 

of flexibility inherent in deriving several beams from a single target, we consider the 

design of a target station which will allow the EPB to serve more than one target in series. 
This will in general require a system of three magnets (or "wobbling" section) to return the 

EPB to a fixed line independent of the momentum of the secondary beam derived. There are 

advantages in avoiding the use of special magnets and in leaving greater spatial freedom for 

the secondary beam if the target is located immediately in front of the last magnet (M3) of 
the wobbling section. The principle of such a target station is illustrated in Fig. 6b. 
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The secondary beam (of central momentum ±p) and the llll.used EPB leave the analysing 

magnet M3 along fixed lines OS and OP, respectively, at angle a. to each other, independent 

of p; the trajectory ABT of the incident EPB and the lateral position of the target T can 
be varied between two limits given by T1 and T2 (e: 1 ~ e: ~ -e: 2 ) according to the choice of p. 

Figure 8 shows a possible example of a target station of this type in which positively or 

negatively charged particles of momentum p in the range 

+0.6 Po ~ p ~ -po 

can be selected at zero production angle from the target with an acceptance defined by the 

quadrupoles Q1 to Q~. Positive particles of momentum p > 0.6 po can be collected at non­

zero production angle if an additional (C-type) magnet is inserted between M3 and Q1. It 
should be noted that the initial angle of deflection of the secondary beam and hence the 
momentum dispersion introduced by the analysing magnets M3 will be a function of momentum 

p; this can be taken into accollll.t in designing the secondary beam. The scheme permits the 

beam of protons not consumed in the target to be refocused by the quadrupoles ~ essentially 
independently of the operation of the secondary beam. Only marginal c~ 20%) loss of possible 

secondary particle flux is incurred by restricting the target length to allow roughly equal 
utilization of the transmitted protons on a second target in series*). 

4.3 Comparison of target stations 

Some parameters relating to the examples of the two types of target station (Figs. 7 

and 8) are compared in the following table. 

SCALE 

~ZOOmm 
100mm 

10mr 

10m 2Gm 

Fig. 8 Example of transmission target station (schematic) 

*) It may be noted that the r.m.s. scattering angle introduced by the presence of as much 
as one interaction length of material in the EPB at 400 GeV/c is small (~ 0.05 mrad for 
Be, ~ 0.15 mrad for Cu) compared with a typical divergence of ~ ±0.5 mrad for the 
focused EPB. 
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End target station Transmission 

Target Target target 

at T at T' station 

a. 25 10 
Limiting angles (mrad) E:l "' 20 15 

E:2 22.5 5 

Maximtnn momenttnn of secondary I beama) 

+ve particles: P1 (GeV/c) +320 (280)b) +240 (200)b) 
for -ve particles: P2(GeV/c) -360 -400 

Acceptance of secondary 
beamc) (].lsr) "' 2.2 "' 0.8 ("' 1.5) b) "' 2.2 ("' 3.1) b) 

Total bending powerd) (T•m) 

P1 "' 32.0 60.0 
required for 

P2 36.0 46.7 
I 

a) For momentum of EPB, Po = 400 GeV/c. 

b) The numbers in brackets illustrate the correlation between the acceptance of the second­
ary beams and the maximum momentum of positive particles collected at zero production 
angle. For example, in the case of an end target, the acceptance almost doubles if the 
maximum positive momentum is limited to 280 GeV/c instead of 320 GeV/c. 

c) Assuming "slim" quadrupoles, aperture 80 nnn (useful aperture "' 65 nnn), and maximum field 
on pole face"' 1.0 T. 

d) Assuming conventional magnets of gap"' 50 nnn and maximum field ~ 1.6 T. 

For both types of station, additional charged secondary beams could be derived along 

lines at different angle a. from the analysing magnet. They would in general be at a lower 

momenttnn, which would be coupled in sign and (to some extent) in magnitude to that of the 
principal beam. However, the increase in pole width of the analysing magnet which this 
would entail, and the additional requirements on space around the target station, may make 
this facility of limited use for a practical layout. 

It should be noted that the target station schemes considered here are based on the 

use of iron magnets of conventional type, in the belief that these offer the greatest degree 

of simplicity, reliability, and resistance to radiation under the especially severe condi­

tions close to a target. These factors will be paramount in continuing the study of practi­

cal designs of target stations. 

5. TENTATIVE LAYOUT 

In addition to the NA being complementary to the WA as already mentioned, our studies 

have been guided by the following considerations and asStnnptions: 

i) We shall limit ourselves to the first half of the area extending to about 1.4 km from 
point 0 (see Section 2). In fact, all experimental facilities discussed so far can be 

contained in this part. In any case it would be wrong to plan now for the facilities 

occupying the entire area; it is more advisable to reserve the rest for future deve­

lopment, either of the primary proton energy beyond 400 GeV or for second-generation 
experiments still at 400 GeV. 
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ii) There will be only slow extraction. 

iii) There will be about six beams operating simultaneously and making the most efficient 
use of protons (all capable of reaching zero production angle). 

I 

As mentioned in Section 1, it is our belief that it is advantageous and almost compel­

ling to locate the various parts of the layout (beam splitter and primary targets, secondary 

beams, and experimental zones) in different and specialized building enclosures adapted to 

the particular needs of each part. 
I 

Figure 9 shows a possible layout. 

The targets, placed in the various EPB branches, are at a level of 441. 2 m (rv 10 m 

below the natural ground level) • The charged secondary beams rise to the main experimental 

zone (Exp. Zone 1), located at a level much closer to the surface (beam height 451.2 m). 

On the other hand, the muon-neutrino beam(s) will rise more gently with an inclination of 
rv 10 mrad, to a specialized experimental zone (Exp. Zone 2) reserved for muon and neutrino 
detectors beyond the river "Le Lion". In addition to the secondary beams already mentioned, 

a possible continuation of the EPB to other experimental zones is also indicated. It can 

be fed by either the first (from top) or the second EPB branch. 

The justification for such a layout is as follows: 

i) The primary targets, which are designed to receive globally 1013 ppp, must be shielded 

transversely by an amount of material of~ 1600-1800 g/cm2 • In addition, the forward 

muon cone, whose range in earth is rv 400 m from the target, has also to be stopped. 

By placing the targets at 441.2, both shields are obtained in a rather natural and 

HORIZONTAL VIEW 
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(general purpose) D 35 A VERTICAL SECTION 

j 
460 
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Fig. 9 North Area layout 
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inexpensive way; the former by filling back the earth on top of the target enclosure 
(some additional volune is needed, however), the latter by the untouched earth below 
the rising secondary beams. 

ii) The Experimental Zone 1, which is meant as a general-purpose zone, should be as close 

as possible to the surface; and indeed it can be so since, in general, only beams 
carrying ~ 108 ppp will be admitted into it. An exception will be the attenuated 

proton beam, which could go up to 1010 ppp by taking appropriate precautions. 

iii) As a consequence of (i) and (ii), the secondary beams must cover a difference in level 

of 10 m, and for practical reasons must be horizontal again in the Experimental Zone. 
It therefore appears most natural to use the two bending sections required for momen­

tun selection, measurement, and recombination3 ). The secondary beams can be achromatic 

in both transverse and angular coordinates at entry in the Exp. Zone. 

iv) The muon-neutrino beam(s) cannot follow the same path as the other secondary beams for 

at least two reasons. The first is that the neutral line (prolongation of the EPB 
branch) must reach the Exp. Zone for a wide-band neutrino beam. The second is that 

the beams must pass under the river at sufficient depth to comply with the radiation 
safety regulations. 

The secondary beams A, B, C, and D are charged beams and should be determined in rela­

tion to a possible experimental programme. 

However, as an illustration of what could be done, the following set of beams seems to 

be mutually compatible: 

A- Attenuated proton beam (~ 1010 ppp) to be brought onto a target in Exp. Zone 1 to 

produce, for example, beams of short-lived particles. 
+ + 

B- Charged beam c~-, ~. p) with good resolution and DISC counter for particle identi-
fication. 

Momentun range +240 GeV/c ~ Psec ~ -400 GeV/c. 

C- Electron beam (by conversion of y's from target). Can be reconverted to tagged 
photon beam in Exp. Zone 1. 

Electron momentun ~ 200 GeV/c. 
+ + -D- Charged beam c~-, ~. p) similar to B. 

MOmentun range +300 GeV/c ~ Psec ~ -400 GeV/c. 

Of course, a gradual development of the NA is possible. The muon-neutrino facility 
could be started first, and beams A, B, C, D would follow in due course. 

One has, however, to be aware of the fact that the civil engineering of the target 

enclosure and of the best part of the tunnels housing the beams A, B, C, and D has to be 

completed prior to any utilization of the area. 

Finally, it is worth while noting that a layout including the same beams but with all 

the parts at the same level, chosen to be intermediate between 441 m and 451 m (for example 

446-447 m), was also considered in some detail. The incentive to make such a study was the 

belief that this solution might be more flexible. It was found that this one-level solution 
is disadvantageous in many respects, since: 
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i) the targets would have to be placed further downstream and hence the available distance 
to the river would be reduced by~ 50-100m; 

ii) the width of the Exp. Zone 1 should be wider by 30-40 m for the same number of facili­

ties, since the offset necessary in the secondary beams to provide the required momen-
' tum resolution should be horizontal instead of vertical; 

iii) the background at the experiments produced by the primary targets may be greater and 
such as to limit the freedom of placing experiments in the Exp. Zone 1; 

iv) a higher cost may be incurred because of the gre~ter total excavation needed by the 

depth of the large Exp. Zone 1; 

v) finally, we do not believe this one-level solution to be more flexible. The basic 

"inflexibility" is given by the separate building enclosures and the earth shielding, 

whose transverse thickness must be the same in either solution. As mentioned earlier, 

we believe that a "comprehensive hall" simply cannot be afforded and would also be 

inflexible when buried by concrete and iron blocks. 

6. SOME FEATURES OF A HIGH-ENERGY CHARGED SECONDARY BEAM 

In order to acquire some ideas on the distance needed between targets and Exp. Zone 1 
and on a possible beam layout, we undertook to design a high-energy charged beam with the 

characteristics indicated below. Clearly, should such a beam be of interest, these charac­
teristics should be revised and more clearly defined in the light of proposals for specific 

experiments. 

i) Particles/Flux/Momentum 

ii) Background 

iii) Momentum selection/ 
recombination 

iv) Momentum (energy) 
measurement on 
individual particles 

v) Particle identification 

+ + 
n-, ~. p, p with maximum fluxes of~ 10 6-10 8 ppp 

over a wide range of momenta extending as high as 

possible towards the primary momentum (p 0 = 400 GeV/c) 
of the EPB. 

llp/p ~ 1%. 

acceptable fluxes of hadrons and muons accompanying 

the beam at positions where detectors may be placed. 

high intrinsic resolving power of the beam at the 

position of momentum-defining slits. 

detector spacing allowing resolution of 

~ ±mnc/2 ~ ±70 MeV/c at the highest possible momentum. 

velocity measurement permitting n-K separation at the 

highest possible momentum (liSnK ~ 10- 6 at 300 GeV/c). 

vi) Matching of the beam size and divergence to the experimental set-up. 

If produced from an end target station similar to that shown in Fig. 7, the following 
set of parameters could be obtained: 

i) Maximum momentum 

ii) Production angle 

[pmax[ = 400 GeV/c 

8 0 for +320 GeV/c ~ Psec ~ -360 GeV/c 
8 ~ 3 mrad for p = +400 GeV/c 



iii) Acceptance from a 
target of 2 mm 0 

iv) Fluxes 

v) Resolution for 
momentum measurement 

vi) Velocity measurement 

vii) Design emittance at 
experiment 

viii) Total length 

Experimental Areas 

e "' ±0.8 mrad 
X 

ey "' ±0.3 mrad 

(~p/p)FWHM = 1.2% 

n • ~p/p "' 1 ~sr • % 

shown in Fig. 10 

~ 2800 (or ±70 MeV/c at 400 GeV/c) 

DISC counter set for n/K identification up to Jp J 
") max 

and accepting ~ 80% of particles in the beam 

horizontal (x) plane ~ ±1.0 mm • mrad 

vertical (y) plane~ ±0.6 mm • mrad 

~ 500 m. 
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It should be noted that to comply with (vi) and (vii) above, it is necessary to correct 

systematically the chromatic aberrations along the beam5 ). 

Amore complete description of the optics of such a beam is in preparation3). 

FLUX 

105 PEPe=400GeV/c 

1012protons interacting 

ACCEPTANCE: 1 pster.% (llpfP) 
(H-R model) 

100 200 300 400 
p(GeV/c) 

Fig. 10 Flux of particles in beam produced from the end target 
station shown in Fig. 7 
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7. CONCLUSIONS 

It may be noticed that some important questions are not adequately answered or even 

mentioned in this report. They concern mainly the experimental zones themselves, civil 

engineering solutions for the various parts of the layout, radiation problems, beam ele­
ments, construction of targets, etc. Many of these questions have not yet been studied in 
sufficient detail to justify a meaningful presentation. 

We also consider it essential that more information on possible experimental detectors 

should be obtained very soon in order to assess in a·better way the facilities needed in 
the Experimental Zones. 

Finally, a general comparison can be made between the West and the North Areas. The 

North Area has the following distinctive features (with respect to the WA): 

i) The EPB energy can a~ways be equal to the maximum accelerator energy. 

ii) The maximum length available to secondary beams and experiments between targets and 

maximum extension of Exp. Zone 1 is "' 900 m (three times more than in the WA). 

iii) The secondary beams become longer (higher energy) and are more rigidly fixed (at 
least in the first part). 

iv) However, the experiments are less likely to be disturbed by background, and their 

location may be more independent of the primary targets and may thus be changed more 

freely. 

v) There are ample possibilities of extension to the second part of the area. 

It is therefore our belief that the utilization of both the NA and the WA will allow 
a comprehensive and versatile experimental programme to be carried out. 

* * * 
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POINTS ARISING IN THE DISCUSSION AFTER G. BRIANTI'S TALK 

1. HIGH-INTENSITY PRIMARY TARGET AS A SOURCE OF 
SHORT AND SPECIAL BEAMS (e.g. NEUTRON BEAM) 

The remark was made that in the tentative layout no provision exists for such cases. 

77 

Indeed it is very difficult and expensive to provide such a facility in the immediate 

neighbourhood of the target enclosure. It was thought, however, that since such a facility 

can be inserted easily in the West Area, one could avoid constructing it in the North Area 

from the very beginning. Obviously, in a second phase of the NA development, it would be 

possible to combine it with the EPB continuing to the second part of the area. 

It was also stressed that the attenuated proton beam (~ 10 10 ppp) which can reach the 

Exp. Zone 1 via, for example, beam A, will already be very useful for the production of 

hyperon beams and of beams of short- (and long-) lived neutrals. 

2. HIGH-INTENSITY PROTON BEAM TRAVERSING A (LIQUID HYDROGEN) TARGET, 
AND OBSERVATION OF EVENTS AT LARGE TRANSVERSE MOMENTUM 

This requires the observation of particles produced in the laboratory system in a cone 

whose angular semi-aperture may extend up to ~ 100 mrad or so. 

In principle, this could be done in the primary target enclosure itself, but the main 

difficulty will be to install sizeable experimental equipment in a zone which is the heart 

of the NA (it should be in operation whenever the machine operates) and which contains hot 

equipment. 

A better solution could be to combine this facility with the one mentioned under 

point 1 above, e.g. on the EPB continuing onto the second part of the area. 

3. USE OF A SECONDARY BEAM FOR MORE THAN ONE EXPERIMENT 

The remark was made that, since high-energy beams are long, costly, and necessarily 

limited in number, it would be quite appropriate to use them for more than one experiment 

at a time. 

It certainly looks feasible to have two experiments, e.g. one data-taking and the other 

setting-up, at the end of any of the beams A, B, C, D. The beam could then be shared in 

time between the two experiments as appropriate. 

Whether or not more sophisticated schemes could be applied (more than two experiments, 

more elaborate particle sharing, etc.) will be studied in due course, when actual experiments 

are designed. 

4. PROVISION OF A PION BEAM OF THE HIGHEST POSSIBLE INTENSITY 

Interest was expressed in deriving a beam of~ 10 9 n's at medium energies (100-200 GeV/c) 

for experiments in which detectors would be placed outside the beam to observe reaction pro­

ducts at large transverse momentum. 

The similarity of these requirements with those of the muon beam included in the lay­

out (large acceptance, wide momentum-band transmission, possibly a common detector system, 

natural earth shielding around Exp. Zone 2) suggests that a combined n/~ beam facility 

might merit closer study. 
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Possible solutions for the set-up of charged hyperon beams, long- and short-lived 

neutral beams, and a polarized proton beam were discussed. The question of RF separated 

beams for counter experiments was treated, and general constraints on beams when identifying 

particles with a Cerenkov counter were presented. 

1. CHARGED HYPERON BEAMS 

There exist two solutions for a charged hyperon beam, one with fixed incident proton 

energy and one where the incident protons can vary over a wide energy range, thus permit­

ting adjustment of the y-value of the hyperons to specific experimental requirements. This 

flexibility reduces the acceptance, but the main limitation in constructing a hyperon beam 

seems to be due torr, ~ (or p) contamination. A detailed study has therefore to be made to 

decide whether a longer beam with a momentum slit is better than a high acceptance short 

beam. The fixed incident energy hyperon beam is designed for 200 GeV/c or eventually 

400 GeV/c primary protons and has therefore a narrower range of secondary momenta than that 

of the variable incident energy hyperon beam. The channel is as short as possible in order 
to allow a large hyperon flux. The muons are bent away from the experimental zone by a 

wide-gap magnet filled with heavy shielding. 

J. Lefran~ois asked for a comparison of the relative merits of a diffracted proton 

beam and a secondary variable energy proton beam. J. Allaby answered that a diffracted (or 

rather attenuated) proton beam could provide more protons (up to 10 11 ) and a better spot 

size than a secondary one. P. Lehmann pointed out that varying the momentum of the primary 

protons might affect other users of the area in which the hyperon beam is located. 

2. POLARIZED PROTON BEAM 

The polarized proton beam and the neutron beam can work simultaneously when using a 

30 em Be target having the transverse dimension of the beam. A primary proton intensity of 

3 x 10 12 ppb is necessary for the polarized proton beam; at lower intensities it might be 

used as an unseparated charged particle beam1 ). 

W. Koch asked how the p polarization would be affected by a A polarization at produc­

tion. P. Dalpiaz recalled that the A, being taken at 0 mrad, cannot be polarized. 

G. Coignet stressed that the total beam acceptance is ±8%, whereas the rates indicated 

in Figs. 7.lla and 7.12a of their contribution to this meeting 2 ) are given per GeV/c: thus, 

for 100 ± 8 GeV/c a transverse polarization of ::: 55% is achieved with a total beam intensity 

::: 106 ppp. 

*) Visitor from the Institute for High-Energy Physics, Austrian Academy of Sciences, 
Vienna, Austria. 
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3. RF SEPARATED BEAM 

4. 

A. Michelini (with G. Petrucci) gave the main features of a possible RF separated beam 
for cmmter experiments in the Hall El. Such a beam of maximum momentUIIl 40 GeV I c would have 
a length of 230m, an acceptance of 70 ~sr, and a momentUIIl bite of ±1%. At 0° it would 
collect the secondaries from around 3 x 10 11 protons of 200 GeV/c per pulse. The mass 
separation would be obtained with two RF superconducting cavities (S band, > 6 MeV/c trans­
verse momentUIIl produced per cavity, 4 em diameter) • 

A comparison of the yield of K- between this beam and unseparated ones was performed. 
For the unseparated beam the useful beam intensity, limited by the time resolution of the 
detector, was set to 5 x 10 6 particles/burst; two lengths of unseparated beam (230 m and 
130 m) were considered. The general result is that factors of ~ 10 in gain of K- seem pos­
sible by going from an unseparated to a separated beam. However, to ensure this gain, 

strict conditions for the background have to be imposed and a lower limit of 2 MeV /m for the 
deflecting power of the cavities is required, 4 MeV/m being strongly recommended. 

M. Martin pointed out that up to now no use has been made of the unwanted pions removed 

from RF separated beams by stopping them in a beam stopper. If these pions, which have been 
momentUIIl analysed, can be extracted by a septum magnet, a very intense pion beam could be 
extracted from the n beam line. Although the energy is not too high, the beam could be used 
for high intensity experiments at little extra cost. 

N. Doble asked whether both beams could be taken at the same angle (~ 0°) provided that 

an absorber is set to reduce the neutron/k~ ratio and give more favourable background con­

ditions for K~ physics. However, the people interested in K~ QWahl et al.) seem to stick to 
a larger production angle c~ 5 mrad) and prefer a duplication of beams. 

5. IDENTIFICATION OF PARTICLES IN A CHARGED BEAM 

R. Meunier described the calculations which were performed on a beam transport syste~ 
containing a production target and a differential Cerenkov counter (DIFC). Such a system iS 

capable of selecting and performing a mass identification of the charged particles within 

the produced secondary beam. 

The whole set-up will, of course, comprise the target in which the particles are pro­
duced, collimators limiting the aperture of the particle beams emerging from the target, 

beam transport elements such as bending and quadrupole magnets, possibly momentUIIl-analysing 
slits, and the differential Cerenkov counter, which provides identification of the particle, 
without modifying its velocity and trajectory. Scintillation counters can be added if 
required, in particular to define the apertures. 

The whole system can also be considered as a spectrometer, which would not absorb the 
particle to be measured or modify its flight. The distinction between a secondary beam or 
a spectrometer is irrelevant for our purpose. 

The aim of this work has been to investigate and evaluate the fundamental properties of 
analysis systems making use of a Cerenkov detector, with a view to making an optimum design 
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in each particular case. In particular, we have examined a) the conditions for mass separa­
tion, b) the beam acceptance, c) the momentum bandwidth, and d) detection and rejection 

efficiencies. 

It is found that the problem is completely determined if one specifies initially the 

mass M and momentum p of the particle to be electronically identified, and the mass differ­

ence ~1 for which another particle is to be electronically rejected. The basic design 

quantities of the whole system are shown to be the target dimensions, some of the beam 

transport matrix elements, beam apertures, momentum-slit width, and the Cerenkov angle of 

the DIFC. Relations between these quantities, which are in fact more easily expressed using 

non-dimensional variables, allow one to optimize the system and to calculate its detection 

efficiency, i.e. the number of particles identified per incident interacting particle on the 

production target. 

These relations, obtained from first-order theory, can be taken as a starting point in 

the design of the charged particle beam (or spectrometer) for mass identification with 

Cerenkov counters. The effects of optical aberrations and of the limiting velocity resolu­

tion of the DIFC or the electronics detection efficiency are also evaluated. The deriva­

tions of these relations are to be published 
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The beam transport system of the polarized proton beam proposed elsewhere1) can be used 

to provide other charged particles on an experimental target, if it will not be possible to 

obtain on the production target a direct beam intensity of some 10 12 ppb. 

i) The first possibility is to accept all azimuthal angles for the protons from the A0 

decay and to focus them on the experimental target, where the net polarization will be 
very small. In the momentum range from 80 to 140 GeV/c, the proton flux thus obtained 
will be of the order of 107 ppb for 10 12 direct 200 GeV/c protons on a 30 em Be target, 

increasing the A0 solid angle to 10- 6 sr and decreasing the proton momentum bite to 

flp/p = ±4%. 

ii) The second possibility is to use the set-up as a normal hadron beam line, where prob­

ably only one section for particle identification has to be added (see Fig. 1). The 

small acceptance of this system, caused by the large distance between the first focusing 

element (QP 1-QP2) and the target (~30m), can be overcome by placing two quadrupoles 

innnediately behind the sweeping magnet (SM) as indicated in Fig. 1 by QPH' QPV thus 
increasing the solid angle from 2 to 15 ~sr. The momentum resolution of this beam is 

of the order of flp/p = ±0.2-0.4% and the momentum acceptance is approximately flp/p = ±4%. 

Under these experimental conditions, 

target 

beam 

flp/p 

Mlacc 

10 em Be (1025 p/em2) 

10 12 ppb 

±4% 

2 ~sr, 

the particle intensities for 200 GeV/c and 400 GeV/c direct proton beams are given in Table 1. 

SM QPHV 
~rat-.. 

T pr. 

10m 

0 

BM1 QP1,2 
c:=::3E3E3 

20 40 

*) Contributed paper 

60 

Charged beam 

QP3,4 

• Neutron beam 
ET n .b. 

iii:te;;;n;;;ua:+:te;;;d~d;,:ir~ec:-;t __ p_r...,ot-on-beam---

80 100 120 140 160 180m 



84 Experimental Areas 

Table l 

Particle intensities calculated with the thermodynamical model 

Incoming proton energy 

200 GeV/c ! 400 GeV/c 

100 GeV/c I 150 GeV/c 200 GeV/c 300 GeV/c 

p 2.7 X 108 I 1.2 X 109 1.1 X 10 9 4.9 X 109 I 

- 8.4 X 104 1.3 X 10 3 10 5 10 3 p 3.6 X 6.5 X 

+ 5.2 X 10 7 106 108 X 107 1T 7.1 X 2.2 X 3.2 
- 2.3 X 10 7 2.7 X 10 6 LOx 10 8 X 10 7 1T 1.2 

K+ 4.9 X 106 
! 1. 7 X 106 2.2 X 107 7.8 X 106 ! 

- ' I 

K 3.6 X 10 5 : 1.3 X 10 4 

I 
1.5 X 10 6 6.2 X 10 4 

; 

I 

We want to remark that using the SM innnediately behind the target, the production angle 

of the charged particles may change from 0 to about 10 mrad. This feature is particularly 

convenient for operating with positive mesons, since although the intensities of the second­

ary particles are reduced by a factor of 3 to 5, operating at angles of 5 to 10 mrad the 

ratio of mesons to protons increases significantly with respect to the ratio at 0° production 

angle. 

In the case of simultaneous use of the neutron beam and the polarized proton beam as 

described in another paper2), the SM immediately behind the production target is used to 

clean the neutron beam of charged particles. In the case of the alternative use of the 

polarized proton beam described in this paper the SM has a low field, or it is switched off 

and the first bending magnet BMl can be used to clean the neutron beam. 

* * * 

REFERENCES 

1) P. Dalpiaz, J.A. Jansen and G. Coignet, CERN/ECFA/72/4 (1972), Vol. I, p. 284. 

2) J. Engler, F. MOnnig and H. Schopper, CERN/ECFA/72/4 (1972), Vol. I, p. 267. 



CHAPTER III 

NEUTRINO PHYSICS 

Neutrino Physics 

C.H. Llewellyn Smith (CERN) 

Comments on the Neutrino Sessions 
D. Treille (Orsay) and H. Wachsmuth (CERN) 

The Use of Transverse Momentum Balance as a Means of Estimating 
the Energy of Interacting Neutrinos 

G. Myatt (Oxford) 

Track-sensitive Targets for Neutrinos in BEBC 
J. von Krogh (Aachen) 



NEUTRINO PHYSICS 

C.H. Llewellyn Smith 
CERN, Geneva, SWitzerZand 

1. INTRODUCTIONl) 

Neutrino Physics 87 

It is now more than 12 years since Lee and Yang, Cabibbo and Gatto, Yamaguchi and 

others spelled out the theoretical reasons for studying neutrino reactions. In their Phys. 
Rev. Letter, Lee and Yang posed the nine questions which are listed in ·Table 1. It is 

interesting to examine them and ask how many have been answered. It will be seen that only 

one question has been completely answered, while neutrino experiments have so far yielded 

essentially no information about five of them. 

Table 1 

Questions raised by Lee and Yang Experimental answers 
[Phys. Rev. Letters ±• 307 (1960)] from v experiments 

1) v = v ? J..l e . v].l f ve 

2) Lepton conservation 1a(v -+ J..l+) 
v-+ L+ and ; ]..1 ::: 0.068 

-+ L-? 
a(v].l -+ J..l-) 

But several different forms of 
conservation law still allowed 

3) Neutral currents? y~a(vn-+ vnn°) + a(vp-+ vpn°) < 0 37 
2a{vn -+ ]..1-pnoJ - · 

4) "Locality" (vector nature -of weak interactions) 

5) Universality between v 
and ve, J..l and e? J..l -

6) Charge symmetry? -

7) eve; isotriplet current? -

8) w ? Mw > 1.8 GeV 

9) What happens at high energy 
(Ev -+ "unitarity limit")? -

Thus we are still ignorant about many fundamental questions concerning the weak inter­

actions, and the table defines a large experimental programme even without the additional 

questions which have been raised in the last 12 years. In any case, much recent work --
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particularly that concerning the deep inelastic region -- presupposes answers to the ori­

ginal questions, which should really be tested first. I intend to begin by stressing how 

little evidence there is for many of the ideas which are commonly taken for granted and then 
turn to more interesting receht developments. 

Apart from v reactions, all our knowledge of weak interactions has been derived from 

studying the decays of only eight stable particles -- ~. rr, K, N, A, I, =, ~--and from~ 
capture. (This shows the fundamental reason for doing neutrino experiments -- to study 

other processes and investigate the weak interactions at large energy/momentum transfer.) 

MOst of these data can be satisfactorily described by a simple phenomenological theory in­

volving only a few parameters. Thus we can distinguish a first goal of neutrino experiments: 

i) to establish the domain of validity of the phenomenological theory and test the selec­

tion rules embodied in it. 

It is well known, however, that the phenomenological theory cannot give a correct descrip­
tion at very high energies (we review the reasons for this in Section 3). Thus a second 
goal is: 

ii) to provide clues for the construction of an alternative theory of weak interactions. 

A third is: 

iii) given a theory, to use neutrinos to probe the structure of hadrons. 

The rest of this talk is divided into three parts in which these goals are considered 
in more detail. 

2. THE PHENOMENOLOGICAL THEORY 

The phenomenological theory can (in part) be stated thus: apart from T violation, all 
known reactions involving neutrinos can be described by the effective interaction 

where 

ro _ iL l-(.e -~)+ Jh,A .e+.~,A h J 
~ eff - 12 J A + J A + J A J + · c · ' 

G = 1.0 X 10- 5/Mp 2 

-~ - -J;._ -1}!~ YA(l- Y 5 H\J~ 
.e -
JA = 1}!e Y;..(l- Ys)1j;ve 

J~ is a current which depends on hadronic variables and behaves as if it were con­
structed from quark fields (p,n,A); thus 

h+ -
JA = P YA(l- y5)n cos Be+ p yA(l- y5 )A sin Be , 

where Be is the eabibbo angle, 

and the notion of an effective interaction will be defined in the next section. 

The point I wish to stress is that this is a minimal scheme. Interactions certainly 

exist with the quantum numbers of all the terms in~ff' which is probably the simplest 

form which can describe the existing data. However, the limits on other possible terms 
are actually very bad. Thus the data allow quite different forms of lepton conservation 

(1) 
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laws from the one implied by Eq. (1), neutral currents (purely leptonic or with ~S = 0) 

with appreciable strength, etc.; the relevant data are reviewed elsewhere 1). Here we 

mention just three examples of badly tested ''principles" embodied in 2'eff: 

1) Semileptonic processes with ~S > 1 should not occur in lowest order. However, the 

best limit is 

/A(:: 0 + pe -ve) / 

/A(::-+ fle-ve) / 
< 0.27 . 

The ~S ~ 1 hypothesis can, of course, be tested in neutrino reactions since it implies 

in 
y = 0 , etc. 

89 

2) ~S = 0 semileptonic processes should obey a ~I = 1 rule. Examination of possible semi­

leptonic decay processes shows that they put no constraints whatsoever on terms with 

~I ~ 2 (in electromagnetic interactions a ~I ~ 1 rule is also usually assumed, but there 
are no good limits on currents with I~ 2 at present). Again, neutrino reactions can pro­
vide tests since this "rule" implies: 

- ++ 
a(vp + ll ~ ) 
cr(vn + ll-~+) = 3 , etc . 

3) Jr satisfies the "charge synnnetry condition" 

Jh+ _ -iTII2 Jh ini2 
A - -e A e 

(this is equivalent to assUIIling that there are no second-class currents in the approximation 

that Tis conserved). This hyPothesis predicts 

r o::- + fle -:v ) 
e 1.64 

with which the experimental ratio of 1.60 ± 0.56 is obviously compatible. However, if we 
attribute significance to the data [compiled by Wilkinson et al. 2)] suggesting asynnnetries 

in the ft values for S-decays of mirror nuclei, then we would conclude that the charge sym­

metry condition is wrong. Luckily it can be tested by comparing v with v interactions on 
D, Ne, or any I = 0 target. 

It is commonly supposed that the weak interactions are mediated by charged vector 
+ 

bosons cw-) which interact thus: 

2' = gW(JAWA + h.c.) , 

where JA = J~ + j~ + j~ , which reduces to 

at low momentum transfers. In addition to the properties already implied by Eq. (1), 

Eqs. (2) and (3) imply the following: 

(2) 

(3) 
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1) Additional- "diagonal-" Zeptonia proaesses: 

etc., 

with definite cross-sections. Sixteen years have passed since this was first predicted, but 

these cross-sections have not yet been measured. These processes are, .of course, extremely 

hard to observe directly [note that cr(vee) ~ G2 s = 2G~eE~ab = 5 x 10-~ 3 E~ab (GeV)- 1 cm2 ] 

but they could perhaps be seen indirectly by observing: 

ll+ 

If there are neutral leptonic currents (as required by various theories discussed below) the 

predictions for these "diagonal" processes would change. In any case it is extremely im­
portant to try to observe them. 

2) Non-Zeptonia proaesses. These are really outside the scope of this talk, but we observe 

that: a) ~S = 0 processes with the order of magnitude required by the current-current theory 
are known to exist; b) the well-known ~S = 1 processes present some problems. Their gross 

features can be described by I = 1/2 anrpli tudes; small I = % anrpli tudes are needed, but in 
no case are they required to be> 5% *). This is not really understood, in my opinion, and 

is a problem for the current-current model. Furthermore, the model naively predicts ampli­
tudes that are about a factor of five too small for these processes. 

3) The existenae of W's. One of the primary aims of neutrino experiments is to observe 
the process: 

+ 

In this way, W's of up to 15 GeV could perhaps be seen at NAL and the CERN SPS. The clearest 
way to observe W's is in e+e- + w+w-, but there are no ·machines approved which could reach 

Mw ~ 4.5 GeV. If theoretical calculations based on the parton model are not badly wrong, 

*) Since this was written I have discovered that substantially larger I = 3h amplitudes are 
now needed inK+ 3TI. See the discussion of the papers submitted by Pirone et al., and 
Hitlin et al., at the Batavia conference in the article by Zakharov in the parallel session 
led by M.K. Gaillard (to be published in the Proceedings). 
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W's of up to about 40 GeV could perhaps be observed in the process pp + W + ••• at the new 

accelerators and the ISR. The existence of W's of even higher mass might be inferred from 

characteristic deviations from scaling in deep inelastic neutrino reactions. 

To summarize this section: there is a phenomenological theory which describes most 

decay processes satisfactorily in terms of a few parameters. Nevertheless, many fmdamental 

questions first posed many years ago are still open. In particular, we would like further 
information concerning 

i) the validity o~ selection rules, neutral currents, form of lepton conservation law, 
isospin properties, etc. (Note that ideally we would like tests at high as well as 

low energy; currents with, for example, ~S = 4 or ~I = 10 could not show up below the 
4K and the 9n thresholds, respectively.) 

ii) "Diagonal" cross-sections. 

iii) W's. 

3. POSSIBLE THEORIES OF WEAK INTERACTIONS 

3.1 Problems with the conventional theory 

If we take the current-current form and try to calculate second-order effects, we 
immediately encomter divergent integrals: 

~J~---v~~Jdk4:= 
e.g. /'----~""'\ 

e e e 

Divergent integrals also occur in quantum electrodynamics, but in that case they can be 

absorbed by renormalization. Here, however, we are dealing with a "non-renormalizable" 

theory, and it turns out that an increasing number of arbitrary constants must be intro­
duced in each successive order to render all matrix elements finite. An alternative way 

of looking at the problem of the divergent second-order amplitude above is to consider 

calculating it by writing a dispersion integral over the imaginary part, which is propor­

tional to the lowest-order cross-section for v + e + v + e. It is a safe approximation e · e 
to neglect the electron mass at high energy in this case, and therefore (on dimensional 
gromds) 

(4) 

Consequently the dispersion relation requires two subtractions 3), the subtraction constants 

being the first of the arbitrary constants alluded to above. 

Faced with this proliferation of arbitrary constants, an "effective Lagrangian philosophy" 

is usually adopted according to which higher-order terms are simply discarded and the matrix 

elements of~eff are supposed to describe the data completely. However, as is well known, 
this 'philosophy" must fail at high energies. In the current-current model the interaction 

ve + e + ve + e occurs at a point (zero impact parameter). It is purely s-wave and is bomded 
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by unitarity to be ~ const/s. The predicted cross-section [Eq. (4)] overtakes this bound at 

the so-called "unitarity limit"; The most stringent bound is actually obtained in the in­

elastic process v + e + ~ + ve where the limit is reached at E~m ~ 320 GeV (corresponding 
v ~ 

to Elab ~ 10 5 GeV). 

In these processes, the situation can be improved by introducing a W which "spreads 

out" the cross-section over many partial waves: 

The lepton masses can again be neglected at high energies and, since the coupling gw [Eq. (2)] 
is dimensionless, 

for s >> MW· The dispersion relation now converges 3 ) and we can calculate the second-order 

amplitude. [The s-wave cross-section, which behaves as 

g2 [ cr ~wl sJ. 
s-wave 5: og ·MW ' 

still.violates unitarity at some astronomical energy, but this is only a problem if we adopt 

an "effective philosophy" and reject higher orders; even renormalizable theories eventually 

violate exact unitarity if we work in a fixed order.] 

Although in processes such as ve + e + ve + e the high-energy behaviour is greatly im­

proved by the introduction of a W, we are now faced with disaster in other diagrams such as 

The problem occurs when theW is longitudinally polarized. In its rest frame theW's 

polarization is described by three vectors: 

t 

X 

y 

z 
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Under a Lorentz transfomation along the z~axis the transverse (T) , x and y, components 

are unchanged, dimensional analysis still governs at high energies and 

g2 
a(vv + WTWT) "' : (s » MWJ 

However, the longitudinal (L) polarization vector becomes 

E~ = ~ (1ki,O,O,k0) = ~~ + 0 (i:) 
so that 

rendering the contribution of the WW state to the fourth order (in gW) amplitude for 

vv + vv uncalculable except in terms of arbitrary constants. 

Another way to exhibit this problem is to note that the spin projection operator 

(obtained by summing over the polarization vectors above and writing the result covariantly) 

is 

"£ £ = ~g L.. ]..1 \) ]..l\1 

The ~kv term (due to the longitudinal component) prevents the propagator 

k k\) 
~g + _J..l_ 

]..l\1 MW 

k2 ~ MW 

from falling off as ~ + oo, thus making higher~order terms unrenorma~izably infinite. 

Before discussing possible ways out of this apparent dilemma, we consider attempts to 

estimate the aut-off energy/momentum A beyond whiah the aonventionaZ weak interaction theory 

is expected to faiZ (the strong interactions do not provide a cut-off according to current 

algebra-- light cone-- parton ideas). Estimates of the most divergent contributions (due 
to Ioffe et al.) to KL + J..l+J..l- yield A~ 23 GeV, while (yet more model-dependent) calculations 

of the KL - Ks mass difference give A ~ 4 GeV. This suggests that the conventional theory 

may fail at quite modest momentum transfers and is therefore very encouraging for experi­

mentalists. However, it has to be said that the details of the calculation would make no 
sense in finite theories, although they are probably valuable as order of magnitude estimates. 
(We shall see below that these results are embarrassing for theories which unify weak and 

electromagnetic interactions in which A "' MW "' e/ IG is expected.) 

3.2 Some possible theories 

We have discussed the fact that with the simple current-current form or the traditional 

picture with W's [Eqs. (2) and (3)] we cannot calculate to all orders without introducing 

an infinite number of arbitrary constants. In the latter case trouble first occurs in dia­

grams such as 
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We now consider same possible ways out of this problem: 

1) It can be asserted that "perturbation theory is irrelevant". If this were so, it is 

not clear that2eff would be connected in any way with the "true" Lagrangian. In any case, 
such an assertion on its own is scarcely scientific, being without predictive powers. 

2) Salam et al. have considered ''non-polynomial Lagrangians" which are closely related 
to Eq. (2) 4 ). Techniques have been developed for handling such Lagrangians (at least in 

simple cases); the method amounts essentially to givihg a 'nunimal" prescription for as­
signing values to the arbitrary constants encountered in the ~ual approach. It would be 

nice if advocates of this approach could commit themselves to definite predictions for higher­
order weak interactions and high-energy behaviour. 

3) As observed by Gell-:Mann, Goldberger, Kroll and Low, the propagator llij which connects 
• • j.l\) 

currents j~ and j~ can be made to behave as l/k2 ask+ oo, provided if j, by introducing 
additional scalar bosons with a derivative coupling to j thus: 

].J 

-lL. + (k k /M2.) g~g. k k llij "1lV l.l v ·w + 1 J l.l v 
].J\1 k2 - MW k2 ..: M$ 

(This led these authors to stress the importance of measuring the diagonal -i = j -- matrix 

elements which, they suggested, might be described by something quite different from the con­

ventional theory.) The non-renormalizable divergences of higher-order diagrams could all be 

removed if the second term entered with a minus sign. This means abandoning the notion of 

positive metric and seems to lead to violations of unitarity, e.g. the amplitude corresponding 
to the diagram 

has the opposite sign than in usual theories; the imaginary part of this amplitude gives 

the probability for producing the particle S which is now negative! Lee and Wick observed5 ) 

that this does not matter if all negative metric particles (such as S) are unstable and there­

fore cannot really be produced. With four new bosons in place of each one in the conventional 
theory, all amplitudes can be made not only renormalizable but actually finite; similarly, 

a negative metric ·~eavy photon" can be introduced to make electromagnetic amplitudes finite. 

The most important experimental implications of this model are the existence of scalar bosons, 

which should be produced by neutrinos (note, however, that if MW > MS we expect 

W+S+y 

L hadrons 
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to be the dominant decay mode), and a ''heavy photon" which should be seen, for example, in 
+ - + - + - . ee +llll andpp+llll + •••• 

4) "Conspiracy". Models can be devised6 ) in which the weak interactions are mediated by 

scalar bosons (so that the theory is renormalizable) whose couplings are arranged so as to 

simulate the usual V-A interaction at low energies. For example, in the theory of Kummer 
and Segre 6), ll decay is a fourth-order process, described by the diagram: 

" ~----8 ---r.-- .-
v. __j ______ ~~---L v. 

where B0 are heavy scalar bosons and ll*(e*) is a heavy muon (electron). A large menagerie 

of new particles must be introduced, whose couplings must conspire to satisfy many relations, 

in order to reproduce the successful aspects of the usual theory, such as -- for example --

eve (which in this model appears to be an accidental small momentum transfer effect). The 
existence of these models is of considerable interest but, in view of their inelegant features, 

I personally would only advocate them as a last resort. 

5) ''Evasion". It has been suggested that W's may interact strongly with each oth~r7 ) 
(some models have been proposed in which they also interact strongly -- in pairs -- with 

hadrons). These strong interactions could damp out the bad high-energy behaviour encountered 
in the usual theory, e.g. by a final state interaction in the example considered previously: 

This suggestion is evasive in the sense that it shifts the problem into the intractable realm 

of the strong interactions. Presumably strongly interacting W's should exhibit typical strong 

interaction phenomena -- bound states, resonances, Regge recurrences., etc. Thus there may be 
large families of new particles dubbed "sthenons" by Appelquist and Bjorken a) at the insistence 

of the editor of Phys. Rev. (in place of the earlier name 'nguvons" which replaced the ori­

ginal term "Garryons" -- in honour of Garry Feinberg who 

was one of the first to consider strongly interacting 

W's). 

Experimentally these models imply that for s » MW 
diagrams like the one opposite become important and 

-=cr_,.C..:.:vA:..:.._+_ . ..!:ll'---+~s;..:th=en:.:;o=..:ns=:-_+_:.:;ha::::.dr=..:o:..:;ns:::..L.) - "'1 . 
a(vA + ll- + hadrons) 

sthenons 

hadrons 
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(the linearly rising total cross-section having flattened out at s ~ MW• as in all models 
with W's). Further implications are considered by Appelquist. and Bjorken8). 

6) "Cancellation". The last possibility which we shall consider is to introduce new 
I 

contributions which cancel the bad high-energy behaviour encountered previously. Systematic 

attempts to do this lead more or less inexorably to spontaneously broken gauge theories of 

the Higgs type. In view of the recent interest in these theories, we shall now discuss them 

at some length. 

3.3 Spontaneously broken gauge theories 9 )*) 

J.J.I Motivation 10 ) 

In order to cancel the bad high-energy behaviour encountered in vv + WW with other 

contributions in the same order, we must introduce new exchanges in the s-channel or the 

t- (or u-) channel (whose couplings can be adjusted to cancel the offending terms): 

~w+ 
L..}__w 

\___jw 
~---.z--"' and/or 

v w 

Thus cancellation requires the existence of either neutral currents or heavy leptons ·(with 

Q = ±1) or both. 

+ - + -Next consider the reaction e e + w1w1 in which the diagram 

leads to disaster. In this case there exists another contribution with which it might be 

thought that cancellation could be arranged: 

*) We follow convention and use the term "spontaneously broken" symmetry but note that it is 
misleading. The symmetry is not broken (the corresponding Ward identities are satisfied) 
but it is realized in a relatively unfamiliar way (without degenerate multiplets). 
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However, because of the V-A vertex structure, this is impossible since we can always polarize 

the electrons so that this contribution vanishes. Once again, cancellation requires the in­

troduction of new exchanges: 

and /or 

(where /QE 1 / = 0 or 2). If, in the interest of economy, we wish to use the same Z (and/or 
related particles E and E') to effect the cancellation in the case of e+e- ~ w+w- and 

vv ~ w+w- then there must be a relation between the strengths of the weak and electromagnetic 

interactions. 

If we actually pursue this cancellation idea systematically in processes of the type 
LL ~ wW, then we are led to relations between the couplings which are characteristic of 

Yang-Mills theories 10 ) (i.e. the "conspiracy relations" needed to give the desired cancel­

lation look rather natural since they have a Clebsch-Gordan-like character). It is well 

known that the electrodynamics of charged vector bosons is best behaved at high energies 

when the gyromagnetic ratio has the Yang-Mills value A = 2 [e.g. in lowest order 

a ( yy ~ WW) rv s for A f 2 , "" ln s for A = 2]. 

It turns out that renormalizable theories involve one more new type of particle -­

scalar mesons (~) coupled toW's and to fermions. The necessity of the ~ can be motivated 

by considering v e ~ 3W; wiuh the couplings introduced so far, this process makes a diver-e . 
gent contribution to vee~ vee. The introduction of ~·s is the simplest way of achieving 

convergence [a more detailed discussion of this argument, which is due to H. Quinn, is given 
in the Appendix to B.W. Lee's article 9)]. 

To sum up: the demand that all Born terms are well behaved at high energy in a theory 

with W's requires the existence of neutral currents and/or heavy leptons with couplings of 

the Yang-t4ills type; in higher orders, new scalar mesons are needed. [Further: it is most 

economical to unite the weak and electromagnetic interactions. This leads to a relation of 

the form MW rv a/~rv 100 MeV. Thus in Weinberg's model MW = 37 GeV/sin e ~ 37 GeV, while in 
the Georgi-Glashow model Mw = 53 GeV x sin S ~ 53 GeV when e and S are parameters in these 

theories.] These, then, appear to be necessary conditions for the construction of a renormali­
zable theory of this type. It is now believed that they are also sufficient conditions and 

that spontaneously broken gauge theories with these ingredients are renormalizable [these 

developments are associated with the names of Higgs, Kibble, 't Hooft, B.W. Lee, Weinberg, 
Salam, and others 9)]. 

Technical aside: What is a spontaneously broken gauge theory? Recall that the in­
variance of Lagr~gians under phase transformations ~ ~ eiex~ leads to charge conservation. 

If we allow x to become an arbitrary function of space time x(x) and still demand invariance, 

then we must introduce a new massless field A which transforms as A ~ A + a x and (as a 
~ ~ -v ~ 

minimal requirement) make the replacement a~ ~ ~ (a~ - ieA~)~ in the Lagrangian. This gauge 
invariance leads to the well-known result that in an amplitude involving a photon with 
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momentum k we can make the replacement e: (k) + e: (k) + Sk without changing any physical 
~ ~ ~ 

results. Recall that the origin of the problem with W's was that 

L k (Mw) e:~ (k) = ~ + 0 1(0 • 

If there was some sort of gauge invariance for the charged W's, so that we could change e: 

by terms proportional to k~ with impunity, then the~ term in e:~ would have to be totall~ 
ineffective and our problems would be solved. Yang and Mills showed that the required gauge 
invariance can be obtained by generalizing invariance.under such transformations as, for ex­
ample, isospin. (1/J + eit•itl/J) to space time dependent transformations [1/J + eit•it(x)l/J]; this 

requires the introduction of isospin multiplets of vector mesons (W's). The problem is that 

the invariance requires that Mw = 0. This is avoided by producing a "spontaneous breakdown" 

of the symmetry so that the solution (in.which Mw f 0) does not have the full symmetry of 
the Lagrangian (in which Mw = 0) 11 ); traces of the symmetry remain in the relations be­

tween the couplings, which give rise to systematic cancellations in divergent amplitudes (in 

the way discussed above). The spontaneous breakdown is implemented by introducing scalar 

mesons~ coupled to theW's (as already encountered above); the ~·shave a self-interaction 

such that at the classical potential minimum ~ = A f 0. Thus in the ground state the coupling 

(~ ~ 2W2 ) becomes a mass term(~ A2W2 ). 

Problems: The introduction of neutral currents and/or heavy leptons and ~·' s seems a 

small price to pay for a renormalizable model which unites weak and electromagnetic inter­

actions. Why then has no model emerged which has gained general acceptance? The problem 
is that in all models considered so far the baryon structure is a mess. It turns out that 

models with three quarks are essentially impossible 12). Since we do not want a ~S = 1 neutral 

current, the badly behaved quark amplitude 

:-:rw 
~___:L_w 

cannot be cancelled with an s-channel exchange. New t- (or u-) channel exchanges require that 

the number of "quarks" is increased to at least four; thus schemes with 4, 5, 8, ll, etc., 
"quarks" have been considered. These schemes go beyond SU(3); a new quantum number, con­
served by strong interactions, called "charm" (a sort of new strangeness) is introduced and 

SU(3) is supposed to hold as a low-energy remnant of some higher symmetry. The non-appearance 

of "charmed particles" is explained by attributing large masses to them. (We consider the 
phenomenological implications of charm very briefly below.) 

Another problem is that those second-order effects which are quadratically divergent 

in the phenomenological theory are of order GCGMW) ~ G~ in these theories. The fact that 
Kf +~+~-does not occur above the Ga2 level can generally be arranged at a price [e.g. in 

the 0(3) model of Georgi and Glashow this can be done by increasing the original choice of 
five quarks to eight 13)]. However, the fact that 



Neutrino Physics 99 

is harder to explain; again it is easy to suppress the natural magnitude (~ Ga), but the 

fact that it is suppressed to exactly the conventional second-order level has to be put in 

by hand. 

3.3.2 PhenomenoLogy 

Regardless of the validity of the theories considered above, they have already played 

an important role in stimulating experimentalists to improve the limits on neutral currents. 
It is to be hoped that they will also stimulate searches for heavy leptons and charmed 

particles. We now examine some relevant phenomenology. 

i) NeutPaZ CUPPents: The failure to observe neutral currents in neutrino reactions has 

cast considerable doubt on the only known model [the SU(Z) x U(l) model of Weinberg] which 
lit) has no heavy leptons . However, there are plenty of models with neutral currents as well 

as heavy leptons*). In some of these the neutral current is not coupled to the neutrino, 

so its only observable effects might be in e+e-, eN, and ~N collisions. Unfortunately the 

effects are probably small; the interference term in 

~-e~ ~~~ 
_&+_& 

is of order GQ 2/4rra relative to the purely·electromagnetic contribution, e.g. a simple guess 

for the parity-violating difference of cross-sections for left- and right-handed ~·s (e's) 

gives 

jdo1 - doRJ 4 
-d-o'L_+_d_o""'R,- ~ 10- ~ (-3-+_w_/(;;-J 

(where w = 2v/Q2 ). Despite the smallness of the effect, the apparent violation of scale 

invariance produced by the Z might be detectable at very high energies; see Ref. 15, where 

more serious estimates are given • 

• ') ~ 16) 
~~ Heavy veptons : We only consider here heavy leptons of the type encountered in gauge 

theories, which have the same lepton numbers as those of muons or electrons; a review of 

some ideas and evidence about these and other species of heavy leptons has recently been 

given by Perl 17 ). When we considered cancelling part of the electron exchange contribution 
to vv + wW we were led to contemplate the introduction of a heavy lepton in either the t- or 

the u-channel. In simple models, it turns out that in this case the appropriate choice is 

*)A survey of several models has been given by J.D. Bjorken [to be published in Proceedings 
of the 1972 International Conference on High-Energy Physics (Batavia)]. See also the 
Appendices in Ref. 16. 
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such that there is an~~ with the same lepton numbers as v~ and~-. Cancellation in~+~-~ 
~ W+W- is likewise achieved with an M0 • Thus the fundamental vertices are 

[more technically, when we augment the simplest "isodoublet" structure (v , ~-)we are led, 
+ ~ + 

e.g. to consider "isotriplets" (M, V11 , ~-),and M0 's mixed with v ]. The fact that M and 
- ~ ~ + 

~ have the same lepton number will be seen to lead to very good signatures for M- production. 

1. 

The decays are simple to investigate. The main results are as follows: 

a) According to currently popular ideas 

+ 
r (Mif -+ leptons) 

---+~~--~~-~~~----~ 1' 
r (H"O" -+ lepton + hadrons) 

thus making it easy to identify M's from their leptonic decays. 

then the dominant decay mode is M-+ W + lepton.] 
[If ~eavy lepton > Mw• 

b) For masses ~ 800 MeV 18 ), the lifetime of this particular species of heavy lepton is 

such that they would not leave visible tracks. 

Several production processes might be contemplated: 

In this process M's with mass almost up to the beam energy should be seen with the design 

luminosity of machines under construction (giving limits of~ 4.5 GeV in a few years). 

2. yA-+ M\( + ... by the mechanism 

I y~; I 

The cross-section can be calculated exactly'"J. It seems unlikely that mass limits of 

~ 3 GeV can be set from this process with machines under construction. 
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3. 

The results of a (model-dependent) calculation of the cross-section are shown in Fig. 1. 

From this figure we may probably conclude that MM+ > 1 GeV. In the CERN 1967 HLBC experi­
ment over 100 events withE > 4 GeV were observed. Were M+ to exist with mass~ 1 GeV, 

~ + there would have been ~ 25 M production events as well. Were M 

this number would drop to~ 5, probably consistent with the data. 

to have a mass ~ 1.5 GeV, 

On the basis of this 

figure we conclude that heavy leptons with masses up to somewhere in the 5-10 GeV range 

could perhaps be seen in neutrino experiments at NAL and the CERN SPS. 

Fig. 1 Model-dependent calculation of 

~ = O(VA + M+ + ••• ) 

a(vA + v- + .•• ) 

as a function of s/~ (taken from Ref. 1«) 

4. v +N + H0 + . . • . In models examined by us: 

4 x 10- 37 cm2 ~ a~ 2.5 x 10- 35 cm2 

for a fully polarized v + beam (the best case) of 100 GeV, and ~\to ~ 4 GeV. This experiment 

looks possible but very difficult. 

5. e+e- + M0 vv. The cross-section is very model-dependent, e.g. forE/beam= 4 GeV and 

NMo S 2 GeV it is nominally~ 2 x 10- 37 cm2 , but it turns out to be actually~ 10- 35 cm2 in 
one model. 

6. 
+ -pp + M M + ..•. The cross-section is given by: 

cr(pp +M:M: + ••• )" (1 _ ·~t (1 + 2~). 
o(pp + v v + •.. ) Q - Q 

The feasibility of finding M's (or heavy electrons) this way depends on how large 
+ -o(pp + v v + •.. )turns out to be. 
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iii) Charm: As discussed above, fashionable theories suggest the existence of a new "charm" 

quantum number. The properties of •rcharmed" particles are quite analogous to those of "strange" 

particles except that the lightest charmed particle is probably heavier than 1 GeV. A guess 

would be that hadronic (C + hadrons) and le~tonic (C + ~v + hadrons) decays are roughly equally 

probable (within a factor of 10?). In strong interactions there must be "associated production": 

pp + CC' + 

pp + CC' + 

They could be copiously produced in the reaction 
+ - + -e e + C C 

Single C's could be produced by neutrinos: 

vA + ~C + hadrons 

which may make neutrino experiments the best place to search for them if they are heavy*\ 

3.3.3 Conalusions 

r~y experiments can look for heavy leptons and charmed particles, and it is, of course, 

important to try to do this independently of present theory. [Unfortunately, in most gauge 
models there is no upper limit on the heavy lepton mass 20 ) so theorists can -- and will -­
retreat by increasing the mass if they are not found.] 

4. NEUTRINOS AS PROBES OF HADRON STRUCTURE 

If the usual description of the v~ - ~ current is correct, then we can use neutrinos to 

probe the structure of the hadronic current with which it interacts (via a W or not). For 

example, we can measure form factors, test the Cabibbo theory, test PCAC using Adler's theorem 
[ v+A+~+F TI++A+FJ . a · (S~v = 0) « a , test current algebra sum rules, etc. We Wlll return to the 

question of the fundamental Adler sum rule later; first we consider the scaling property 
discovered in the SlAG-MIT inelastic electron scattering experiments, which suggests. that it 

might be possible to obtain fundamental information about the structure of hadrons by study­

ing deep inelastic neutrino reactions. We will consider just one illustrative example of the 
sort of results that have been obtained. 

All our discussion will be based on the supposition that scaling continues to hold at 

much larger Q2 , and also that it holds in weak as well as in electromagnetic interactions. 

It is, of course, very important to test scaling; it is broken by factors log (Q2/M2) in 
perturbation theory, and we have no· soluble models to test the assertion that the same might 

not be true in exact solutions of field theories and/or in the real world. [The absence of 
the photon propagator means that relative to electron scattering a much larger fraction of 

the neutrino events are at large Q2 so that quite good tests of scaling may be obtained: 

note that a W propagator would break scaling in a trivial way --by a factor 1/(1 + Q2/MW) 2 

--which may provide a sensitive test _for W's 21 ).] If the (expected?) log Q2 factors do not 

show up then we can reject arguments based on perturbation theory and perhaps even have a 

*) The introduction of charm deprives SU(3) symmetry of a fundamental role and should there­
fore stimulate interest in checking the Cabibbo theory in V reactions and to greater 
accuracy in decay processes. 
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little confidence in formal calculations of the light-cone commutator of currents or (equiva­
lently for the predictions discussed below) the parton model, which give a simple picture of 

the SLAC-MIT results but are invalid in perturbation theory. 

If the current-current picture is correct then we can measure the total current CW?)­
nucleon cross-section in inelastic neutrino scattering. According to the parton model, the 

"deep inelastic" cross-section is given by adding incoherently the contributions from all 

the constituents: 

2 

q.P 
- 2 -fixed 
q 
[[~ 

2 

i F 

Consider models in which the constituents with which the current interacts have spin Y2 (as 

suggested by the small value of a8/aT observed in the SLAC-MIT experiments), isospin ~ Y2, 
and a weak current of the form *rA x (1 - y 5 )T+~. At high energies, the (1 - Ys) structure 

implies that the left-handed (right-handed) current interacts only with particles (anti­

particles). Thus the parity-violating quantity aleft- ·aright (which is proportional to the 
structure function W3 whose scaling limit is called F3 ) is proportional to the difference 

of the distributions of particles and antiparticles in the nucleon. Integration over these 

distributions leads in these models to the sum rule 

(No. of I = V2 spin % particles - No. of I 

3 [quark model] 

1 ["sensible" (?) models] , 

Y2 spin V2 antiparticles) in the nucleon 

where x = Q2/2q • p and we have made the (presumably good) approximation eCabibbo = 0. This 
is an example of just one of several relations which can be derived in such "free field" 
models (and also, of course, from the light commutators abstracted from them) which can test 

very directly the properties of any underlying field theory (theoretically it would be very 

interesting to have measurements of the other two structure functions which can only be se­

parated by measuring the outgoing lepton's polarization to order m12/E M -- here we need v p 
heavy leptons!). 

The F3 sum rule is the only sum rule for vp + vn (rather than vp - vn) data and hence 

can be tested in experiments on heavy nuclei. However, if the quark value is correct then 
the sum rule must converge very slowly (i.e. large Q2 data are needed at very small 
x- large w) 22). There are also reasons to fear that the much more fundamental Adler sum 

rule (which is true in any "reputable" model) may converge very slowly or even be wrong. 
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In view of its fundamental importance, we will review the arguments advanced by Bjorken, 

Tuan, Sakurai and Thacker, which cast doubt on the validity of the Adler sum rule 23 ). Separate 

sum rules can be written for the vector and axial vector contributions to the structure func­

tion F2 • Consider the vectou sum rule which may be written 

l 

J [F~n(w)w - F~(w)wJ C: = J [F~(x)w - F~(x)wJ a: = 1 , 
l 0 

in the deep inelastic region. eve gives the inequality 

(Fvn + Fvp) ~ Z(Fep + Fen) 
2 2 w 2 2 

Hence, according to the SLAC data, the average ofF~ + F~ never exceeds ~ 0.6 --but the 

difference weighted by w- 1 must integrate to unity. There are two extreme ways of achieving 

this: 

i) The sum rule may converge very slowly. This happens in many simple models (fitted to 

the SLAC data) in which the sum rule holds 2 ~); e.g. in the Kuti-Weisskopf model we must 

integrate up to w = 476.51 to get 0.9 on the right-hand side. This is certainly rather un­

expected and according to some people's intuition it is unreasonable [if we accept Rittenberg 

and Rubinstein's claim that Q2 = 0 data can be translated to all Q2 with a 'modified scaling" 

variable, then the convergence of the (Q2 = 0) Alder-Weisberger relation implies that we 

should get 0.9 by integrating only up to w ~ 34]. 

ii) The so-(emotively)-called "bizarre behaviour" F~ » F~ holds for w :S 5, which pro­

bably implies the (already excluded?) result 

vn 
E._ >- 2.5 
ovp 

The second option has also been considered unreasonable (I personally would not find 

an intermediate result quite slow convergence and "rather bizarre" behaviour -- at all 

repugnant; firstly, I do not know what is a reasonable rate of convergence and, secondly, 

the fact that F;n;p;P seems to be small for w ~ 1 suggests models in which F~ >> p~P for 

w ~ 1) 25 ). In any case these results invite us to entertain further alternatives: 

iii) Perhaps at large missing mass a new threshold is reached (quarks?) which gives rise to 

a dramatic increase in the scaling functions, which is needed to satisfy the sum rule in 

the scaling limit (but not to satisfy the Adler-Weisberger relation at Q2 = 0!). 

vi) Perhaps the sum rule is wrong because either 

a) the attractive (but very badly tested) current algebra hypothesis is wrong, or 

perhaps the weak current has pieces with I ~ 1, etc. (in these cases we would wonder 

why the Adler-Weisberger relation works), or 

b) something is technically wrong with the derivation of the Adler sum rule; this 

sounds boring but it would mean that the light-cone algebra, parton model, etc., 

are all quite irrelevant. 

In any case, it is clear that accurate high-energy neutrino experiments on hydrogen and 

deuterium are of crucial importance for testing current algebra sum rules. 
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5. SUMMARY AND CONCLUSIONS 

It is very likely that high-energy neutrino experiments will reveal surprises which 

are quite unanticipated. At the very least, they will be of crucial importance for "tradi­
tional" weak interaction theory. They may also unveil fundamental information about hadron 

structure. I wish to end by stressing that in addition to heavy-liquid bubble chamber and 
counter experiments (which are best suited for some things, such as search experiments -­

W's, heavy leptons, etc. --and measuring the "diagonal" cross-sections), neutrino (and 

ru1tineutrino) experiments on hydrogen and ·deuterium with track-sensitive targets (or per­
haps mono-energetic beams or other devices) will be of crucial importance in testing the 

Adler (and other) sum rules, testing selection rules, and eventually in unravelling detailed 

information about the behaviour of weak interactions at high energy. 
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s » MW 

0 vn 1 ' 
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s » }-1W 
---1 
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5 w 2 
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COMMENTS ON THE NEUTRINO SESSIONS 

D. Treille 
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H. Wachsmuth 
CERN, Geneva, SWitzePZand 

1. DETECTOR QUESTIONS 

1.1 BEBC 

109 

Bare BEBC is considered to be a useful neutrino detector, in which neutrino inter­
actions with only charged secondaries c~ 20% of all interactions) could be fully analysed, 

missing neutrals could be treated statistically by balancing the transverse momentUIII distri­

bution in the hadron jet '(see G. MYatt, p. 117 of this chapter), and the muon might be iden­

tified kinematically by moving outside the hadron jet. 

However, as was already recommended in the Working Party Report 1 ) and stressed in 

several discussion remarks and contributions to the parallel session of the present 

meeting, much more information, which is necessary in order to analyse v events completely, 

can be obtained by complementing BEBC by an external ruon identifier (EMI) and by a track­
sensitive target (TST). More than 50% of the 3C events above 10 GeV will be self-ambiguous 

(V_TI_ ambiguity) 2) and little physics can be done unless the muon is identified3), D. Haidt 

reported about preliminary calculations of muon identification efficiencies for a Gargamelle 

EMI; a study was made by Eisele 4), showing that the BEBC body, magnet coils, etc., provide 

adequate n-v discrimination for pv > 1 GeV/c, and a ~ 30 m2 detector (multiwire proportional 
chambers) could accept muons with 60% to 85% efficiencies from 10 to 80 GeV. In this con­

text another study5) may be mehtioned, predicting the performance of the EMI proposed 6) for 

the 15' NAL bubble chamber. J. von Krogh summarized the arguments which had led to a strong 

recommendation to develop a TST for BEBC neutrino physics (see p. 121 of this chapter). It 

was also asked (J. Meyer, H. Wachsmuth) that -- in view of the need for a TST for hadron 

physics -- a study should be made of the possibility of a TST which would be compatible for 
both neutrino and hadron physics. 

1.2 Gargamelle 

Several questions were asked concerning the usefulness of moving Gargarnelle behind 

BEBC (costs estimated for transport and annual operation are 3 and 3.5 MSF, respectively, 

personnel not included). The reasons for the use of Gargarnelle behind BEBC were summarized 

by P. Petiau as follows: 

i) the existence of Gargarnelle and its analysis equipment; 

ii) Gargarnelle has been proven to be a good neutrino detector at present energies, and is 

expected to be comparable to BEBC (filled with neon) at higher energies; 

iii) the IIRlltitude of (complementary) v experiments to be done (v, v in H2 , D2 , heavy 

liquid). 
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1.3 Electronic neutrino detectors 

In connection with electronic neutrino detectors, the detailed design of which will 
depend on early NAL results, the possibility was discussed of planning a neutrino counter 

set-up in the West Area in the bubble chamber beam line (underground neutrino beam, see 

Vol. I, chapter 5, p. 148). The implications on the beam are discussed below. 

2. 400 GeV PROTONS FOR THE WEST AREA NEUTRINO BEAM 

Despite the difficulties of complete event analysis at very high energies, bubble 

chambers are powerful neutrino detectors also in.400 GeV neutrino beams. At present only 

bubble chambers have the spatial resolution required for a large class of measurements, 

combined with a large target mass (20 tons of neon in the visible BEBC volume) which is 

necessary for low cross-section interactions, and good energy resolution. The discovery of 

any new feature of weak interactions (W production, weak interaction structure effects 

other than W exchange, etc.) can be expected only at highest energies, and then powerful 

analysis tools such as bubble chambers will be needed in order to study details of ~he had­
ronic final state. At 400 GeV and with suitable ancillary equipment (EMI, TST), q2-v plots 

could be examined covering twice the range of those obtainable at 200 GeV, as is shown in 

Figs. 1 and 2 which compare neutrino event spectra for 200 and 400 GeV ideal neutrino beams 

in the West Area [see also Tables 1 and 2*)]. 

3. BEAM QUESTIONS 

3.1 Wide-band beam 

Until more precise plans for neutrino counter physics exist (which may merge from NAL 

experience), people interested in this field think that one must keep .open the possibility 

of using a wide-band beam. 

The spill required is still an open question. A spill length longer than 60 ~sec 

(requiring multiturn extraction) cannot be obtained in the West Area for the BC neutrino 

line without stopping counter physics in the West Hall. This also implies that the fast 

switch which is planned would have to be changed to a slow one (Brianti). If this 60 ~sec 

is too short a spill to perform good electronic neutrino physics behind BEBC, an early 

start on a neutrino programme in the North Area would be desirable (Steinberger, Gregory, 

Winter et al.). 

Several people (Steinberger et al.) consider that a spill of~ 1 msec can be suffi­

cient, and a recent study7 ) shows that horns can be made for such pulse lengths without 

increasing the conductor wall thickness appreciably. 

A wide-band neutrino beam in the North Area could share a common tunnel with the muon 

beam; but these beams would be derived from different targets and would run parallel to 

one another. 

The yield of neutrinos can be inferred from Table 1. 

*) These are amended versions of Tables 5.1 and 5.2 of Vol. I where some of the 400 GeV 
figures are wrong. 



Table 1 

Amendment to page 162 of Vol. I 

TABLE5.1:VEvent rates (per ton and 1019 protons) in ideal beams for varfous decay (D) and 

shielding (S) lengths and proton momenta (6tot = 0.8 x E(GeV) l0-38 cm2 ). 

( 1) ( 2) (3) ( 4 ) ( 5) ( 6) ( 7) ( 8) .< 9) (10) 

150*) 4oo 
pproton (GeV/c) 24 100 150 200 ( 1 · · I) 

P'lf ,K<4o 2 repet1t1on rate . 

D(m) 75 100 200 170 550 4oo 680 430 4oo 1250 
E ( GeV) S(m) 25 43 80 113 280 1000 150 4oo 1000 250 

~ 5 90.000 260.000 95.000 58.000 20.000 3.6oo 33.000 

~ 10 96.000 520.000 320.000 300.000 120.000 23.000 250.000 .ao. ooo 14.000 80.000 

~ 20 100.000 670.000 430.000 6oo.ooo 470.000 70.000 84o.ooo 350.000· 75.000 500.000 

~ 30 100.000 730.000 450.000 670.000 690.000 110.000 1.ooo.ooo 725.000 183.000 1.233.000 
:> 50 - - 3.000 28.000 45.000 8.ooo 76.ooo 260.000 120.000 450.000 
>- 80 - - - 3.000 19.000 4.ooo 28.000 150.000 44.000 210.000 
>100 - - - 100 8.ooo 1.600 10.000 100.000 30.000 150.000 
> 200 - - - - - - - 9.000 4.ooo 15.000 

Total 100.000 750.000 46o.ooo 770.000 86o.ooo 160.000 1.4oo.ooo 1.500. 000 470.000 2.500.000 

West Hall Surface Under- NAL Best Under- NAL Best ground ground 
---- ---- ------ ·-·- --· ----------- L...... 

*) 100% acceptance assumed (see section 5.2.1.2.). For other assumptions see text. 

.... .... 
N 

l 
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Table 2 

Amendment to page 170 of Vol. I 

TABLE 5.2 

W. HALL SURFACE Ep = 150 GeV W. HALL TUNNEL Ep = 200 GeV W. HALL TUNNEL Ep = 400 GeV 
BEAM 

D = 170m S =113m D = 550 m S = 280 m D = 430 m s = 4oo m 

~ BEBC(Ne) GGM(cF3Br) BEBC(H2 ) BEBC(Ne) GGM(cF3Br) BEBC(H2 ) BEBC(Ne) 
N 

Total events 7.600.000 3.1 oo. 000 380.000 9.000.000 3.700.000 450.000 16.500.000 

).)r+ n -> f- + p 310.000 140.000 - 220.000 100.000 - 270.000 
- + 

JJt-+P -> r- +n + P 570.000 210.000 60.000 410.000 150.000 40.000 480.000 

W bosons, M=7 GeV 2.600 1 . 1 00 200 7.200 5.800 640 53.000 

vr +e - -> f'- + .Ue 770 290 80 1. 700 640 170 5.100 

lJr+Z-> r-- +e + +lJe +z 100 70 - 140 90 - 270 

).)y+Z-> f-+f +J.Jy-+Z 42 39 - 64 40 - 135 

GGM - 6 m3 
' 

CF3Br = 9 tons Gargamelle is 80 m downtream of BEBC 

BEBC ( N e ) - 1 8 m3 , Ne = 22 tons 

BEBC(H2 ) - 18 m3 
' 

H2 = 1.1 tons 

These event rates correspond to 10 19 protons on target with the neutrino spectra used in section 5.3.2, 
assuming real focusing ~ i ideal. 

GGM(cF3Br) BEBC(H2 ) 

6.700.000 840.000 

130.000 -
180.000 50.000 

21.000 4.800 

1.900 500 

180 -

80 -

f ... ... 
&" 
"111 
:r 

·"< ... n· ... 

f-' 
f-' 
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3.2 Muon-neutrino facility 

The neutrino yield from a quadrupole channel was discussed (Vannucci, Brasse), and the 

following remarks were made: 

The quadrupole channel (without primary analysis of the hadrons) gives a wide-band 

neutrino beam which is severely truncated at low neutrino momenta and therefore is not 

the best possible wide-band beam that neutrino counter experiments may eventually require 

(Rubbia et al.). 

- If the primary analysis of hadrons is performed {giving polarized muons), one gets a 
narrow band beam of neutrinos. But the wavy trajectory of the parents in the channel 

gives a broadening of the neutrino spectrum (Rubbia). In fact this seems to be a 
small effect (curves shown by Brasse). 

- A channel of large-aperture quadrupoles arranged in triplets is extremely power­

consuming (Brianti); it would be more reasonable to consider standard quadrupoles· 
(0 $ 20 em) and a FODO configuration. The dependence of the neutrino output on the 

quadrupole diameter is required (Brianti) and is under study. 

- Several people seem to prefer to disconnect muon and neutrino beams to facilitate both 
experimental programmes. 

3.3 ve beams 

The authors (Turlay et al.) feel that more precise computations are needed: yield 

of v11 contamination; backgrounds of 11 and the way to decrease it; background due to 
· hadrons, if any; refinement of the production formulae. 

The problem of the possible location of such a beam was raised (Brianti). The yield 

of v from 200 GeV protons (instead of 400 GeV) was asked for, in view of a hypothetic 
e. 

installation to be made in the west Hall (Brianti). 

3.4 Tagging of high-energy neutrinos*) 
(summarized by rapporteurs) 

Spillantini made some computations on the tagging of high-energy v (Ev ~ 0.3 \roton) 
from K decay (ECFA file 72/168). 

A toroidal muon detector located at the end of the decay tunnel has to measure p· 
11 

(~p /p ~ 8%) and 8 (~8 ~ 0.2 mrad) in order to give E with reasonable accuracy (±2% to 11 11 . . 11 11 v 
±15%). It is made of two groups of scintillation counter hodoscopes (8 and~ elements in 
each group, 10 nsec of resolution time) with a toroidal magnetic field between them (magnet­

ized iron). The useful region of the detecting system is located between R1 = 0.5 m (to 

avoid the huge flux of 11 close to the axis) and R2 = 1.5 m. 

The author first shows that a normal wide-band beam would bring too many 11 to the de­

tector, and he considers the case of a high-band beam in which all hadrons below 150 GeV 

(from 400 GeV protons) are removed. Su¢h a beam would give~ 2 x 10 10 v in a v detector of 

1 m2 : the loss below Ev = 50 GeV, when compared to that of a wide-band beam, is ~ 10. He 
assumes that 1013 protons interact during 1 sec flat top. 

*) Paper contributed by P. Spillantini, Laboratori Nazionali del CNEN, Frascati, Italy. 
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In any case the~ detector still receives 1.6 x 1010 ~and therefore has to be split 

into a large number of elements. .Among these ~. only 2.4 x 10 7 are "candidates": these 

candidates, associated to neutrinos of high momentum (> 0.3 Pproton), must be selected by 
a fast on-line analysis. Getting the precision quoted on p and especially 8 seems extreme-

~ ~ 
ly difficult. 

At each v event, one has a probability of 0.24 to find one candidate within 10 nsec. 

But this candidate has only a very small chance of being associated to the interacting v: 

the tagging efficiency (fraction of v events with a "candidate" ~ on the ~ detector) is 
indeed only~ 3 x 10-z. So a very powerful off-line analysis has to be performed afterwards 

(accurate time correlation, coplanarity check, etc.) and one must study more carefully the 
-2 

rejection factor one can expect. The rate of events from tagged v is ~ 1.5 x 10 event/ton 

per 1013 protons. 

3.5 Shielding 

It seems that a magnetic shield (Leutz et al.) can reduce the weight (and cost) of 

iron needed to stop muons by a factor of 3-4. But the decay channel shielding and hadron 

stopper stay the same. 

4. CERN-NAL COLLABORATION 

At present there are links between CERN and NAL on the basis of individual partici­

pation. A collaboration on a larger scale and even a physics programme co-ordination 

(Giacomelli) would be desirable. 

* * * 
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THE USE OF TRANSVERSE MOMENTUM BALANCE AS A MEANS 
OF ESTIMATING THE ENERGY OF INTERACTING NEUTRINOS*) 

G. Myatt 
Nuclear Physics Laboratory, University of Oxford, England 
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A study of positive pions produced in neutrino interactions in freon 1 ) and propane 2 ) 

has shown that whereas the average transverse momentum relative to the neutrino direction 

increases with pion momentum, the average transverse momentum relative to the direction of 
-+ 

the laboratory three-momentum transfer q (Fig. 1) tends to a limiting value of ~ 440 MeV/c 

independent of q 2 • These features are shown in Figs. 2 and 3. A similar behaviour has 
recently been observed in inelastic electron scattering3 • 4 ). 

It is probable that n°'s have similar 

properties, although present neutrino experi­

ments have been unable to verify this because 

of either poor measurement of n° momenta in 

freon or low detection efficiency in propane. 

If this is the case, then the TI 0 's which are 

not observed in detector such as BEBC with H2 

or D2 filling will carry off on the average 
-+ only a small momentum transverse to q. There-

fore it may be that the vector addition of the 
observed charged pion momenta gives a fairly 

good approximation to the direction of q. From 

Fig. 1 we can see that if eq i~ known (or esti-

Fig. 1 

mated), then we can obtain an estimate Ec of the neutrino energyAEv from the following 
lation obtained by balancing the transverse momenta relative to v, of the muon and the 

re-

hadrons: 

sin e 
E -p 11 +p se c - 11 tan e q 11 co 11 

In order to test if these ideas are useful, we have made MOnte Carlo calculations 

using a model which incorporates the features of neutrino interactions as they have been 

observed in the few GeV regions) and assumed that scaling holds at highe·.c energies. In 

particular, we have taken 

nTI 1.9 log v + 1.3 

dN -bpf 
~ oc e 
upT 

n 0/n = 1/3 TI TI 

where the constants b and c have been taken to be the same as those determined from 
inelastic electron scattering3 ): 

*) Contributed paper 

(1) 
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Fig. 2 Distribution of average transverse pion momenta with respect to 
the direction of the laboratory three-momentum transfer q to all 
hadrons as a function of pion momentum for q2 < 1.0 (GeV/c) 2 • 
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Distribution of average transverse pion momenta with respect to 
the direction of the laboratory three-momentum transfer q to all 
hadrons as a function of pion momentum for q 2 > 1.0 (GeV/c) 2 • 
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b = 4.7 

c = 3.0 

The structure factors 6 ) F1, F2., F3 have been assumed to obey the relation 

ZxF1 = F2. = xF3 • 

The pions were generated according to a Poisson distribution, the n°'s removed, and 

the resultant momenta of the charged particles used to estimate eq. It was assumed that 
the nucleon in the final state had an equal probability of being a proton or a neutron. 
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The nucleons were taken to have the same distributions in Pr and p1 as the pions, and when 

the final nucleon was a neutron it was assumed to be unobserved and its momentum subtracted 

from that of the hadron shower. It should be noted that it is not necessary to identify 

the final-state charged hadrons in order to perform the present analysis, since only their 

observed momenta are used. 

It was found that in a small proportion 

of cases (6% at 20 GeV, 3% at 200 GeV), 
Eq. (1) gave unphysical answers because the 

estimated eq lay outside the range 0 < eq < 

< n I 2 • For the remaining cases of the cal­

culated neutrino energy Ec to the input 

neutrino energy E" is shown in Fig. 4. It 
can be seen that the majority of events give 

Ec quite close to E" with full widths at 
half maximum of 

10% at 40 GeV 
8% at 100 GeV 

7% at 200 GeV 

Not shown are those events with no neu­

tral particle in the final state, in which 

case Ec is correctly estimated. These 
amount to 7% at 40 GeV and 2. 5% at ZOO GeV. 

It may be noticed that the peak in Ec/E" is 
slightly displaced from unity. This shift 

is "' 1% at 40 GeV and less for higher ener­

gies, and is due to a difference in the sen­

sitivity of Ec to changes of eq towards or 
away from the neutrino direction. 

Fig. 4 
Distribution of the ratios of calculated to 
input neutrino energy for three neutrino ener­
gies (40, 100, and 200 GeV). 
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The errors on Ec will in general be too large to enable accurate absolute cross­

sections to be determined because of the rapid variation of neutrino flux with energy in 

wide-band beams. However, they may be adequate enough to determine the regions of the 

kinematic variables q2 and v (=Ev-E~), and hence w =2M /q 2 , y = v/Ev in which one may 
use the HBC to study, for example, 

- charged pion multiplicities 
- 'IT+j'IT- ratio 

- vn/vp cross-section ratios 
- vector meson production, 

etc. 

In order to make estimates of the neutrino energy by means of the above method, it is 
essential to identify the muon among the charged secondaries. At high energies therefore, 

BEBC would need to be supplemented by an external muon identifier. 

* * * 

REFERENCES 

1) M. Paty, CERN 65-12 (1965). 

2) J.L. Masnou, L.A.L. 1245, Orsay (1971). 

3) J.T. Dakin, G.J. Feldman, W.L. Lakin, F. Martin, M.L. Perl, E.W. Petraske and 
W.T. Toner, Phys. Rev. Letters 29, 746 (1972). 

4) E. Lazarus, D. Andrews, K. Berkelman, G. Brown, D.G. Cassel, W.R. Francis, D.L. Hartill, 
J. Hartmann, R.M. Littauer, R.L. Loveless, R.C. Rohlfs, D.H. White and A.J. Sadoff, 
Phys. Rev. Letters~. 743 (1972). 

5) G. MYatt and D.H. Perkins, Phys. Letters 34 B, '542 (1971). 

6) J.D. Bjorken, Phys. Rev. 179, 1547 (1969). 



Neutrino Physics 

TRACK-SENSITIVE TARGETS FOR NEUTRINOS IN BEBC*) 

J . von Krogh , 

III. Physikatisahes Institut, Teahnisahe Hoahsahute, Aaahen, Germany 

The aim of future neutrino experiments will be a detailed study of interactions off 

protons and neutrons separately (see C.H. Llewellyn-Smith, p. of this chapter). Hence 

it will be necessary to use both hydrogen and deuterium as target liquids so as to mini­

mize nuclear effects. 
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In order to calculate neutrino cross-sections as a function of energy Ev, it is impera­

tive to know Ev as accurately as possible, since a small error in Ev causes relatively large 

errors in the cross-section owing to the rapidly falling neutrino spectrum. Unless one 

works with a narrow-band neutrino beam of known energy, the only way to obtain Ev is by cal­

culating or fitting it from the information one has about the final state. Hence it is even 

more important than in hadron physics to detect and measure all neutrals in the final state. 

The most attractive way to do this is to use a track-sensitive target (TST). Since we 

deal with very small cross-sections, however, we cannot use the flat TST, developed for hadron 

physics 1 ). For neutrinos, large massive targets are required. 

On the one hand, such a target has to be large enough so that the event rate in hydrogen 

is as high as possible; on the other hand, a sufficient amount of heavy liquid (Ne/D2 mix­

ture) has to surround it in order to e~sure good detection efficiency for neutrals. 

Fortunately, neutrinos are sufficiently concentrated in the centre of the beam to make 
possible a reasonable compromise between these seemingly contradictory requirements 2). 

I 

In Fig. 1 we give the number of neutrino interactions plotted versus Ev in bare BEBC 
filled with H2 and in the TST. 

We see that even though the ratio of volumes VTST : VBEBC ~ 1 : 9, in certain energy 
ranges the ratio of interactions in the TST to those in bare BEBC is better than 1 : 4. 

The spectrum is based on the tunnel solution (shielding = 280 m, decay length = 550 m) with 
a conventional hom-reflector system scaled to these energies 3 ). This can be improved upon 
by using elliptical lenses~). 

In Table 1 we make a detailed comparison of neutrino event rates for this spectrum, 

considering an energy region 10 < Ev < 40 GeV, where neutrinos are focused in an optimum 
way. 

The detection efficiency was calculated by the Mbnte Carlo method for single n° pro­

duction by neutrinos in a D2 target with a mixture of 30 em radiation length outside. The 

efficiency for seeing both y's from the n° is 74%. For comparison, the efficiency for see­

ing both y's from the n° in bare BEBC filled with D2 is about 1.5%. In the table we present 
a comparison of event rates in bare BEBC and in the TST. 

*) Cpntributed paper 
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E0 =200GeV 
UNDERGROUND BEAM 

TARGET 
R=0.6m 
L =2.0m 

/BEBC(H2J 
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Table 1 

Comparison*) of neutrino event yields in 
a 2 m3 TST and in .bare BEBC/H2 

TST (2 m3 ) BEBC/H2 (18 rn 3 ) 

Detection efficiency 
for single n° 74% 1.5% 

Total events 34,000 159,000 10 < Ev < 40 GeV 

Useful 20,000 32,000 

(Ev known) All final states Charged final - states only 

Less useful 14,000 127,000 

(Ev not known) Unknown fraction of Unknown fraction of 
neutrals escaped neutrals escaped 

Plus "' 3,000,000 -
Events in neon 

*) for underground wide-band beam (200 GeV) focusing by horn and 
reflector scaled to 200 GeV (for 10 19 protons) 
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We see that if we compare the useful number of events (with Ev known) the TST compares 
very favourably with bare BEBC. 
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POSSIBILITIES IN ELECTRON AND PHOTON BEAMS 
AROUND THE WORLD IN 1977 

B.H. Wi i k 
Deutsahes Etekt~onen-synah~otron (DESY), Hamb~g, Germany 

1. INTRODUCTION 
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To do justice to the title of this talk one clearly needs to have a fair amount of 
clairvoyance. Although sadly lacking in this conunodi ty, I will still venture the prediction 
·that in 1977 the experimental facilities available for electron and photon physics will be 
very good indeed. This optimism is based in part on the proposed improvements both in energy 
and intensity of existing facilities, and in part on the new high-energy photon and electron 
beams to become available at NA.L and the CERN SPS. Moreover, not only the increase in energy 
and intensity. but also the use of more sophisticated techniques employing both polarized 
beams and polarized targets will greatly add to the range of possible experiments. 

A new and exciting accelerator for electron and photon physics at extremely high ener­
gies is the electron-proton colliding ring now under consideration both at SLAC (Berkeley) 
and BNL. These high-energy accelerators will most likely not be available in 1977, but such 
a device, providing a maximtnn centre-of-mass energy of up to 9 GeV, will be built at DESY 

before this date. 

In this talk I will first briefly remind you of the properties of the existing electron 

accelerators above 4 GeV, and then discuss in more detail the extensions planned at the var­
ious facilities. In the second half of the talk some typical experiments in electron and 
photon physics will be discussed. Since the subject to be covered is rather large for a 
one-hour talk, I also apologize for the cavalier treatment of many topics. 

2. PRESENT STATUS 

Some of the relevant properties for the electron accelerators are listed in Table 1. 

Table 1 

Cornell Erevan DESY NINA SLAC 

Energy (GeV) 12 6 7.5 5 22 

Current (x 1012) 
a) 0.3 - 3 3 200 

Duty cycle (%) 5 - 5 ll 0.06 

Polarized photons up to (GeV) "' 8 - "' 4.5 "' 3 22 

Polarized electron beam b) 1973 

a) extracted current. 

b) under development. 
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A few miscellaneous remarks to this table: the maxinrum energy available at SLAC has been 

slowly increasing over the past few years and has now reached 22 GeV. This increase is due 

to the replacement of the old 20 MW klystrons by new 30 MW klystrons. A full complement of 

these tubes will yield an end-point energy of 25 GeV. The maxinrum energy of the Cornell 

Synchrotron 1 ) has also recently b~en increased from 9 GeV to 12 GeV. This was done by instal­

ling an additional RF cavity providing an energy gain of about 9 MeV/tum. 

The duty cycle obtained at the electron synchrotrons is typically around 5-10% as com­

pared to a design value of around 25% at NAL and the CERN SPS. The duty cycle at SLAC, 

however, is only 6 x 10-". This low duty cycle sets severe limits on the type of coincidence 

experiments which can be done profitably at SLAC. 

The average current extracted from an electron synchrotron is of the order of 1012 e/sec, 

or more than two orders of magnitude less than the current available at SLAC-. This very high 

current has made it possible to investigate reactions with differential cross-sections down 

to 10- 39 cm2/GeV2 at SLAC. 

Since most of you are mainly familiar with hadron beams, let me briefly discuss the 

various types of photon beams available. A photon beam is generally produced by passing an 

electron beam through an amorphous radiator, typically about 3% of a radiation length thick. 

After the radiator, the electrons are swept out of the beam by a bending magnet and the pho­

tons continue on to the target. 

Such a bremsstrahlung beam contains photons of all energies, from the incident electron 

energy on downwards. The number of photons with a certain energy k is proportional to 1/k. 

The problems introduced by such a continuous spectrum can be avoided by measuring the energy 

of the outgoing electron. Since the energy of the incident electron is known, this deter­

mines the energy of the photon. The intensity of such a tagged photon beam is, however, 

rather low -- typically of the order of 5 x 10 5 photons/sec. 

A polarized photon2 ) beam can be made by replacing the amorphous radiator by a crystal, 

say a thin diamond. The photon spectrum from a suitably oriented diamond in a well-colli­

mated electron beam is plotted in Fig. 1. 

The spectrum is a superposition of an unpolarized non-coherent part c~ 1/k) and spikes 

resulting from the coherent scattering from individual reciprocal lattice points. The non­

coherent part of the spectrum can be substantially reduced by using an extremely thin diamond 

and demanding a tight collimation of both the incident electron beam and the emerging photon 

beam. Using a diamond roughly~ 0.01 rnm thick, SLAC 3 '") hopes to produce a beam with 45% 
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polarization at a photon energy which is 3/4 of the incident electron energy. The intensity 

would be 2 x 109 photons/sec, and 50% of the photons would be within ~k/k = ±2%. The beam 
is scheduled to be installed by the end of the year. 

For completeness let me mention that also the end point of a bremsstrahlung spectrum 

can be polarized5), something which is crucial for single-arm experiments. In this case an 

unpolarized photon beam is passed through a long slab of a suitably oriented carbon crystal. 

Since the absorption cross-section depends upon the orientation of the spin of the photon 

relative to the lattice, a polarized photon beam will emerge after the absorber. Such a 
beam6 ) has recently been employed in a first experiment at SLAC. They achieved an average 

polarization of 24% at 16 GeV using a carbon crystal 61 em long. This method becomes more 

advantageous at higher energies; for example, at 50 GeV the photons would be more than 50% 

polarized. 

A low-intensity, highly polarized photon beam resulting from the Compton scattering of 

laser light on the electron beam7 ) is also in use at SLAC. The highest energy reached so 
far is 9.3 GeV with a flux as high as 2 x 10 3 photons/sec. 

There is great interest in experiments using polarized lepton beams. Such beams are 

under development both at SLAC and at DESY. The SLAC beam8 ) will be produced by photoioni­

zation of polarized 6Li atoms. They hope to be able to reach a polarization of 90% with an 
average current of about 2 x 10 11 e-/sec. It is planned to install the source by the end of 

the year. The source under development at DESY9 ) is based on spin exchange between polarized 
hydrogen atoms and low-energy electrons. 

3. PROJECTED STATUS IN 1977 

3.1 Cornell 

The energy of the present synchrotron could be raised still further by adding more RF 
to the accelerator to compensate for the losses due to the synchrotron radiation of the 

electrons. However, since the potential gain in energy is rather small, Cornell has asked 

the National Science Foundation to finance a design study of a new synchrotron1 ) with an 

end-point energy around 35 to 40 GeV and an intensity of around 10 12 e-/sec. The accelerator 

would be situated in a new tunnel and the present synchrotron would be used as an injector. 

This has the advantage of reducing the magnet aperture and hence the cost. The circumference 

of the machine would be 1500 m with a bending radius of roughly 130 m. At the highest energy 

the loss due to synchrotron radiation is about 2 GeV/turn. Therefore a large, high duty 

cycle, RF system is needed, and the most economical solution seems to be to use superconduct­

ing RF cavities. Cornell has therefore also requested the NSF to support a program to de­

velop such cavities suitable for synchrotron use. The plan is to use S-band cavities 
(2856 MHz). The required gradient of 3 MeV/m should be well within the state of the art10 ). 

Cornell has initiated the superconducting program and hopes to be able to submit a final 

proposal in 1973-1974. It is estimated that the construction time for the first stage of the 

project (25 GeV) will take between 2 and 3 years. 

Another option, also under consideration, is 

employing the present synchrotron as an injector. 

to 27 GeV. 

to build a new ring in the present tunnel, 

In this case the energy will be limited 
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3.2 DESY 

With the ee colliding ring scheduled to came into operation by the end of 1973, there 

are no concrete plans for increasing the energy of the present DESY synchrotron. However, 

a program to increase both the intensity and the duty cycle of the synchrotron is well under 
way. With the installment of the new injector, circulating currents of 30-50 rnA are now 

routinely achieved, and with a long flat top -- soon to be available -- a duty cycle as high 

as 15% can be reached. 

Since the colliding ring consists of two independent rings, it is possible to inject 

electrons (or positrons) into one ring and protons into the other and observe electron­

proton collisions 11 ). The initial centre-of-mass energy will be 7 GeV and it can be extended, 
by adding more RF power to the electron ring, to 9 GeV. This is equivalent to an incident 

electron energy in the laboratory of 46 GeV. The luminosities will be of the order of 

10 30 -10 31 cm- 2 sec- 1 • This corresponds to 106 -107 e/sec incident on a hydrogen target 20 em 

long. The construction will start in 1973 and should be finished by 1976. 

3.3 NINA 

The plans 12 ) are to continue to run NINA at 5 GeV and to increase the intensity grad­

ua11y. 

3.4 NAL 

It seems likely that for the foreseeable future, photon and electron physics above 

60 GeV can only be done using the secondary beams at NAL and CERN SPS. To remind you of the 

·complexities involved in constructing such a beam and the intensities which will be avail­

able, let me briefly describe the beam proposed by Ha11iwell et al. 13 ) for NAL. The layout 

of the beam, which is more or less typical, is shown in Fig. 2. 

A high-energy proton beam is focused on to a low-Z target, typically beryllium, produc­

ing, among other particles, TI 0 's. The photons from the TI 0 decay travel for about 22m before 

striking a high-Z converter. Between the production target and the conversion target, the 

primary beam and the charged secondaries are swept out of the neutral beam by several bending 

magnets. After the high-Z converter, a negatively charged beam is selected, momentum-
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analysed, and focused on to a target located some 300 m downstream. Such a long distance is 

needed in order to provide sufficient shielding against the muons. About 40 m upstream of 

the target, the electrons may be converted to photons in a second thin (0.01 X0 ) lead radia­

tor. The recoiling electrons are de­

tected and momentum-analysed in order 

to determine the energy of the primary 

photon. 

For 1013 incident protons with an 

energy of 500 GeV they expect an elec­

tron intensity of typically 1.5 x 108 

electrons at 150 GeV and 5 x 10 5 pho­

tons with energies between 100 and 

150 GeV. The computed electron yield 

is shown in Fig. 3 together with the 

computed TI/e ratio. The TI/e ratio 

can be further reduced by going to a 

finite TI 0 production angle at some 

loss in electron intensity. 

NAL is now proceeding with the 

construction of such a beam, and it is 
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expected that the first stage of the beam will become operational sometime in 1974 14). 

3.5 SLAG 

As noted earlier, SLAC has a gradual improvement program implemented by replacing the 

20 MW klystrons with 30 MW klystrons. A 60 MW klystron is also under development. With a 

full complement of these tubes an energy of 35 GeV can be reached. However, since the energy 

gain in a linear accelerator is only proportional to the square root of the input power and 

furthermore the duty cycle would remain low, SLAC is pursuing another project3 ) to achieve 

both high energy and high duty cycle, albeit not at the same time. 

The layout of the project, christened a recirculating linear accelerator (RLA), is 

shown in Fig. 4. 
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Electrons injected into the present linear accelerator are accelerated up to an energy 

of 17. 5 GeV or less. Emerging from the end of the accelerator they are switched into a 

storage ring consisting of two long straight sections and two bends of 210° and 198°, res­

pectively. The total path length for each revolution is about 6900 m, corresponding to a 

revolution time of 23 ~sec. At 17.5 GeV an electron is losing a total of 125 MeV per revo­

lution, and this energy is being restored by means of two conventional accelerator sections, 

each 100 m long. 

With this device there are three possible modes of operation: 

i) The trivial one -- just use the linear accelerator. 

ii) The beam is injected into the ring and stored for about 2.8 msec -- the time between 

two RF pulses in the linac. The beam is then reinjected into the accelerator, gaining 

another 25 GeV, and emerges at the end of the accelerator with a total energy of 

42. 5 GeV. Since concurrently with this beam a new beam of electrons is being injected 

into the storage ring, the duty cycle and the average current remains as before. In 

this mode of operation, the storage ring in effect serves as an energy doubler. 

iii) In this mode of operation the electrons are again injected into the ring, but now they 

are slowly peeled off during each transit around the loop so that after 2. 8 msec all 

the electrons have been extracted from the ring. . 'I'he average current is as before; 

however, the duty cycle is now simply the ratio of the pulse length (1.6 ~sec) to the 

revolution time (23 ~sec), or roughly 7%. In this mode of operation the accelerator 

corresponds to a high-energy, high-intensity synchrotron. 

SIAC is also considering various extensions of this scheme. These options together with 

other properties of the accelerator are listed in Table 2. 

Table 2 

High-energy mode High duty cycle Accelerator 
mode only mode 

Final beam energy 42.5 46 60 17.5 25 25 35 (GeV) 

Recirculating beam 17.5 21 25 17.5 25 - -energy (GeV) 

Repetition rate 360 360 180 4 X 104 4 X 104 360 180 (pps) 

Duty cycle (%) 0.06 0.06 0.03 7 7 0.06 0.03 

Average beam 
current (in units 
of 1013 e/sec) 

3.6 3.6 1.8 3.6 3.6 28 14 

One might also mention that with an RF system as ambitious as the one proposed for the 

Cornell machine, stored energies of the order of 35 GeV can be reached. This ties up nicely 

with the fact that with a full complement of 60 MW klystrons, the energy gained for a single 

pass through the linear accelerator is also 35 GeV. 
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A proposal has been submitted to the Atomic Energy Connnission, and SIAC is hoping for 

a favourable decision this year. The construction time is estimated to be about 3 years. 

In comparing the electron fluxes at an electron accelerator with those that will be 

available in secondary electron and photon beams (at NAL and CERN SPS), it is clear that 

there is a factor of roughly 10 5 in favour of the electron accelerators. Of course this 

factor renders these accelerators highly advantageous in the case of single-arm experiments 

such as e + p ~ e 1 + X, or for certain classes of simple coincidence experiments such as 

e + p ~ e' + n + rr+. However, even for such experiments, we should bear in mind that the 

highest energies can only be reached in secondary beams, and that the rates are sufficiently 

high with these beams to exploit a large kinematic region. In experiments where a compli­

cated final state must be measured, the situation is much more favourable for secondary 

beams. At electron machines the maximum current which has been used so far in large solid­

angle experiments is of the order of 5 x 10 6 e-/sec. The fluxes which will be available at 

CERN SPS and NAL -- in particular with 11 beams -- are higher than these numbers. This , 

together with the good duty cycle at NAL and CERN SPS, will make these accelerators very 

competitive indeed for experiments involving a large solid-~le apparatus. 

4. PHYSICS 

4.1 Photoproduction 

Perhaps the most important feature to emerge from the study of the photoproduction 

reactions 15) is the remarkable similarity between these reactions and purely hadronic re­

actions. This finding has been expressed formally in the vector-meson dominance model QrDM). 
In this model the purely electromagnetic interaction of a photon is assumed to be proportion­

al to the sum of the strong interactions of 1- states (p, w, ~ ••.• ). This implies that a 

photon beam can be looked upon as a beam of strongly interacting bosons, and that all the 

theories which have been developed for pure hadronic interactions can now be applied and 

tested with photons. Furthermore, since the photon has helicities of ±1, several crucial 

experiments which are difficult to do with an incident pion beam can be done with relative 

ease using a photon beam. Although these similarities between photons and hadrons have been 

exploited very successfully over the past few years, one should keep in mind that the photon 

might possess some special properties and that these might show up more clearly at high 

energies. In fact one major motivation for doing photon physics at high energies is just to 

search for such effects. 

In the next part of the talk I would like to discuss some typical photoproduction ex­

periments to remind you of both the physics interest and the problems one might encounter 

when extending these experiments to higher energies. The experiments to be discussed are 

the following: 

1) Total photoabsorption cross-section on hydrogen and deuterium 

2) Total photoabsorption cross-section on complex nuclei 

3) Elastic Compton scattering 

4) Production of p, w, ~ and a search for heavy vector mesons 

5) Photoproduction of pseudoscalar mesons 

6) Inelastic Compton scattering 
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In discussing these rates we will assume a tagged photon beam with 105 photons/sec incident 
on a liquid-hydrogen target 1 m long. 

4.1.1 Total photoabso!Ption aPoss-seation 
on hydrogen and deutePium 

The total photoabsorption cross-section has now been measured15 ' 16 ) from close to 

threshold up to 18 GeV. The energy dependence of the cross-section was found to be well 
represented by the form a+ b(v)- 1~ as expected from a simple Regge theory and also observed 

in purely hadronic interactions at these energies (v is the laboratory energy of the incident 

photon). Also, the difference between the proton and neutron total cross-sections seems to 

disappear with increasing energy as (v)-~. Using these data as input to dispersion rela­

tions, Damashek and Gilman17 ) have evaluated the real part of the forward Compton amplitude. 

These computations all indicate the presence of a constant term in the real part of the 

amplitude. In Regge theory this could correspond to a fixed J = 0 pole if a(t) = 0. Such 

a fixed pole is in principle allowed in electromagnetic interactions, although forbidden for 

purely hadronic amplitudes. The presence of a fixed pole would violate a strict VDM and 

demonstrate that a photon is indeed different from a hadron. However, the existence of a 

constant real part in the forward Compton amplitude is crucially dependent on the assumption 

that crT= a+ b • (v)-Yz, and that the amplitude behaves like a simple Regge amplitude at 

high energies. It should be noted that the energy dependence of the total cross-sections 
measured at Serpukhov18 ) is no longer consistent with a+ b • (v)-Y2. A measurement of the 

total photoabsorption cross-section is therefore important, both as a test of the Regge 

models, and as an input to the dispersion relations. Experimentally there should be no 
problems in performing the measurement at any of the proposed facilities. With the standard 

conditions and assuming a cross-section of 100 ~b, the data rate will be of the order of 
40 events/sec, i.e. a measurement with high statistical accuracy will be possible both at 

NAL and CERN SPS up to very high energies. 

4.1.2 Total photoabso!Ption aPoss-seation 
on ao~lex nualei 

The measurement of the total photoabsorption cross-section on complex nuclei provides 

us with a paradox which can be nicely resolved assuming the photon to behave like a hadron. 

The problem is as follows. The total photoabsorption cross-section is of the order of 

100 ~b, which implies a mean free length of a photon in nuclear matter of several hundred 

fermi. The total photoabsorption cross-section should thus be the sum of the cross-sections 

on the individual nucleons: i.e. crT(y,A) ~A crT(y,N). Experimentally15 ' 19 ) we find that 

crT(y,A) <A crT(y,N), i.e. some unexpected shadowing occurs. A very lucid explanation of 
this phenomena has been given by Gribov20 ) and can be sketched as follows: 

The photon can dissociate into virtual 1- 1 states such as the p, w, ~. KK, pP, ... as 

indicated in Fig. 5. This virtual state violates energy conservation by an amount ~ = 

= (m2/2v), i.e. the lifetime, and hence the distance this state can travel before decaying 

back into a photon is 2, "' (liE) - 1 = 2v/m2 • Now if this distance 2, is greater than the mean 

free length of this particle in nuclear matter, then the hadron will be absorbed and the 

photon will have disappeared. At large energies the photon will be able to travel as large 

a distance as will a hadron, and we should thus expect to find a total cross-section pro­
portional to A~3 as observed in hadrons on nuclei. Experimentally19) a cross-section pro­

portional to A0 " 9 is found. Such a discrepancy could, for example, be understood if the 
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photon couples to a heavy vector meson (or the continuum), or to a relatively light vector 

meson with a small total cross-section. The difference could also of course indicate a 

large breakdown of the VDM. To settle these questions, data at higher energies are needed. 

Since the purely electromagnetic background increases strongly with A, these measurements 

are much more difficult than the measurements on hydrogen. For example, using lead as a 

target the electromagnetic background is roughly three orders of magnitude larger than the 

total photoabsorption cross-section. However, since such an experiment was successfully 

completed at SLAC in spite of the poor duty cycle, it should presumably be rather straight­

forward to extend the experiment to higher energies at Cornell, CERN SPS, or NAL. 

4.1.3 Compton saattering 

The cross-section for the reaction yp + yp has been measured15 ' 21 ) for photon energies 

up to 19 GeV and for values of the momentum transfer tout to It[ ~ 1.2 (GeV/c) 2 • Also, 

this process has an s- and t-dependence as observed in hadronic elastic scattering processes, 

i.e. a slowly decreasing forward cross-section with increasing energy and a t-dependence of 

the form eAt. Now what can be learned from this reaction at higher energies? 

i) A comparison between the total photoabsorption cross-section and the forward Compton 
I 

cross-section at t = 0 is very important as a check on the forward dispersion relation. 

Such tests are rather interesting in the case of photons, since here additional terms 22 ) 

of the form a • A2 + ••• , which must be absent in TIN scattering, can in principle be 

added to the real part of the diffractive amplitude. 

ii) The result of this experiment is particularly useful within the context of the vector­

meson dominance model. In this model the Compton cross-section is directly related to 

the cross-section for photoproduction of vector mesons as indicated in Fig. 6 • 

Fig. 6 
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iii) Brodsky, Close and Gtm.ion 23 ) have extended the parton model, nonnally used for large 

q2 processes, to q 2 = 0. They find that a gauge-invariant treatment of the parton 

model leads to a constant in the real part of the Compton arnpli tude. Some predictions 

of this model are: 

a) the Compton amplitude will become predominantly real at large values of t; 

b) s-channel helicity conservation will break down at large values of t -- this will 

result in a positive asynunetry A= (cr.l - cr 11 )/(cr.L + cr 11 ) in experiments with linearly 

polarized photons; 

c) Compton scattering should have a more gentle fall-off with t than p production. 

Now how far can the experiment be extended on to higher energies? The main difficulty 

at lower energies is to separate Compton scattering from the IIIUch more abtm.dant single 1T 0 

production. At high energies, however, this should be no problem, and the maxiiillBil energy 

reached will probably be limited by the absolute cotm.ting rate rather than by the backgrotm.d. 

For the rate estimate let us assume the standard conditions and a cross-section of 

Let us further make the assumption that the cp acceptance is 21T. Since the recoil proton 

must be detected in coincidence with the scattered photon, both to determine the t-value and 

to reject the backgrOtm.d, this is a very optimistic assumption. However, with this assump­

tion and our standard conditions, we have 4.5 events/hour for ltl ~ 0.5 GeV2 • 

At SLAC it should be possible to extend the data out to a t-value of roughly 1.5 (GeV/c) 2 

at high energies. 

4.1.4 

I 
Since the vector mesons have the same quantum numbers as those of the photon, one would 

expect, on general grotm.ds, that the process y + p + V + p is mainly diffractive at higher 

energies. This is indicated in Fig. 7. Therefore photoproduction of vector mesons offers 

a tm.ique opporttm.ity of studying the elastic scattering of vector mesons on nucleons. 

Using a linearly polarized photon beam and measuring the angular distribution of the 

decay products, important quantities such as the ratio of natural to tm.natural parity 

fyN-VN c.t 9yV • fvN -VN + 

Fig. 7 
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exchange (t-channel) or the amount of helicity conservation can be directly determined. The 
~ photoproduction further offers a unique opportunity of determining2 ~) the properties of 

the Pomeron without any interference from lower trajectories. That ~p elastic scattering 

can only proceed by Pomeron exchange follows directly from the quark model with the ~ made 
up of two strange quarks, and is supported by experimental evidence showing the ~ to be 

remarkably decoupled from non-strange hadrons. 

The counting rates evaluated for the standard conditions and assuming a ~ acceptance of 

Zrr (too optimistic since we have to detect the proton) are listed in Table 3 for ltl ~ 

~ 0.1 (GeV/c) 2 (lower limit on t if the proton must be measured) and for ltl ~ 1.0 (GeV/c) 2 • 

The cross-section for p photoproduction was assumed to be 

The yield of w's was taken to be 1/9 of the p yield, and the cross-section for ~ production 
was set equal to 

Table 3 

ltl ~ 0.1 GeV2 I t I ~ 1. 0 GeV2 

y+p+p;p 'U 11000 counts/hr -u 20 counts/hr 

y+p+w+p 'U 1200 counts/hr 'U 2 counts/hr 

y+p+~+p 'U 400 counts/hr 'U 8 counts/hr 

It is also advantageous to search for new vector mesons using a high-energy photon 

beam. The reason for this is twofold: since the 1- states are diffractively produced they 

will become increasingly prominent at higher energies. Furthermore, the mininrum momentum 

transfer squared to the nucleon tmin = (m2 /2k) 2 , needed in order to produce a state with 

the mass m, will become very small even for very massive states. However, despite these 

advantages, my own personal prejudice is that these states will be more easily found in 
~+e- colliding beams. 

4.1.5 Photop~oduation of pseudosaaZar mesons 

The measurements on photoproduction of pseudoscalar mesons 15) have been very important 

for present-day electron accelerators. Owing to the high photon fluxes available (equivalent 

of about 1010 pions/sec), and the use of polarized beams and polarized targets, these reac­
tions have provided crucial tests of various models. 

However, the experiments found that the cross-sections are decreasing with increasing 

energy roughly proportional to l/k2 , leading to very low cross-sections at high energies. 

For example, with 10 5 photons/sec at 100 GeV incident on a hydrogen target 1 m in length, 

the total rate for the reaction y + p + rr+ + n would be roughly 3 events/hr. The rates for 



138 Electron, Muon, and Photon Physics 

the other reactions are similar. These are rather low rates and, with the exception of 

survey-type experiments, my guess is that the photoproduction of pions and kaons will remain 

the domain of SLAC and Cornell. 

An amusing example of a certain type of reaction which it might be possible to measure 

at high energies is y + p + B + p. This process. seems to be predominantly diffractive15) 

at lower energies. Since the B has the quantum ntmtbers 1 +, this is only possible if the 

photon and the Pomeron couple in a relative p-state. Assuming the cross-section to be in­

dependent of energy, we would expect about 800 eventsjhr for I t I 2: 0 .1 GeV2 • The search for 

other such diffractive states should become easier at high energies. 

4.1.6 IneZastia Compton soattering 

A reaction which has some bearing on the question of possible substructure within the 

proton is inelastic Compton scattering: y + p + y' + "anything". This process has been 

evaluated within the parton model by Bjorken and Paschos25 ) using the graphs as shown below 

in Fig. 8. They find this reaction to be closely related to deep inelastic electron-nucleon 

scattering: 

Here Q~ is the nth power of the charge of the constituents (partons) averaged over the con­

stituents. For example, for three quarks in a sea of quark-antiquark pairs this ratio is 

bounded: 

N N 

Fig. 8 

Hence in principle this experiment can give some information on the charge of the constitu­

ents. The experimental problems are obvious; to be sure that the measured photons are from 

the diagrams shown above, large values of transverse momenta with correspondingly small 

cross-section are required. This can be partially offset by the fact that a good energy 

definition of the photon is not needed, i.e. we should be able to increase the photon fluxes 

considerably by using a thick radiator. Furthermore, the background due to photons from 

TI 0 decay tend to bury the contribution from inelastic ComptOn scattering. At high energies, 

however, the situation becomes nruch more advantageous. The inelastic Compton cross-section 
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will decrease slowly with t (the photon scatter off point-like particles), whereas TI 0 produc­

tion should have a more rapid decrease with increasing values of t. Of course it is likely 

that the TI 0 spectrum has a smaller slope at large values of t, so that a substantial back­

grotmd will remain even at high energies. However, the good duty cycle at CERN SPS and NAL 

will make it possible to measure the TI 0 spectrum concurrently with the measurement of the 

Compton process. The backgrotmd from TI 0 decays can be avoided by demanding the scattered 

photon to be off the mass shell and to decay into~ pairs 2 ~). Experimentally a~ pair of 

low invariant mass but large angles must be measured25 ' 26 ). The problem here is the low 

cotmting rate and the contamination due to the Bethe-Heitler process. 

In addition to the more obvious photoproduction experiments discussed here, there is 

also a large class of more speculative experiments. As examples, let me just mention the 

propo?ed27 ) search for heavy leptons and intermediate bosons in a pair production experiment, 

or a measurement of ~ pairs with large invariant masses as a test of parton models 28 ). It is 

therefore clear that a high-energy secondary photon beam at CERN SPS would be a very valuable 

tool. 

4.1.6 Inelastia eleatron saattering 

The results of the SLAC-MIT Collaboration29 ) on deep inelastic electron-nucleon scat­
tering have received much attention15 ) over the past few years. The kinematics of this in­

clusive reaction is defined in the one-photon approximation in Fig. 9. The properties of 

the virtual photon (mass q2 , energy v, and polarization E) are all determined by the electron 

kinematics, as shown in the figure, and can therefore be varied continuously in a well­

defined manner. 

e 

p 

Mass: lq21 = l(e -e')2f= 4 EE' sin2 0/2 

Energy: v = (e -e')0 = E- E' 

Polarization : E = -----=--1!.___---,-----::-
1 + 2tg2 9/2 (1-v2Jq2) 

Fig. 9 

In this type of inclusive experiment, where only the scattered electron is detected, 

the quantity measured is the total absorption cross-section for a "virtual" photon with mass 

q2 on a nucleon. In the case of an tmpolarized electron beam scattered on an unpolarized 
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nucleon, this total cross-section can be written in terms of two unknown structure functions 

W1(v,q2 ) and W2 (v,q2 ) as: 

Roughly speaking, at small scattering angles W2 (v,q2 ) is measured, at large scattering angles 

W1(v,q2 ). 

The SLAC-MIT Collaboration has collected data in the kinematical region shown in 
Fig. 10. To separate W1 (v,q2 ) and W2 (v,q2), measurements at fixed v and q2 but for different 
angles of the scattered electron are needed. The kinematical region, where this has been 

done is shown as the hatched part in Fig. 10. 

The main results of these measurements can be summarized as follows: 

i) The measured cross-section in the deep inelastic region is large and decreases only 

slowly with q2 • In fact the cross-section for fixed q2 integrated over v gives a 
result which is of the same order of magnitude as the point (Mott) cross-section 

(Fig. 11). 
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ii) W1 (v,q2 ) and W2 (v,q2 ) shows scaling, i.e. for fixed w = ZMV/q2 the structure functions 
are independent of q2 • The threshold for scaling is at surprisingly low values of q2 

and W, i.e. q2 ~ 1 (GeV/c) 2 , W ~ 2.6 GeV (Fig. 12). 

iii) W~(v,q2 ) r ~(v,q2 ), i.e. the structure function has a non-diffractive component, at 
least for w $ 10 (Fig. 13). 

These features were predicted on general grounds prior to the experiments by Bjorken30 ) 

iP. the so-called scaling limit, i.e. q2 + oo, v + oo, but w = ZMV/q2 finite. Feynman31 ) then 

showed that a natural explanation of scaling could be given in terms of point-like objects 
within the proton. This, of course, is a very exciting possibility, although more mundane 
explanations of the data are certainly also possible. One of the surprises of these data 
is the early onset of scaling. The crucial question is, then, Is the scaling observed at 
present energies an accident or not? This question of course can only be decided by extend­

ing the experiments to higher energies. 
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The kinematical region which will become available at the new accelerators is shown in 
Fig. 14 for incident electron energ1es of 40 GeV (SLAC I, Cornell), 60 GeV (SLAC II), and 
for 200 GeV (CERN SPS, NAL). All the present data lie in the hatched region. 

It is clear that in principle these new accelerators allow us to extend the measurement~ 
substantially both in q2 and in W2 • To see which part of the kinematical region can be ex­
ploited experimentally, we have evaluated the cot.mting rates assuming a ratio between the 
longitudinal and the transverse cross-section a1/aT of 0.2. We further assume scaling, and 
for vW2 (v,q2 ) the form suggested by Bloom and Gilman32 ) was used. 

In Fig. 15 the cot.mting rates, using one of the three SLAC spectrometers, is shown. 
As incident energy 60 GeVwas chosen with 1.8 x 1013 electrons/sec incident on a target 
15 an long. In this figure is plotted the cot.mting rate per hour at the corresponding value 
of q2 and W2 • It is clear that the experiments will be able to cover most of the available 

kinematical region. 
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The counting rate per hour in a bin Av = 5 GeV, Aq2 = 1 (GeV/c) 2 is evaluated for 
I 

CERN SPS or NAL conditions. For this estimate an electron beam with an energy of 200 GeV 
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and a flux of 10 7 electrons/sec incident on a hydrogen target 30 an long was used. The 

rates are plotted in Fig. 16 asstuning the acceptance in cp to be 2n. The kinematical bound­
ary of a detector with a total opening angle of 200 mrad (An ~ 30 sr) is also indicated in 
Fig. 16. Since such a detector covers most of the available kinematic area, it is probably 
not unreasonable to assume that a rate as low as 0.1 count/hr in dv • dq2 = 5 GeV (GeV/c) 2 

is acceptable. In this case, measurements for q2 ~ 60 GeV2 will be possible. The range in 
q2 is therefore roughly the same as at SLAC, but the range in v is substantially larger. 

Now what are the things we want to look for? 

i) Since the measurements are being extended into a new region in q2 and W2, one must first 
make sure that the one-photon approximation is still valid. This can be done by plot­
ting the cross-section for fixed q2 and W2 against tg2 8/2 -- deviations from a straight 
line will indicate a breakdown of the one-photon approximation. A more sensitive test, 
however, might come from comparing the e + and e- rates (real part of the two-photon 

amplitude) or from a measurement of the asymmetry from a polarized target (imaginary 

part of the two-photon amplitude). 

ii) Assuming the one-photon amplitude to dominate, then W1(v,q2) and W2(v,q2) should be 

determined for protons and for neutrons over as large a kinematic region as possible. 
This will hopefully decide the question whether the scaling observed at low v and q2 

is an accident or not. It is also important to determine the non-diffractive part of 
the amplitude. Does it scale as required by the quark models? or does it disappear 

as permitted by various Regge models? 
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Assume that W1 (v,q2 ) and W2 (v,q2 ) both obey scaling. Must we then conclude that there 
are point-like objects within the nucleon? Scaling can be derived from several models based 

on quite different physical mechanisms. However, none of these models predicts the func­

tional form of the structure functions reliably, and therefore a measurement of W1 (v,q2 ) 

and W2 (v,q2 ) will probably not be able to distinguish between the various models. Additional 

information can be gained either by measuring the properties of the produced hadron states 

or by doing experiments with polarized beams on a polarized target. 

Now what do we measure 33 ) in 

the case of a polarized electron 

scattering on a polarized nucleon? 

In the one-photon approximation 

there are two asymmetries, defined 

in Fig. 17, which can be measured. 
In both cases the nucleon is polar­

ized in the scattering plane. In 

the one-photon approximation, the 

asymmetry with the proton polarized 

normal to the scattering plane will 

disappear. These asymmetries can 

be expressed in terms of two new 

l:J.n 

\ 
\ 
\ 

d~(N) - dO"(tf) 
dO" (U) + dO (tl) 

l:J.J.= dO(f-)-dO"(!-) 
dO"(t-)+ dO(f-) 

Fig. 17 

structure functions G1 (v,q2 ) and G2 (v,q2). The predictions for these quantities have been 
taken from a paper by Walsh and Zerwas 34 ) and are listed in Table 4. 

As mentioned earlier, polarized lepton beams are under development both at SLAC and at 

DESY. However, let me digress for a moment and speak about the feasibility of doing such 
experiments at NAL or CERN SPS using a polarized ll beam. Since the muons originate from the 

decay TI + ll + v it is possible to produce a polarized ll beam by momentum selection of the 
pions and the muons. The expected fluxes 35 ) in such a beam are of the order of 5 x 10 7 muons 

per sec at 100 GeV within a beam spot 4 x 4 cm2 and with a polarization of 80%. Assuming a 

butanol target 8 em long, cooled down to liquid 3He temperatures, the target polarization 

per nucleon would be about 8%. 

Table 4 

Light cone algebra Quark-parton model Resonance model 

proton "' dfcw) +1/2(1 -1)3 Gf(w) ::: 0 
Jdw[Gp-Gn]=fA 

'V w - w 

G1 (w) 
neutron w2 I I 6 

G~(w) = 0 G~(w) ::: 0 
I 

G~(w) [l-12 l-12 (w - 1) J proton = 0 Gp,n(w) -v F(w) ~ - 3~ 
"' 2 2 ( r) 

G2(w) J dw Gp,n(w) = 0 
1+ 2 w-l 

w2 2 n w(w - 1) 3 
neutron G2 (w) = 0 F(w) <v 

[w - 1 + (r/2)] 4 
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The total ~ cross-section, integrated for 6 between 10 mrad and 100 mrad and for v 
between 3 GeV and 60 GeV, can be written as 

a "' a = 41T ln (vmax) {-1-- 621 } = 0.26 ~b • ~N ~p E2 v . 62. mn mrn max 
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This integration was done with the assumption that vW2 (v,q2 ) =constant= 1/3 and W1 (v,q2 ) = 0. 

With the assumptions listed above, 2 x 105 counts/hr would be collected in such a detector. 

Since D. 11 is estimated33 ) to be of the order of 20% over a large region in q2 and W2 , the 

expected experimental asymmetry will be of the order of 1% (beam polarization x target polar­

ization x expected asymmetry= 0.8 x 0.08 x 0.2 = 0.013). It therefore seems possible to 

determine D. 11 using a well-optimized ~ beam at NAL and CERN SPS. 

Another possibility of learning more about the physical reasons behind scaling is to 

measure the properties of the final hadron state. At low values of q2 it might be possible 

to measure certain two-body channels such as p production or single-pion production. How­

ever, at large values for q2 and v, the number of available exclusive channels will become 

very large, i.e. the cross-section for each individual channel will become very small. It 

therefore seems more appropriate to concentrate on a measurement of the gross properties of 

the final state. For example, in the region where the minimum momentum transfer squared to 
the nucleon t . = [(q2 + m2 )/2v]2 is small, one might expect the process to have a large dif-mrn 
fractive component. In this case there might be a leading particle effect, i.e. some frac-

tion of the events the particles in the projectile fragmentation region will have the 

quantum number of a photon. We would also expect that particles in the projectile region 

should depend on the properties of the projectile (for example, the pi distribution of the 

hadrons in this region might become flatter with increasing values of q2 ). By the same 

token we would expect particles in the target fragmentation region to be independent of the 

properties of the photon, i.e. independent of q2 • 

In the kinematic region where tmin is large, we must by definition be dealing with a 

central collision. One might then ask if the energy transferred to the nucleon is divided 

on a small number of loosely bound objects or on a large number of objects that are tightly 

bound. In the first case one might expect to see a non-isotropic distribution of the had­

rons in the centre-of-mass frame of the hadrons, whereas in the second case a more isotropic 

distribution would seem likely. In the case of a parton model, we might be able to learn 

something about the nature of the partons by studying the final state. 

The measurements to be done are: 

i) distribution in rapidity and transverse momenta as a function of q2 and v; 

ii) multiplicities as a function of q2 and v; 

iii) particle ratios as a function of q2 and v. 

The long spill available at NAL and CERN SPS makes these accelerators well suited for 
this kind of experiment. 

I think it is clear that electron and photon physics is a rich field which should be 
rigorously exploited. I think it is also clear that CERN SPS will, for the foreseeable 

future, provide us with the only facility in Europe where this kind of physics can be pur­

sued. It therefore seems reasonable to have both an electron-:photon and muon beam available 
at the earliest possible date at CE&~ SPS. 
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Many physicists have occupied themselves for many years with a search for differences 
between the electron and the nruon. They have searched in vain, and by now we have becane 
so accustomed to the similarity between these two particles that we are discussing which 
one to use as the electromagnetic probe of hadronic matter. 

In Section 2 we occupy ourselves with this choice in terms of deep inelastic scatter­
ing, and then add some observations taking into account the boundary conditions that the 
proposed experimental facilities will impose. 

Meanwhile, the muon-electron puzzle still remains, and Section 3 is devoted to an 
examination of the possibilities of its resolution at the new proton synchrotron. 

Finally we list what seems to us to be the best ways of exploiting lepton beams at 
CERN Laboratory II. 

2. LEPTON-PROTON INELASTIC SCATTERING 

2.1 General considerations 

We believe that one of the most interesting experiments to be done with a charged 
lepton beam at the 300 GeV Proton Synchrotron will be to establish if the scale invariance, 
predicted by Bjorken1 ) and discovered experimentally in inelastic electron scattering at 
SLAC2 ), will hold as one proceeds to even higher four-momentum transfer q2 and higher energy 
losses v, or if one enters a new region of physics with, eventually, its own characteristic 
scaling3 ). 

One would like to know if scale invariance holds in the individual reaction channels, 
and what the multiplicity and transverse momentum distributions look like as functions of 
q2 and v, in order. to provide more stringent tests for the various theoretical models~). 

One would also like to examine the inelastic nucleon structure functions for both the 
proton and the neutron, particularly as recent SLAC measurements of the cross-section in 
hydrogen and deuterium targets have shown considerable differences 5). 

Finally, one would like to search for polarization effects in deep inelastic scattering 
and test if the spin-dependent structure functions also obey scaling. If scaling does hold, 
perhaps same attempt can be made to differentiate between the various predictions of light 
cone algebra, resonance, and quark-parton models6). 

Although the muon remains a mystery and should be studied in its own right, we are now 
entering an era in which the highest energy beams of both muons and electrons have to be 
derived from protons, and so for the first time we have more muons than electrons. It is 

*) Permanent address: Department of Physics, University of Sheffield, United Kingdom. 
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therefore natural to ask ourselves if a charged lepton-proton deep inelastic scattering 
experiment must be designed using an electron or a muon beam. We will attempt to answer 

this question by comparing these two possibilities in some detail before proceeding to dis­

cuss other experiments. 

2.2 Kinematics 

The diagram representing one-photon exchange in inelastic lepton-proton scattering is 

shown in Fig. 1. The kinematic quantities p0 , Eo are the laboratory momentlll!l and energy of 

the incident lepton; p1 , E' are the laboratory momentlllll 

and energy of the scattered lepton; q is the laboratory 

Fig. 1 Kinematical quant1t1es 
for inelastic lepton­
proton scattering 
(one-photon exchange). 

four-momentum of the virtual photon; m£ is the lepton 

mass, liJ> the proton mass; and M* is the invariant mass 

of the total hadronic system produced in the interaction. 

The invariant q2 is given by 

q2 = 4 Eo E' sin2 (8/2) , 

where 8 is the scattering angle in the laboratory frame. 

(We have asslll!led the condition Eo >> m£ and set m£ = 0.) 

The laboratory energy of the virtual photon is 

given by 

v = Eo - E' 

and the total invariant mass of the final hadronic system by 

M*2 = m2 + 2m v - I q2J • 
p p 

Thus the choice of v and q2 detennines M*. 

The double differential scattering cross-section is written in the standard form as 

Generally the W's are functions of q2 and v. However, scale invariance requires that 

as v and q2 become large enough (Bjorken limit), W1 and vW2 depend only upon a single dimen­

sionless variable w = (2mpv)/Jq2J. As is well known, W1 is proportional to the cross­
section for virtual photons with transverse polarization, while W2 is proportional to the 

sum of the cross-sections for both transverse and longitudinal polarization. Thus a sepa­

ration of W1 and W2 is equivalent to a separation of these two cross-sections, and measure­

ments at small q2 permit the evaluation of crtot(yp) for real photons by extrapolation. To 
achieve this separation, one has to make measurements over an angular range which is suffi­
cient to make use of the cot2 (8/2) coefficient of W2• 

It should be remembered that all the analysis of deep inelastic scattering has been 

based on the assumption of one-photon exchange. Although no calculation of the two-photon 

contribution has been made, it is believed to be at the level of one or two per cent7). 
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The calculations are far from simple; therefore one does not know the energy dependence of 
this higher-order contribution. It will be of interest to answer this query at high ener­
gies by, for example, comparing the deep inelastic cross-sections of leptons and antileptons 

on protons. 

2.3 Comparison of experimental rates 

In calculating the rates for experiments which as yet are not designed, it is necessary 
to make a number of simplifying assumptions. We started with nruon and electron beams, which 
seem to be representative of what can be achieved. The electron beam is that described by 
the Stanford Group 8 ) (Hofstadter et al.) in the NAL proposal No. 164, and the nruon beam is 
the one proposed by Aitken, Clifft and Gabathuler9 ) in the ECFA Study Report. Both beams 
are more suitable for experiments in the North Area, and the relevant details are set out 

in Table 1. 

Table 1 

Lepton beams 

Energy (GeV) Intensity The proton beam has an intensity of 3 x 1012 ppp. 
The electron beam has Ap/p ~ 2.5%, an area at the 

Proton Lepton Electron Muon hydrogen target of 2.5 x 12.5 mm2 , and an over-
all length of about 300 m. 
The muon beam has Ap/p ~ 4%, an area at the hydro-

200 100 1.8 X 106 7 X 107 gen target of 50 x 100 mm2 , and an over-all length 
of about 1000 m. 

400 100 6 X 10 7 2 X 10 8 For the calculation of experimental rates a repe-

400 200 1.2 X 10 7 9 X 10 7 
tition frequency of 15 p/min.is assumed for 200 GeV 
protons whilst for 400 GeV protons 8 p/min is taken. 
These rates are achieved with about 0.7 sec flat top. 

Figure 2 indicates the relationship between the scattering angle and the variables q2 

and v for incident lepton energies of 100 and 200 GeV. We have asswned that detectors can 
be built to cover all orientations of the scattering plane, although here there may be some 
difficulty with the Nai crystal electrons-shower counters. We have also assumed that the 
detectors which have to be placed in the muon beam can handle the rates indicated. 

To accommodate the radiative corrections, the liquid-hydrogen target is 25 em long in 
the electron experiment and 100 em in the nruon experiment. 

The rates at which particles are scattered into bins measuring ~q2 [= 1 (GeV/c) 2 ] by 
Av (= 1 GeV) have been calculated with the following approximate cross-section formula: 

where in addition to the usual condition that Eo >> mi, it is assumed that W2 cos2 (6/2) 

= W2 >> W1 sin2 (6/2), and, for purposes of calculation, that vW2 = 0.3. 

The results of the calculation are shown in Fig. 3, where limiting curves are drawn 
for the six beams of Table 1. At these limiting curves the rate into the above-defined bin 
is one per hour. This bin size has been chosen merely for our convenience, and clearly the 
actual rate limit for a given experiment will depend upon its design. 
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From these curves we conclude that: 

i) the muon beam will give access to a much larger area of the (q2 ,v) plane than will the 

electron beam; 

ii) in order to appreciably extend the kinematical region at present covered by electron­

proton scattering, it would be necessary to derive the 100 GeV electron beam from 

400 GeV protons; 

iii) a 100 GeVmuon beam from 200 GeV protons would considerably extend the region at 

present covered by the SLAC electron experiments. 

For comparison, the areas to be explored with electrons from the proposed Stanford 

Recirculating Linear Accelerator are shown in Fig. 4 10). In this case the rates are higher 

than those we have been discussing, the limit being equivalent to some 20 counts per hour 

into our bin size. A cut-off at this level has been found necessary at SLAC10 ) in order to 

make radiative and other corrections, and the order of magnitude difference between the two 

lower limits has been considered reasonable in the light of the differences in duty cycle 

between the two machines and the fact that, as will be indicated below, we are really com­

paring electrons with muons for which the radiative corrections are generally smaller. 

From this comparison one is forced to conclude 
that even the 100 GeV electron beam from 

400 GeV protons would add very little to this 

proposed kinematic region. Some improvement 

is obtained with 100 GeVmuons from 200 GeV 

protons, but the strongest case is for a 

50 

400 GeV proton machine from which one would 40 

use 200 GeVmuons. 

2.4 Radiative corrections 

The measured deep inelastic cross-section 

includes contributions from many high-order 

electromagnetic processes which represent an 

unwanted background. Theoretical analysis 

deals with one-photon exchange, and the 

experimental data are reduced to the cross­
section for this process by a series of radia­

tive corrections. The program for this reduc­

tion has been formulated in a detailed 

fashion11 ), and here we recall only the out­

line, referring to the graphs of Fig. 5 where 

necessary. 

Firstly, the measured cross-sections are 

corrected for the straggling of the particles 

in passing through the target both before and 

after scattering. This straggling is largely 

due to external bremsstrahlung, as energy loss 

by ionization is negligible in comparison. 

30 50 GeV electronbeam 
/o.os% duty cycle 

50 

20 GeV electronbeam 

7% duty cycle 

150 
v GeV 

Fig. 4 Kinematical regions to be ex­
plored by the proposed Stanford 
Recirculating Linear Accelerator 
(Ref. 10). 
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This process is proportional to the square of the target thickness. Muon bremmstrahlung in 

the target is reduced by a factor (me/mu) 2 compared with electrons. 

Secondly, the cross-sections are corrected for internal bremsstrahlung; that is, emis­

sion in the same nuclear field as that of the scattering. This effect is proportional to 

target thickness and is roughly the same as that given by two radiators, one placed before 

the scattering and the other after, and each of thickness 11 ) given by 

radiation lengths 

Thus with a target of 2tr radiation lengths, the effects of straggling and internal brems­

strahlung on electrons are about the same. (This correction is represented by M7 and MS in 

Fig. 5.) The muon electron ratio for this equivalent thickness is about 0.3 at a q2 of 

1 (GeV/c) 2 and 0.5 at a q2 of 100 (GeV/c) 2 • 

A third correction is that originally cal-
12) 

culated by Schwinger ; it contains vertex 

(M5) and photon propagator (M4) modifications 

together with some soft photon parts of diagrams 

M7 to MlO. 

Finally, the radiative tail for elastic 

scattering is subtracted from the cross-section. 

For lepton-proton scattering at energies of 

several GeV, only the elastic peak requires 
special treatment while the resonance region 

can be treated in the same way as the continuum. 

The fully corrected cross-sections are then 

used to make the structure function separation 

and theoretical comparison. 

The radiative corrections depend upon the 

experimental configuration, and it should be 

emphasized that experiments must be planned such 

that these calculations can be performed in a 

reliable manner. 

Drees and Leenen13 ) have recently calculated 

the radiative corrections for inelastic electron 

H H H 
M1 M2 M3 

H H H~ 
M4 M5 M6 

~t-1 
M7 M8 

H( HV 
M9 M10 

Fig. 5 Radiative corrections to 
lepton-proton scattering 
(after Ref. 19). 

and muon scattering off protons, assuming that only the scattered lepton is detected. 

Analogous calculations have been done by Hofstadter and collaborators 8 ). Figure 6 is taken 

from the work of Drees and Leenen and shows the ratio (d2cr/dndE') d /d2 cr/dndE')m s non-ra • ea . 
for e-p and ].1-p scattering at a primary energy of 100 GeV. From this work one can see that 

over a large range the corrections for lffilon scattering are much less than those for electron 
scattering. However, taking a 30% correction as the l:imit of what is acceptable, one sees 

that in going from electrons to lffilons the range of M* which can be explored is only extended 

from about 11 to 12 GeV. For 200 GeV primary energy these authors indicate that, for the 

same limits of 30% correction, the gain is only from 16 to 17 GeV. 
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In conclusion one can say that in spite of this l:imited gain in the useful kinematic 

region, the smallness of the correction for muons favours the use of this particle in deep 

inelastic scattering. 

c:: 
.2 -0 

~ ... 
0 

(.) 

CP 
> - 4 tU 

"0 
tU 

1%: 

Fig. 6 The ratio (d 2 a/dQE')meas. for e-p and ~-p scattering at a 
primary energy of 100 GeV (Ref. 13) 

2.5 Lepton and photon physics in the West Area 

An electron beam provides a method for producing real and virtual photon beams with 

which to make a detailed study of the electromagnetic interaction of y-rays with nucleons or 

nuclear matter. 

A real photon beam is produced by bremsstrahlung either in an amorphous target or in a 

crystal one. The last method, as is very well known, provides beams of almost monochromatic, 

linearly polarized photons. 

Lepton scattering can be considered in terms of the cross-section for absorption of 

virtual photons. This cross-section can be examined over a large kinematical range by vary­

ing the virtual photon mass q2 and energy v. The virtual photons are polarized in longitu­

dinal and transverse directions, and the ratio of these two polarizations (E = longitudinal 

over transverse) is given by 
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These beams, real and virtual photons, enable one to study inclusive and exclusive 

reactions. The use of polarized lepton beams on polarized targets enables one to unravel 

the various helicity amplitudes for off-mass-shell photon scattering. For example, the 
forward scattering of polarized muons provides a beam of almost real (q2 + 0) completely 
circularly polarized photons. If the target nucleons are polarized parallel and anti­

parallel to the beam direction, then one has a means of checking the Drell-Hearn-Gerasimov 
sum rule 1 "). 

Such a facility seenlS ideally suited to the West Area: in fact an electron beam of 

about 10 7 e/pulse at 80 GeV, from 200 GeV protons, has been designed15). 

The Omega spectrometer, together with the long spill of the proton machine, should 

allow a detailed study of exclusive reactions to be made. In the event of the SLAC recir­

culating program going forward, this electron-photon facility still maintains its importance 

as a means of exploring exclusive channels in inelastic scattering. 

A muon beam to the West Area would have to be of low energy (~ 20 GeV) because of the 
restriction in decay length15). With such a beam one could perform experiments on polariza­

tion effects in exclusive reactions, and marginally extend the present muon-deep inelastic 

scattering. We feel, however, that this beam could be exploited only in a limited way, 

while the electron-beam provides us with an electron-photon facility. 

3. MUON-ELECTRON UNIVERSALITY AND 
THE SEARCH FOR HEAVY LEPTONS 

In spite of the extensive similarity between the muon and the electron, these two 

particles differ in two fundamental respects: first the muon mass is about 200 times that 

of the electron mass; secondly, they have different internal quantum numbers (lepton 
numbers) which are separately conserved in all interactions. The special relationship 

between these two particles is summarized in the principle of 'muon-electron universality'. 

One can say that the muon and the electron behave in the same way in all interactions under 

the equivalence 
- + - + 

]..1 (]..1 ) ++ e (e ) 

and 

One aspect of this universality is the belief that both the muon and the electron are point­

like (Dirac) particles. In saying this, one neglects some higher-order terms in quantum 

electrodynamics which lead to effects similar to those of a non-zero dimension for these 

fermions, but in any case one does not consider that these effects represent an intrinsic 

particle size. In other words, our belief in the point-like nature of the leptons is 
related to the fact that they do not interact strongly. 

Among the tests of muon-electron universality one can mention: the equality of their 

electric charge [e].l/ee = 1 ± (1 x 10-13)] 16); the fact that the gyromagnetic ratio of the 

electron and the muon can be calculated exactly from quantum electrodynamics and the only 

differences are those attributed to their mass difference17); the equality of the cross­

sections for charged lepton-proton elastic scattering18); the fact that all high-energy 
+ - + - + - + -tests performed at colliding beams (e e + e e , e e + ]..1 ]..1 ) agree with the predictions 
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of QED; the fact that the Bethe-Heitler processes [wide-angle electron (muon) bremsstrahlung, 
electron (muon) tridents, electron (muon) pair production] follow QED17); and, finally, the 

equality of the charged lepton-proton inelastic scattering cross-sections 19 ). One of the 

advantages of this latter is that the test of muon-electron universality is extended to a 

larger kinematic region in which v and q2 can be varied independently (v > q2 /2m ). More-p 
over, if a violation of this principle involves hadrons, it would be detected more readily 

in inelastic scattering where no restrictions are placed on the nature of the final hadronic 

state. Furthermore, inelastic scattering is more sensitive to lepton form factors at higher 

values of q2 , owing to the larger cross-section compared to that for elastic scattering. 

The test carried out at electron-positron colliding beams consists of examining the 

process 

and the results have shown that the muon behaves like a heavy electron in the integrated 
time-like range of q2 from 2.56 to 4.0 (GeV/c) 2 zoa) If this result is taken in conjunction 

with that from experiments on the process 

which effectively explores the space-like region of four-momentum transfer [at present from 
-0.38 to -3.4 (GeV/c) 2 ] zob)' we see that the crossing symmetry of quantum electrodynamics is 

checked at the level of ±2%. This serves to illustrate the general point that many tests of 

~-e equivalence are also searches for breakdown in quantum electrodynamics. 

The continuation of these experiments with 3 GeV colliding beams at DESY and SPEAR will 

extend the time-like limit of the region in which ~-e universality is tested by a factor of 

6 or so, while the lepton-proton scattering experiments at CERN Lab. II could similarly 

extend the limit in the space-like region. Thus we have the possibility of comparing these 

two leptons over a very large range of both space-like and time-like four-momentum transfer 

in an effort to find the hole in the principle of ~-e universality. 

3.1 Lepton bremsstrahlung 

The process 

~ + p + ~ + p + y (see Fig. 7) 

should be studied at CERN Lab. II because it may reveal a breakdown of QED for either time­

like or space-like lepton propagators (Figs. 7a and 7b, respectively). 

p p 

a) b) 

Fig. 7 Time-like (a) and space-like (b) virtual leptons in lepton bremsstrahlung 
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The wide-angle bremsstrahlung cross-section is roughly given b/1 ) 

1 ( 1 J 2 

cr "' ~ m* 2 - m_i ' 

where qN is the momentum transfer to the target nucleus. This momentum transfer has a mini­

mum value given by 

when the virtual lepton is collinear with the incident one in the time-like case, or with 

the outgoing one in the space-like case. This dependence on the incident energy means that 

the experimental rate obtainable at CERN Lab. II will be increased compared with that for 

experiments previously planned at around 10 GeV 17). Typically, with a 100 GeV lepton beam 

the minimum value of qN"' 0.002 (GeV/c) 2 form*"' 3 GeV/c2 • It would be convenient to per­

fonn the experiment concurrently with the deep inelastic scattering. On the other hand, 

the effective rate depends upon the factor Z2 pL/A, where Z is the nuclear charge, A the 

atomic number, p the density, and L the thickness of the target. In order that the brems­

strahlung photons can emerge with high probability, the target thickness is limited (for 

example, one radiation length gives about 69% probability of emission without showering). 

Assuming the 100 GeV muon beam of Table 1, one can estimate the minimum cross-section to 

which the experiment would be sensitive. For one radiation length of carbon and 10 events 

per 10% bins in t:m* /m*, one can reach 

-36 
crmin "' 10 an2 , 

with 100 hours running. 

Assuming a (1/m*)~ dependence of the cross-section, one could effectively explore up 

to virtual lepton masses of about 8 GeV/c2 22). One should add that in such an experiment, 

background processes such as nuclear Compton effect, lepton-nucleon scattering, and inelastic 

bremsstrahlung require serious attention; and furthennore, that in order to perfonn this 

experiment at all with a muon beam the halo would have to be reduced well below the 20% 

figure given in the ECFA study report9 ). 

We would like to emphasize that lepton bremsstrahlung can clearly show the existence 

of heavy leptons of the type 

Jl,* + Jl, + y, 

where the signal from this decay appears as a peak on the invariant mass spectrum. 

3.2 Lepton tridents 

The lepton production of lepton pairs in the Coulomb field of the nucleus is sensitive 

to a breakdown of QED in all possible channels: the lepton vertex (two real leptons); the 

lepton vertex (one real and one virtual lepton); the lepton propagator; and the photon 

propagator (see Fig. 8). 



p 
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my time-like 

p 
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p 

b) m* space-like 
my time-like 

p 

N(n,p) 

p 

c) m* space-lik~ 
my space-like 

e) rho diagram 

Fig. 8 Diagrams for lepton trident production on 235U 

159 

In particular the muon trident exper:iment, which is a cheap type of muon colliding 
beam, provides a llll.ique way of studying the nruon-muon interaction at high energies. It is 
conceivable that an anomalous interaction of the muon could only appear in such a process. 
In other words, the muon could be coupled to the nruon pair not only by exchange of a photon 
but also by the exchange of a heavy neutral boson. 

Recently, Kessler and Coll23 ) have computed comprehensively the nruon trident differen­

tial cross-section for the process 

considering coherent and aZZ incoherent types of scattering for the diagrams shown in Fig. 8. 
Figures 9 and 10 show the behaviour of the differential cross-section dcr/dmy as function of 

the invariant mass of the muon pair (my), for incident nruon energies of 30 and 200 GeV, 
respectively. From a comparison of these two figures one sees that the contribution of the 
diagrams (e) and (c + d) is not strongly energy-dependent, while that of the diagrams (a + b) 
changes considerably from 30 to 200 GeV particularly at large m where it dominates the y 
cross-section. In the case of 200 GeVnruons the cross-section decreases such that at 
m = 12 GeV/c2 it is 10- 33 cm2 while at 16 GeV/c2 it is 10- 3 ~ cm2 • 

y 

The size of the cross-section encourages one to examine carefully the possibility of 

perfonning a trident exper:iment with 200 GeV nruons. Any discrepancies at large invariant 
masses of the nruon pair could be checked against an exper:iment on the process 



10 

-351 
10 

da/dmy cm2/(GeV/c 2 ) da/dmy cm2/ (GeV/cf) 

E0 = 30Gev 

E0 =200GeV 

10 

2 3 4 5 1 2 3 4 5 6 

my(GeV/c 2 ) my/(GeV/c2) 

Fig. 9 Fig. 10 

Muon trident production cross-section as a function of the invariant mass of the muon pair for primary 
energies of 30 GeV (Fig. 9) and 200 GeV (Fig. 10). (The small letters attached to the curves indicate 
the relevant diagrams in Fig. 8.) (Ref. 23.) 
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3.3 Search for heavy leptons 

One way out of the muon-electron puzzle is to avoid it and, in view of the large 
families of particles which exist in hadron physics, to ask instead if the charged lepton 
family is really restricted to just two members. There is no guarantee, of course, that 
this question will be any easier to answer than the original one. 

In the realm of heavy leptons there are two principal possibilities: 

a) Sequential leptons of which the electron and muon are the first two. Each member of 
the sequence has its own neutrino with which it shares a unique lepton mnnber which 
is separately conserved in strong, electromagnetic, and weak interactions. 

b) Excited leptons with the electron and muon as grol.md-state members. These excited 
leptons have the same lepton number as the electron or muon, and decay electromagneti­

cally as 

and 
*+ + ll - ~ ll- + y • 

Other speculations are possible2 ~), including the existence of either stable 

long-lived heavy leptons as suggested by Gerstein and collaborators 25). 

or very 

It should be made clear at the outset that a high-energy lepton or photon beam is not 
necessarily the best way of producing heavy leptons. However, we start by considering two 

such possibilities. 

3.3.1 Rhoton-nuaZeon aoZZisions (Fig. 11) 

Either real or virtual p~otons could provide a mechanism for heavy lepton production. 
In the case of point-like particles with unit charge, the photoproduction cross-section for 

pairs has been calculated most recently by Kim and 
Tsai26 ). In Fig. 12 the total cross-section for 

the following processes is shown. 

a) Coherent production off the nucleus as a 

whole: 

+ -
y + Nucleus ~ ~ ~ + Nucleus • 

b) Quasi-elastic production off protons or 
neutrons in the nucleus: 

+ -
y + p,n ~ ~ ~ + p,n • 

z~: 
Fig. 11 Heavy lepton pair photo­

production off nuclei. 

c) Inelastic production off protons or neutrons in the nucleus: 
+ -y + p,n ~ ~ ~ + free nucleon + hadrons 

This latter gives a negligible contribution. 

The cross-section for the production of one lepton at an angle e with momentum p, 

summed over all the allowed momenta and angles of the other lepton and over all hadronic 
final states, is given by 
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d2 cr = Za. 3 (E2 ) [zxcx - 1) + 1 + 4x(l - x)r) 
dfid.P 1rk iiif (1 + r) 2 (1 + r)'+ X 

where k is the photon energy, m1 the lepton mass, E the lepton energy, x = E/k, 
r = (E/m1) 2 92 , and x is a ftmction of the mininrum four-momentum transfer to the hadronic 
vertex and of the form factor of that vertex. For small 9 and r << 1 the cross-section is 
roughly proportional to (l/m1) '+, which means that at forward angles the production of heavy 
leptons is suppressed compared to that of electrons and muons. At large angles with 
9E ~ m1, then r ~ 1 and the cross-section becomes independent of m1 except for the term X· 
Thus one can say that in this region all leptons are produced with roughly equal probability. 

Owing to their relatively high masses, the heavy leptons will have short lifetimes and 
will have to be studied through their decay modes. A further difficulty is the fact that at 
high energies the total cross-section for the photoproduction of hadrons will be in the 
region of 10'+ to 108 times that for heavy lepton production. 

Fig. 12 Total cross-sections for photoproduction of heavy 
lepton pairs of various masses as a function of 
incident photon energy (Ref. 26) 
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3.3.2 Lepton-proton or Zepton-nucZeus aoZZisions 

In this method one searches for excited leptons produced in the reactions 

e + p -+ e* + p 

or 
* ll+p+ll +p 

with the subsequent decay mentioned earlier. The strength of this special interaction 
relative to the electromagnetic interaction is written as a dimensionless parameter A, with 
the cross-section proportional to A2 • 

Past searches carried out at Orsa/ 7 ), DESY28 ), and CEA29 ) have found no excited 

leptons for masses up to 0.5 GeV/c2 • 

We recall that the minimum four-momentum transfer to the proton is given by 

and as (q2 )min increases, the form factors at the proton vertex lead to a rapid fall-off in 

sensitivity. 

A variation of this method has been discussed above, and consists of looking for a 
peak in the invariant mass (m*) distribution for lepton bremsstrahlung: 

e,ll + nucleus + e,ll + y + nucleus • 
~ 

m* 

A further possibility is to search for heavy leptons in inelastic scattering, i.e. 

or 

* e+p+e +p 

withe*+ e + other particles 

e + p + e* + hadrons 

with e* + e + other particles 

Therefore a comparison of e-p and ll-P inelastic scattering could also be used as a 
search for heavy leptons, and this has been discussed at some length by Perl24 ~ 

Let us now look briefly at some methods of searching for heavy leptons, as alternatives 
to those using high-energy photon or lepton beams at CERN Lab. II. 

3.3.3 EZeatron-positron aoZZiding beams 

This facility provides for direct production via 

+ - + -e + e + i + i . 

Again under the assumption of point-like particles with unit charge, the cross-section is 

given by 

where E is the energy of the electron or positron and S the velocity of the heavy lepton 

[a2 = 1 - (mi/E) 2]. 
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One should note that production via the two-photon process 30 ) 

+ - + - + -e + e + e + e + i + i 

could also become appreciable through the logarithmic dependence on the centre-of-mass 
energy of the cross-section, i.e. 

However, this process is strongly peaked at forward angles and thus its contribution may be 
severely reduced by the experimental limitations. 

Given that the colliding beams have sufficient energy, they seem to provide the best 
. 31) 

method for a heavy lepton sea-rch. The present results from Adone have shown no heavy 
excited leptons with masses in the range 0.2 to 0.8 GeV/c2 • At SPEAR the initial maximum 

energy in each beam will be 2.5 GeV with a luminosity of 5 x 10 31 (events/cm2 sec). A 
later increase of the beam energy to 4 or 4.5 GeV will further extend the range of heavy 
lepton masses which are accessible to this device. For direct production of heavy leptons 
of mass 1. 5 GeV I c 2 , and taking into account all the experimental factors 2't) , the cross­

section is given for E >> mi by 

-2 - + - + 8 X 10- 3 ~ 
cr ~ 4 x 10 cr(e e + ~ ~ ) ~ cm2 • E2 

Thus to get four events per hour a luminosity of about (E2 ) x 1030 events/cm2 sec is 
required. 

The search for excited leptons with colliding beams is difficult, as there are back-
+ - + - + - + - + -grounds which can simulate the desired signal (e.g. e e + e e y; e e + e e e e ) , and 

no other decay modes which can confinn the existence of the e * or ~ *. 

3.3.4 FToton:r~oton and p~ton-nuaZeus aoZZisions 
(see Fig. 1.3) 

The muon pair spectrum from the reaction 

+ p + Nucleus + ~ + ~ + hadrons 

has been measured by Christenson and collaborators 32). Speculative theories 33 ) can be used 

to give a fit to these data and make predictions for 

electron, nruon, and heavy lepton pair production at 
higher energies. Bennan and collaborators 3 ~) predict 
a total cross-section for the reaction 

+ -p+p+i +i hadrons 

by means of the Drell-Yan model 33 ). One-parton­
antiparton pair annihilates to form the heavy lepton 
pair (see Fig. 14). For energies sufficiently above 
the production threshold, the cross-section for this Fig. 13 Heavy lepton pair pro­

duction via nucleon­
nucleon collisions 
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process goes roughly like 

where a2/m~ gives the cross-section for 
parton-antiparton into lepton-antilepton, 
and F is the probability that a parton 
in one proton and an antiparton in the 
other have the momentum that is necessary 
to create the heavy lepton pair. For a 

heavy lepton mass of about 10 GeV/c2 one 
obtains a cross-section of about 
10- 3 ~ F cm2 , and F is expected to be 

-z -~ TIRlch less than unit (perhaps 10 -10 ) • 
For a luminosity in the ISR of, say, 

p 

p 

,__ ___ ~ hadrons 

t 

Fig. 14 Lepton pair production via 
parton-parton annihilation 
(Refs. 33 and 34). 
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1030 events per cm2 sec, one would expect 0.4 F pairs per hour for heavy leptons with mass 
10 GeV/c2 , and a luminosity of 10 32/cm2 sec would make a search at the ISR well worth while. 
It seems that the ISR will either provide evidence for the existence of heavy leptons, or at 
least put limits on the cross-section which will give a guide as to where to look for them 
in the future. In this case, as for other low cross-section reactions, there is a possibi­
lity that improved luminosity at the ISR will reveal exciting new phenomena. 

Meanwhile, what of the CERN Lab. II PS? Let us just say that a beam of 1012 protons 
per sec on a 1 m hydrogen target would produce about 106 F heavy lepton pairs per hour for 
a mass of 10 GeV/c 2 , if you know how to look for them. 

4. CONCLUSIONS AND COMMENTS 

i) The most important experiment to be planned at the CERN Lab. II with lepton beams 

is the deep inelastic lepton-proton scattering. One would like to see this experiment 
carried out with both electrons and TIRlOns. On the other hand, for reasons of intensity, 
radiative corrections, and the feeling that the TIRlOn is more likely to produce surprises, 
one would like to see the first experiment perfonned with TIRlOns. Such a beam obviously 

provides the possibility of also looking for polarization-dependent effects in the deep 

inelastic region. As a consequence of the rate required and the extensive kinematical 
,._ cl")n which can be explored, one would like to push most urgently for 400 GeV protons and 
to a~~elerate the construction of a TIRlOn beam in the North Area. 

ii) Another important area to examine is the comparison of real and virtual photo­
production. This can be achieved with a combined electron beam and tagged photon facility. 

Such a facility, operating in the energy range 20 to 100 GeV, can be constructed in the 
West Area where the Omega spectrometer is available. We have preferred this to the alter­
native of studying polarization effects in exclusive reactions with a muon beam of around 

20 GeV, on the assumption that the inclusive area will be covered by the SLAC single-ann 
experiment on a polarized electron beam. 

iii) A third area which has to be considered is that of muon-electron universality, 

and this requires both TIRlOn and electron beams at higher energies (North Area). This 
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requirement is reinforced when one includes the necessity of high-energy photoproduction 
experiments. 

Finally, we would like to add a few COilllllents. 

a) For the first time one can experiment with an extremely high value of the Lorentz 
fact0· (for Ee rv 200 GeV, yL rv 400,000). It would be surprising if Nature is so boring 
thai. it includes no phenomena with a high order dependence on yL. 

b) It would also be surprising if, at these high energies, the extended life-times of 
unstable particles did not reveal further infonnation. For example, a nruon of 200 GeV will 
live for about 4 msec; then we will be in the same position with respect to observing it 
in the rest frame as would be a doctor who had a year in which to observe his patient rather 
than a mere four hours or so. 

c) We hope that once experiments get under way at CERN Lab. II then all that we have 
discussed here will be made to look r~ther pedantic. 
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COMMENTS ONe, ~. AND PHOTON SESSIONS 

G. Barbiellini 
Laboratori NazionaZi deZ CNEN, Frasaati, ItaZy 

J. Drees 
PhysikaZisahes Institut der Universitat, Bonn, Germany 

At the second ECFA Study Week on the 300 GeV CERN Accelerator, the results of the 

Working Party on~. e, andy beams were presented by two speakers: F.W. Brasse summarized 

and discussed the results on~ beams, and G. Barbiellini the results on e and y beams. 

As shown by Brasse, considerable progress has been made in designing a high intensity 
~ beam of small size. The following groups were involved in this work: 

Aitken, Clifft, Gabathuler (Daresbury) 

Behrend, Brasse, Gayler, May (DESY) 

Treille, Vannucci (Orsay-CERN) 

Jones, Lloyd (Rutherford-Oxford) 

The groups of Daresbury and DESY concentrated on optimizing a ~ beam; the two groups of 

Orsay-CERN and Rutherford-Oxford on a combined ~-v beam. A few results of these studies 
can be summarized as follows 1): 

The muon channel should consist of three main parts. Behind the proton target it is 

useful to have a matching section for matching the acceptance of the decay channel (in solid 

angle and momentum) to the emittance at the target, and furthermore to allow the selection 

of a momentum band for the parent pions. In particular, this is important for the use of 

the polarization of the ~· The matching section is followed by the decay section. In order 
to avoid a considerable increase of the phase space of the beam due ton decay, and to keep 

the mean travelling angle of the n's (with respect to the beam axis) larger than the average 

decay angle of the~ (with respect to the direction of then), one has to use a system of 

focusing elements. Calculations have been carried out for triplet systems as well as for 

FODO systems. From a cost point of view, the FODO system has to be the preferred one. 

The last part of the ~ beam line is the cleaning and analysing section. This part serves 

several important functions: absorption of the remaining hadrons; bending away from the 

v beam and momentum selection of the ~; absorption and/or bending away the ~ halo as far as 

possible. A method of reducing the halo is the use of a circular magnetic field in an iron 

absorber around the ~ beam. 

For a ~ beam line of about 1 km in length incorporating a focusing system in the decay 

section, one can achieve an intensity of between 1.5 and 2.8 x 10 8 ~·s per 3 x 1012 inter­

acting protons when tuning the ~ channel to half the energy of the primary protons. The beam 
size at the experimental target varies for different designs between 10 x 5 cm2 (horizontal x 

vertical) and 15 x 15 cm2 • 

Cost estimates have been made at Daresbury and at DESY. The Daresbury estimate is 9 MSF 

for a 100 GeV ~ beam; the DESY estimate is 14.1 MSF for a 100 GeV beam and 23.8 MSF for a 

200 GeV beam (400 GeV primary protons). 
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A ~ beam of the proposed quality will make possible a rather broad physics programme. 
Figure 1 shows in the q2 -v plane the total event rate per hour calculated for a bin of 
L'lq2 = 1 GeV2 and L'lW = 1 GeV, and for 10 8 ~/pulse of 200 GeV, using a 1 m H2 target. In the 
region between W = 5 and W = 15 GeV one can measure up to q:.~. larger than 50 GeV2 • As well 
as a measurement of the total inelastic structure functions vW2 and W1 (which by then may 
be done at NAL), some of the important experiments are the following: 

- Deep inelastic scattering with detection of the hadronic final states in coincidence with 
the scattered ~· Inclusive as well as dominant exclusive reactions (p 0 , 'If±, K±) could 

be studied. 

- Scattering of polarized ~·s. For example, for the scattering off a polarized target one 

can get information about two additional structure functions w3 and w~ and thus make a 
more specific test of models for deep inelastic scattering. 

- Extrapolation to photoproduction (i.e. scattering at small q2). 

- Investigation of two-photon exchange effects by~+ and~- comparison and by elastic 
scattering off a polarized target. 

- Comparison withe- scattering at high q2 (test one-~ universality). 

- Search for heavy (muonic) leptons. 

CERN SPS being the only accelerator in Europe which can provide a charged lepton beam 
in the 100 GeV region, it is important to build a high-energy~ beam of good quality. It is 
only for the North Experimental Area that a ~ beam with all required properties seems to be 

feasible; consequently the importance of an early development of this area was emphasized. 
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Fig. 1 Kinematics and total event rate per hour in the q2-v plane (as presented by Brasse) 
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During the discussion following Brasse's talk it turned out that a ~ beam channel de­

signed for 100 GeV can be transfonned to 200 GeV by inserting additional magnets and quadru­

poles. It was pointed out (Brianti and Wiister) that this beam might be the first beam in 

the North Area. Already with a few times 1011 interacting protons, one could get a beam of 

107 ~/pulse, sufficient for inelastic scattering up to q2 ~ 30 GeV2 at high W. Thus even if 

the intensity of the SPS is below its design value in the first time of operation, one could 

in principle make an early start with the ~ physics. 

Furthennore, the problems of a combined ~-v facility were discussed. Winter and Allaby 

proposed to use the same protons for both a ~ beam and a v beam by using parents of positive 

charge for one beam and of negative charge for the other. It was also emphasized that both 

beams should be optimized separately. Any focusing in the decay channel has a negative effect 

on the v beam. 

The plans for an experimental apparatus are in a rather preliminary state. One possibi­

lity would be a design similar to that for the forward spectrometer of Hyams et al. 2 ) with 

additional identification for~ and n°. 

Proposals for building electron beams from 

Ecole Polytechnique, Orsay, 

University of Lancaster (Newton), and 

University of Sheffield (Galbraith) 

were presented by one of the Working Group secretaries (Barbiellini). Both proposals suggest 

a two-step production. The first target of light material produces n° from the proton beam. 

Gannna-rays from n° decay are converted in a second target with high radiation length/inter­

action length ratio. The collimation at a good focal point separates hadron particles from 

electrons, because of different angular production between electromagnetic and strong pro­

cesses. Typical parameters of the two-step electron beams are: intensity, 10 7 electrons 

at 80 GeV for 3 x 1012 protons at 200 GeV; t::,pfp ~ ±2%; purity ~ nhadrons/nelectrons ~ 10-3 • 

For 400 GeV proton energy, the flux of electrons at 160 GeV increases. If higher purity is 

required for small t::,p/p beams, the synchrotron radiation loss in a magnetic chicane seems to 

be the best tool; for a higher t::,p/p beam with small angular divergence, the use of a DISC 

counter has been suggested. 

The intensity of an electron beam at the SPS is adequate for building a tagged photon 

beam; in fact at the electron machine the intensity is reduced to this value in order to 

avoid accidental tagging coincidences. 

A photon beam with y-rays coming directly from n° decay is also feasible at proton 

machines. Another feature of a photon beam is that it is the only boson beam that can have 

a reasonable polarization. The coherent bremsstrahlung has been successfully used at lower 

energy for producing polarized photons. The feasibility of this method at the SPS energy has 

been studied by the Working Party. 

The radiative correction in the electromagnetic phenomena plays an important role, and 

the handling of this correction has to be known and can be relevant to the choice of the 

lepton beam. A paper on this topic appears in Ref. 1 and was discussed in the Working Party 

Report. Lepton physics predicted for the future was represented by a review of the possible 

physics to be done with e-p colliding beams. 
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The discussion following Barbiellini's talk concentrated on two main points. The first 
concerned the utilization of the chicane for purifying the e beam. It was pointed out by 

Newton that for 80 GeV electron energy a chicane with 70 kG will cost about 1.5 MSF. How­

ever, for higher energy it gets cheaper. Roughly speaking it is suitable for energies 

> 100 GeV. Rubbia mentioned that from a physics point of view one would obviously prefer 
to start from 400 GeV protons to get an e beam of 160 GeV. However, this will cause two 

severe problems for the West HalL First, the length of the West Hall limits a normal beam 
to s; 150 GeV; for an e beam the limit is even lower. Secondly, there are problems of 

~ shielding in the West Hall if one goes to 400 GeV. So this beam should be considered for 

the North Area. Picasso agreed with Rubbia that deep inelastic e scattering should be done 

with high energy in the North Area. However, the e beam in the West Hall is in any case good 

for photon physics, especially since at SLAC there is no Omega-like spectrometer, and also 
there is no long-spill beam in this energy region. 

The impact of the electron deep inelastic results on the field of particle physics is 

clear from the growing number of proposals for constructing facilities that can extend the 

investigation from actual SLAC possibilities. Besides the present proposals for ~ and 

e beams at the large proton accelerators (NAL, SPS), there are the following proposals for 

the near future: i) the Recirculating Linear Accelerator at Stanford (RLA); ii) the 40 GeV 
electron synchrotron at Cornell; iii) the DESY pr0ject for e-p collision at the DORIS 

storage ring. 

If the e-p inelastic scattering results are correctly interpreted as effects due to the 

point-like constituent structure of the proton, the natural comparison among the proposals 

is the possibility of proving this hypothesis for shorter distances, i.e. higher momentum 

transfer than that done at SLAC. So the relevant quantities for judging the quality of the 
proposed beams are energy, intensity, and duty cycle. 

In Table 1 several beams are compared. 

Table 

Beam E Flux Duty cycle 
(GeV) (sec-1) 

SPS (400 GeV) ~ 200 > 10 7 "' 10% 
e 160 > 10 6 "' 10% 

RLA e 40 > 1013 6 X 10-" 

e 20 >lOll 7% 

In spite of the strong differences in the parameters among these beams, it is obvious that 

the existence of one of these facilities will not spoil the possibilities of the others. 

For the SPS the ~ beam is to be preferred from the point of view of energy and intensi­

ty. Also the problem of radiative correction is less severe. However, same experimental 

and technical problems (beam halo, beam length, and lepton detection) may be easier to solve 

with an electron beam which also offers the possibility of a tagged photon facility. 
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BACKGROUND PROCESSES IN 
HIGH-ENERGY PHOTON TAGGING SYSTEMS*) 

T. Sloan 
Dept. of Physias, Uni1)e'!'sity of Lanaastel', England 

1. INTRODUCTION 

We have seen from the second ECFA Study Week held at Tirrenia that interesting physics 
can be obtained from photon and lepton scattering experiments. Tagged photon experiments 
are complementary to lepton scattering experiments for two reasons. The first is that they 
provide high statistics checks of extrapolations from the lepton experiments to q2 = 0. 
The second is that they allow independent studies of the hadronic nature of the photon. 

Tagging systems are used in photoproduction experiments for two reasons: 

i) The photons produced by bremsstrahlung are not monochromatic. The tagging system allows 
the energy of each incident photon to be measured. 

ii) The tagged photon is signalled electronically. The signal can be used as an absolute 
monitor of the number of incident photons and also in the trigger of counter experiments. 

Figure 1 shows the tagging system proposed by Halliwell et al. r) at NAL. An electron 

incident on the radiator emits a photon by bremsstrahlung. The photon energy is the dif­
ference between the incident and scattered electron energies. Scattered electron energies 
are measured from the pulse amplitudes in the lead-glass blocks T1 to Trr· 
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Fig. 1 Layout of the tagging system proposed by Halliwell et al. (Ref. 1) 
at NAL. MTr to MT3 are bending magnets. Tr to Trr are lead­
glass shower counters. Ar to As are veto counters. 

The resolution of the system shown in Fig. 1 is set by the accuracy with which the in­
cident beam energy is defined and the accuracy of measurement of the scattered electron 
energy. Higher resolution than that of the tagging system mentioned in Ref. 1 could be 

*) Contributed paper 
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achieved by using multiwire proportional chambers to detect and momentum-aqalyse the inci­
dent and scattered electrons. 

2. BACKGROUND PROCESSES IN THE TAGGING SYSTEM 

Two types of background process exist. 

Type 1 

Photons are produced in the beam line with charged particles in the wrong energy bin of 
the tagging system. 

Charged particles are scattered into the tagging system which have no associated photons 

along the beam line. 

The following symbols will be used in calculations of these backgrounds: 

EI the incident electron energy 

E recoil electron energy 

tR = radiation length of the radiator = 6 g/cm2 for lead 

T thickness of the radiator in radiation length~ 

Z the atomic number of the radiator = 82 for lead 

A the atomic weight of the radiator = 207 for lead 

k2 the minimum tagged photon energy 

k1 the maximum tagged photon energy 

N = Avogadro's number = 6 x 10 23 

a = fraction of the charged particles in the incident beam which are electrons (the beam is 
assumed to have a contamination of pions). 

2.1 Type 1 backgrounds 

2.1.1 Double bPemsstPahZung 

The largest contributor in this category is double bremsstrahlung, i.e. the electron 

undergoes more than one bremsstrahlung collision in the radiator. If one of the photons 

radiated has energy> 8 (where 28 is the bin width of the tagging system), the photon energy 

is wrongly measured. For reasonable thickness radiators (i.e. ~ 0.01 tR) in a good resolu­

tion system, this background becomes significant. 

The problem can be overcome by having a shower counter in the beam downstream from the 

experiment with energy threshold set at 8. An interacting y which has a second photon in 

the beam is then vetoed. The singles rate in this detector should be manageable. For 

example, if 8 = 100 MeV for 100 GeV incident electrons the singles rate will be ~ 7 times 

the tagged photon rate which might typically be ~ 10 5 tags per pulse. 

2.1.2 BPem <JtPahZung followed by 
~on eZectPon scattePing in the PadiatoP 

It is assumed that the photon scatters close to 0°, i.e. along the beam line. 

A simple integration over the thickness of the radiator shows that the ratio of the 

probability of this process to single bremsstrahlung is~ 0.6 x 10- 3 t/(EI- E). In this 
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calculation an approximation was made that the total Compton scattering cross-section at 

photon energy k is 

-26 
~ 0.11 X 10 2 

k an 

This approximation is valid to ±SO%. 

177 

This background ratio is ~ 10- 5 for a radiator of< 0.1 £R thickness and 80 GeV inci­

dent electrons. 

2.1.3 Electron-electron bremsstrahlung 

From the cross-section given by Heitler2), the ratio of this process to single nuclear 

bremsstrahlung is ~ 1/Z, i.e. ~ 1.2%, and is independent of radiator thickness. 

The screening corrections were assumed to be the same for atomic electrons and nuclei. 

2.1.4 Photons produced by pion interactions 
in the radiator 

A pion contamination of the electron beam will exist. An upper limit is calculated for 

this background, assuming that every pion interaction produces a photon along the beam and 

charged particles in the tagging system. 

Therefore, the ratio of photons produced by n collisions to tagged photons from brems­

strahlung is at most: 

1-a N£Rcr 

a A 1h log (k2 /k1 ) 

where cr is the pion-nucleon total cross-section c~ 30 mb) and the pion-nucleus cross-section 
is assumed to be crA2h. This ratio is then~ 2 X 10-2 [Cl - a)/a]. 

If a is~ 0.5, i.e. one pion for every electron, the background is~ 2% for 80 GeV/c 

incident momentum. 

Similarly, it can be shown that photoproduction reactions with the nuclei of the radiator 

produce a background ratio ~ 10- 3 for 0.1 ~radiator thickness. 

2.1.5 Neutrons in the beam produced by 
pion interaations in the radiator 

Estimates of this background can be made by assuming that the secondary particle spectra 

produced by pion interactions are the same as those produced by proton interactions. The 

Grote, Hagedorn, Ranft spectra3 ) for secondary particle production on lead can then be used. 

The assumption was made that the beam will be collimated to a diameter of 2. 5 an at 30 m 

from the radiator. A simple calculation then shows that at 80 GeV/c incident momentum the 

ratio of neutrons to tagged photons is 

""3.3 x 10- 6 (l - a) 
a 

The asymptotic neutron cross-section is ~ 400 times the asymptotic photon cross-section. 

If neutron triggers are to be less than 1/100 of the photon triggers, this ratio must be 

< 1/40000. This condition is met if a is > 0.12, i.e. the beam must contain less than eight 

pions for every electron. Clearly this background will be small. 
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2.2 Type 2 backgrounds 

2.2.1 TPident pPOduation 

Tridents can be produced directly (by a virtual photon) , i.e. e- + nucleus + e- + e + + 
+ e- +nucleus, or indirectly by a real bremsstrahlung photon which produces an e+e- pair in 
::he radiator. 

a) !h~-~!!~£!_E~£~~~ 

The cross-sections have bee~ calculated by Rossi~) using the Weizacker-Williams method. 
This seems to be in reasonable agreement with experiments). Integrating these cross-sections, 
we see that the probability per unit radiator thickness of obtaining direct tridents is 

-~ dE {EI (EI) EI } -~ dE (. EI ~ 
3 x 10 EI E ln E - E + 1 + 7 x 10 (EI _ E). ln LEI _ E) . 

The probability of obtaining a recoil electron by bremsstrahlung per unit radiator thickness 
is 

1 dE 
~ EI - E ' 

Thus the ratio of direct tridents to recoil electrons from bremsstrahlung is 

4 (EI - E) [E (E ) E J . ~ E 
15.5 x 10- EI EI log EI - EI + 1 + 40 x 10- logE _\I 

This background ratio is plotted in Fig. 2 for 80 GeV incident electrons on a lead 
radiator. The background is small but significant. It will be reduced considerably by 
vetoing the recoil positrons. Notice that this ratio is independent of radiator thickness. 

b) I~~!!~£!_!!!~~~!-E!Q~~f!!Q~ 

This is calculated by integrating the probability of bremsstrahlung followed by pair 
production of the photon over the thickness of the radiator. 

f 
Ratio Ofo 

Incident Electron Energy 
= 80 GeV 

Without Recoil 
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10-1L..,__..____..___..___..___.....__~_.....___. 
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Fig. 2 
Ratio (%) of recoil electrons 
produced by direct tridents 
to recoil electrons produced 
by bremsstrahlung versus re­
coil electron energy. The 
calculated curve is for 80 GeV 
incident electron energy. The 
ratio is independent of radia­
tor thickness 
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The ratio of this process to that of recoil electrons from bremsstrahlung 

7 (1 1 ) ~ 18 T(EI - E) E - EI . 

It is assumed in deriving this ratio that the spectrum of electrons from pair production is 

flat, i.e. independent of the electron energy. 

Figure 3 shows this ratio for E1 = 80 GeV. This background is large. The background 

can be reduced to insignificance by vetoing the recoil positrons. The ratio is plotted in 

Fig. 3 assuming that recoil positrons of energy > 0.2 GeV are vetoed. The curve was calcu­

lated by performing the integration to estimate the fraction of the events which give a 

recoil positron of energy < 200 MeV. 

Ratio 
% 

1 

Incident Electron Energy 
= 80 GeV 

Without 
Positron Veto 

---

Vetoing Positrons 
of Energy > 200 MeV 
/ 

10~L-~----~----L---~----~----~----~~ 
5 10 20 30 40 

- Recoil Electron Energy (GeV) 

Fig. 3 Ratio (%) of recoil electrons produced by indirect tridents to 
recoil electrons produced by bremsstrahlung versus recoil elec­
tron energy. Also shown is the effect of vetoing positrons of 
energy > 200 MeV. 
The curves are calculated for electrons of 80 GeV energy inci­
dent upon a radiator of thickness of 0.01 ~R. The ratio varies 
linearly with radiator thickness. 
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2.2.2 Soft eleat~on aontamination of the beam 

Collimation of the electron beam must be clean, as soft electrons consistute a type 2 . 

background. 

2.2.3 Eleat~on-eleat~on saatte~ng 

Using the cross-sections given by Heitler2), this background ratio is estimated to be 
< 1% and independent of radiator thickness. 

2.2.4 Compton saatte~ng of 
Zow-ene~gy b~emsst~ahlung photons 

This background is insignificant. Using the approximation that the total Compton 
cross-section is ~ 0.11 x 10-26 k- 1 cm2 for a photon of energy k, a simple integration shows 
that the ratio of recoil electrons from Compton scattering to recoil electrons from brems­
strahlung is $ 0.2 x 10-3 T. 

This is calculated for 80 GeV incident electrons with tagged photons in the energy 

range 30-75 GeV. 

3. MAXIMUM RADIATOR THICKNESS 

One way of increasing the tagged photon flux will be to increase the radiator thickness. 
The only serious backgrounds which will contribute are from double bremsstrahlung and from 

indirect trident production. 

The shower counter used to veto double bremsstrahlung will limit the tagged photon flux. 

Figure 4 shows the variation of the tagged photon flux with radiator thickness. This curve 
is computed by subtracting the calculated double bremsstrahlung rate from the single brems­
strahlung rate. Clearly one gains little by increasing the radiator thickness beyond 0.05 

radiation lengths. The calculation is an approximation, neglecting effects in which > 2 

bremsstrahlung photons are emitted. 

0.02 

f Number of Tagged 
Photons per Incident 
Electron 6 :500MeV 

/ 

-Radiator Thickness {Radiation Lengths) 

Fig. 4 Probability of obtaining a single tagged brems­
strahlung photon per incident electron versus 
radiator thickness. The parameter o is the 
resolution assumed for the tagging system (half 
width). It is assumed that doubl'e bremsstrahlung 
collisions are vetoed. 
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At 0.05 tR radiator thickness the indirect trident ratio varies with recoil electron 
energy from 2.5% to 5 x 10- 3 % if positrons of energy > 0.2 GeV are vetoed. These ratios ar~ 
for tagged photons of 30-75 GeV energy with 80 GeV incident electrons. At higher energies 
this background would increase. 

4. CONCLUSIONS 

1) The background processes in high-energy photon tagging systems are small providing that 
recoil positrons of energy > 0.2 GeV are vetoed. 

2) The contamination of pions in the electron beam can be as high as one pion per electron. 

3) The maximum practicable radiator thickness is"" 0.05 radiation lengths of lead. A 
downstream shower cotmter nrust be used to veto double bremsstrahltmg photons in order 

to avoid deterioration in the resolution of the system. 
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SOME COMMENTS ON CHICANES AND ELECTRON BEAMS*) 

D. Newton 
Department of Physias, University of Lanaaster, England 

An electron beam contaminated with heavier particles may be purified by making use of 

the energy loss, due to synchrotron radiation, suffered by the electrons when the beam 

passes through a region of high magnetic field. Farley, Picasso and Bracci have shown that 

for a beam of energy E the mean loss in energy .6.£ is 

t:.E 
E 

where B is the field in kilogauss, L the length in metres, andy the relativistic factor. 

Owing to the quantum fluctuation in photon emission there is a spread in energy loss about 

the mean .6.£, and the standard deviation crE is given by 

0E 1 
t:.E /O.l44BL 

For a field of 7 Tesla and a length of several metres the standard deviation is of the 

order of 10% of the mean energy loss t:.E. 

Farley, Picasso and Bracci have proposed the "chicane" configuration (+--+) for such a 

magnetic field region, and this results in no average deflection and essentially no dis­

placement to the beam. A "chicane" may thus be inserted into a beam without affecting the 

beam optics. Another advantage of the "chicane" configuration is that the standard 

deviation of the deflection about the mean value zero is very small, less than 0.1 mrad for 

a case of interest to high-energy beams. Since the standard deviation on the (essentially 

zero) lateral displacement is also very small, of the order of 0.1 mm typically, this means 

that the increase in beam emittance is quite negligible for any realistic beam, e.g. 1 or 

2 mrad x 2 or 3 mm, in each plane. 

In use a chicane would probably be placed at a non-dispersive focus after momentum 

definition to op/p had taken place. This point would be chosen in order to keep the 

volume of very high field as small as possible. A later stage in the beam would be tuned 

to transmit the electrons of energy E - t:.E, but to stop or deflect-out the hadrons of 

energy E. The purity attainable for the electron beam would clearly depend on the relative 

magnitudes of .6.£ and op/p, also on the emittance of the beam in the plane of this later 

momentum analysis, and on the details of the technique used for stopping or deflecting-out 

the hadrons. 

The cost of several metres of 70 kG dipole field, with 1972 prices for superconductor, 

would be in the region of 1 MSF. 

*) Contributed paper 
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It is thought that the chicane is unlikely to be used in electron beams of less than 

100 GeV at CERN SPS. Beams of lower energy will probably be used for physics which does 

not need the highest possible purity of the beam. 

Drees and Hilger have proposed a device which compresses the momentum acceptance of 

the electron beam, for example from ±5% to ±1%. The end result would be a pure electron 

beam within a narrow momentum range, and with a relatively high intensity but with a larger 

beam emittance. Further details of this suggestion may be found in CERN/ECFN72/4, Vol. I, 

Chapter 6, p. 234. 
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COMMENTS ON BEBC HADRON SESSIONS 

I. Butterworth 
Imperial College, London, England 

R.T. Van de Walle 
Fysisah Lab., Nijmegen, The Netherlands 

1. RF BEAM 

Several speakers stressed again the absolute priority of the RF beam for hadron physics. 

To decide not to build such a beam would be equivalent to ruling out K± and n+ physics, since 

tagging is statistically unacceptable for this type of bubble chamber research. R. Wilson 
stated that NAL intended to provide an RF beam for the 15' chamber, but that the first year 

of operation had been scheduled for neutrinos. They had held off an early definite decision 

in the hope of getting (X-band) superconducting cavities. Since, however, hadron physics 

might now form a larger part of the early programme than was originally foreseen, they would 

probably look into this matter again. 

2. TRACK-SENSITIVE TARGET (TST) 

Probably the most dominant feature of the bubble chamber discussion was the general 

enthusiasm for a TST rather than for a downstream (charged particle) spectrometer. The 
reasons were essentially those already presented in CERN/ECFA/72/4, Vol. I, Paper 2.3. 

In addition to permitting the identification of multineutral events, it did the same job 

of separating lC-OC (slow neutral) events. It thus matched the general-purpose nature of 

the bubble chamber. Another possible bonus would be the increase in precision in the region 

of the vertex. 

On the negative side was the consideration that the use of a TST would make necessary 

some reduction of beam density(~ 5 particles p.p.). However, in view of the fitted neutral 

events, the number of fitted events per frame would not be less, and they would present a 

less-biased view of high-energy interactions. Bowler pointed out that use of a TST as an 
alternative for a downstream spectrometer would lead to a worsening of the quality of the 

physics (i.e. larger errors on the effective masses)*). Of course, a spectrometer could 

always be added; in this sense a spectrometer is not in conflict of priority with the TST. 

During this second study week, Leutz presented preliminary technical conclusions from 

a TST run just completed at RHEL by a CERN-Rutherford Collaboration. During this run more 

than half a million pictures were taken in the British 1.5 m chamber with a target immersed 

in a 77 mole% H2 -Ne mixture (radiation length= 40 em). Several speakers expressed the 
hope that the present CERN-Rutherford Collaboration on TST development, which has been so 

successful, would be continued. 

The considerable technical problems connected with developing a TST for BEBC were 

repeatedly stressed. Peyrou, for example, expressed his concern about the use of a TST 

*) For the secondary momenta to be considered, the bare BEBC ~p's dominate over the cor­
responding ~9'.s in the effective mass errors. 
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with bright field illumination, the much greater problems connected with operating a target 
in the horizontal plane (as opposed to the vertical plane in the successful RHEL experiment), 
the fundamental limitations due to the speed of sound in the H2-Ne mixtures, etc. He felt 
that whether these problems are solvable or not could only be established by trial and error. 
His instincts told him that there would be disappointments. Even if all problems would 
be solved in time, he was certainly worried that the 1975 shut-down of BEBC would not be 
long enough to implement all the technical developments required. The bubble chamber com­
nnmity would probably have to accept reduced "conventional" BEBC running to pay for this 
development. typically, a BEBC warm-up to change or repair a target could take some two 
months. 

During the discussion it was also pointed out that in BEBC the analysis of TST pictures 
might give rise to additional problems (e.g. how to decide on associated y's on the scanning 

table, etc.). 

During his presentation of the case for a hadronic TST, Miller recalled the possibility 
of a veto-TST -- a TST terminated downstream by a lead plate. Such a veto-plate would reduce 
the background of 4C-fits due to (multi) neutrals, and increase the 4C-fits possibilities of 
BEBC both in purity and primary momentum range. Leutz suggested a specific veto-target made 
from a sandwich of multiple lead plates embedded in a plastic sheet. Butterworth and Grant 
pointed out that a reduction of the ~ 15% impurity 0f 4C-fits at ~ 100 GeV/c incident mo­
mentum did not justify the use of a veto-target, as it would also prevent the use of a 
downstream particle identifier, a device essential for most of the physics with BEBC. 
A viable TST should therefore reach to the chamber window. 

A number of people expressed the hope that a target might be developed which would be 
a compromise between that best-suited to hadron physics and that best-suited to neutrino 
physics. Von Krogh (see CERN/ECFA/72/4, Vol. I, p. 173) presented calculations showing 
that from the physics point of view a target of~ 2 m3 would be such a compromise; the 
number of fully reconstructed H2 (or D2) events would be comparable to the number expected 
in bare BEBC. The opinion of the BEBC and target constructors was, however, that the larger 
neutrino target with its increased hydrostatic pressure and hydrodynamic forces represented 
a much tougher technical problem than the thinner hadron target. From a technical point of 
view, therefore, the way to go was to construct and try the smaller hadron targets first. 

3. PRIORITIES 

Several speakers sketched their personal priorities and essentially agreed on the 
following priority sequences for hadron physics (RF beam assumed): 

Level 1: 
- MWPC's upstream for beam measurement; 
- Particle identifier downstream. 

Level 2: 
- TST development 

(and purchase of neon). 

Level 3: 
- Downstream fast gamma detection. 
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A charged particle spectrometer was no longer considered as a general facility, in 

priority conflict with, say, a TST, but more as something that could be added downstream at 

any stage, when required by the physics of a specific experiment. 

Peyrou stressed that in his opinion, apart from the particle identifier (which was re­

latively cheap), "neutrino items" such as neon and deuterium would have to come before TST 

development. He felt that not to buy deuterium in the hope that the neutrino TST would 
work (and therefore only smaller amounts of D2 would be needed) would be very ill-advised. 

3.1 Remarks 

3.1.1 PartiaZe identifier 

In the discussion following Lehraus' presentation of a particle identifier based on 

relativistic rise of ionization, it was again stressed that good time resolution was not 

required for downstream detection of this type when used with bubble chambers. Particle 

densities per pulse were extremely low, and geometric information alone would be sufficient 
v 

to unscramble the secondary particles. The good time resolution of a Cerenkov detector 

could be used but is not essential. 

Beusch expressed his worries about an ionization detector as described by Lehraus; 

to maintain adequate performance of such a large assembly of counters (with analog .read-out) 

was, in his opinion, a difficult project. 

3.1.2 Downstream gamma deteation 

Miller, Bowler and others restressed the importance of the downstream fast gamma detec­

tor (see CERN/ECFA/72/4, Vol. I, p. 17). This is necessary in order to resolve lC events 

with very fast neutrals, a task which neither a TST nor a charged particle spectrometer 
can handle. The fundamental limitation in this case comes from the Coulomb scattering 

errors on slow charged tracks. Fisher pointed out that this problem would also exist for 
any mutiparticle counter spectrometer experiment in the 100 GeV/c region using hydrogen 

targets of ~ 1 am. 

4. MISCELLANEOUS 

In discussing a one-arm versus a two-arm spectrometer, Fisher stated that, though his 

analysis of a two-arm spectrometer had been triggered by BEBC, he now no longer felt such 

a two-arm set-up would be appropriate to that chamber. It could, however, be relevant to 
some more specifically designed vertex detector. He furthermore stated that in his opinion 
even a one-arm spectrometer should have less priority than a TST. 

In the discussion about the possibilities of bare BEBC, Badier stated that from the 

point of view of fit-physics, bare BEBC was just a 4C device; however, for a 4C-fit device 

as such, he felt there were more efficient and cheaper solutions than BEBC. An interesting 

additional question, raised but not really discussed, was the problem of the relevance of 
the non-4C physics. At 100 GeV/c the 4C-fits certainly only represent a small fraction of 

the final state; but do they not contain the largest fraction of the "exclusive" physics 

one needs to know? 
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It was recalled in the discussion that, if BEBC successfully double-pulsed as intended, 

a possible mode of operation was to alternate hadron and neutrino frames by having an RF 
spill and a neutrino spill on the same beam pulse. · Reinhardt confirmed that the 2 m depth 

of focus of the cameras was satisfactory for either sort of physics. 

~mtt discussed how the inclusion of multiple scattering errors and track correlation 

could improve track measurement precision and hence reduce ambiguity problems. For example, 

it could reduce the 15% contamination of 4C-fits at 100 GeV/c to 7~%. The incident momentum 
up to which lC-fits were reliable in bare BEBC would be correspondingly raised. Though 

clearly desirable, these improvements would not change any of the conclusions about support 
equipment for BEBC (see contribution by W. ~tt, p. 211). 
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COMMENTS ON THE GARGAMELLE SESSION 

F. Jacquet 
Eaole polyteahnique, Paris, Franae 

During the discussion it appeared that the main argument for the transportation of 
Gargamelle is that of the neutrino physics programme. 

The role of Gargamelle in the context of the full programme has been summarized as 

follows: 

191 

1) Gargamelle now exists and has provided one million pictures of good quality during the 
last year. Efficient apparatus for data analysis is functioning in many laboratories in 
Europe. Thus Gargamelle and its equipment will be ready to give rapid results'when the SPS 
is ready to go into operation. 

2) Gargamelle is a good instrument for neutrino physics. This has been proved by results 

given at the Batavia Conference on the comparison between v and v total cross-sections, on 
neutral currents, and on hyperon production. At higher energies Gargamelle appears to be 
quite comparable to BEBC for some of the fields envisaged in neutrino physics (purely lep­
tonic reactions, search for W bosons, neutrai currents, deep inelastic scattering). 

3) The neutrino bubble chamber physics programme in Europe is extremely long, but de­
serves the highest priority, using v or v in hydrogen, deuterium, and heavy liquid (neon or 
freon) • All these experiments are important and give complementary results. To use BEBC 
alone at, say, one million pictures per year with half of the SPS intensity would give a 
programme lasting six years. This time can be significantly reduced by moving Gargamelle 

behind BEBC. 
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COMMENTS ON THE OMEGA AND SPECTROMETER SESSIONS 

W. Beusch 

CERN, Geneva, SWitzerland 

D. E. Fries 

Kernforsahungszentrum, Karlsruhe, Germany 

1. OMEGA 

In his summary talk on the work of the Omega Working Group 1), J. Dowell indicated the 

present situation of Omega. Three groups have partially set up their triggers, and have 

taken a sample of data which will allow them to start their analysis. Multiprong events are 
clearly visible when the Plumbicon digitizings are played back. However, some adjustments 

have to be done to improve spark efficiency for such events. The coexistence of several 

counter groups around a single magnet spectrometer is a new feature in high-energy physics; 
the coexistence has been quite peaceful so far. 

Asked for the order of priorities regarding the extensions to Omega, J. Dowell felt 

that Cerenkov counters for particle identification are essential. He personally would give 

next priority to y detectors and add multiwire proportional chambers (MWPC) later. If one 

were to start with a 100 GeV/c beam, a downstream magnet would be required first. 

J. Steinberger recommended converting the Omega to MWPC before the start of the SPS. 

J. Lefran~ois asked if the effort of extending the capabilities of Omega to high energy 

should not rather be directed to equipment in the North Area. J. Dowell felt that the in­

vestment is modest in view of the large number of experiments that become possible with Omega. 

A few questions were related to the usefulness of Omega at high energy. The Omega system 

has been optimized for 20 GeV physics. At 200 GeV only a small fraction of the field volume 

may actually be used. Moreover, is the Omega really a good detector for slow particles pro­

duced in target fragmentation? The detection efficiency for such particles (at present ~ 50%) 

is a problem to be studied; a different geometry of the chambers around the target will be 
tried in the near future. One should also study a set-up with a solenoid magnet around the 

target, the target being upstream of the Omega magnet. K. Winter remarked that Omega may 

give too much dispersion to fast particles if considered as a 4TI target fragmentation analyser 
(this is even more so for BEBC), to the extent that one may actually have to turn down the 

Omega field. W. Beusch thought that the large dimensions of the downstream equipment (Cerenkov, 

detector planes) needed to cope with this dispersion also have their advantages. In the case 
of multiparticle events, the dispersion separates the tracks spatially towards the exit of 

Omega, thus making pattern recognition and particle identification easier. MOreover, it may 

also be interesting to do experiments that do not follow the forward-backward fragmentation 

picture. Cerenkov counters are foreseen for particle detectors (rather than ionization de­
tectors, as for BEBC) because this high time resolution is essential. 

W. Beusch also felt that the question of charged lepton and photon physics in Omega has 

not been sufficiently discussed. J. Drees remarked that the physics of~ scattering at 20 GeV, 

as proposed by J.K. Bienlein2 ), can be done much better with electrons at the recirculating 

linear accelerator (RLA) at SLAC. T. Sloan made the following comment on these points. 
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The Omega spectrometer can be used for tagged photon and electron experiments at 100 GeV. 

Electron experiments would require considerable modifications to Omega before it could accept 

an electron beam of 10 7 electrons/sec intensity. 

Tagged photon experiments can be performed in Omega 3 ). The spark chamber system would 

be th~ same as that for hadron physics. The trigger would require special design to avoid 

accepting triggers from pair production. Tagged photon experiments produce several interest­

ing physics results. A well-rounded deep inelastic scattering program requires tagged 

photon experiments to compare with extrapolations to q2 = 0 from muon or electron scattering 

experiments. 

Measurements with tagged photons into Omega will produce much larger event rates than 

will similar experiments performed at linear accelerators such as SLAC. The reason for this 

is the very poor duty cycle of the linear accelerator. A good m1ty cycle with the RLA can 

only be obtained at energies below 20 GeV. 

The practical difficulties of electron scattering experiments can be estimated from the 

experience gained in an experiment now being performed at DESY, using a streamer chamber. 

H. Jv!eyer remarked that one of their difficulties was the large flux of soft (few MeV) y-rays 

associated with the electron beam and produced also in the hydrogen target. These y-rays 
produce low-energy electrons in the material of the detector. They move in tight spirals 

around the magnetic field lines. They might produce an unacceptable number of spurious sparks 

in spark chambers or overload the data acquisition system of MWPC. 

Another unsolved question is the purity of an electron beam fed to Omega. The relative 

number of hadrons should be at the 10- 6 -10- 7 level. Identifying the electrons in the beam 

seems unpractical owing to the required high flux and the y background produced in any material 

exposed to the electron beam. These questions are being studied further. 

D. Treille made the following remarks. 

1) Problem of the electron beam purity: At large momentum transfers (q 2 > 1 GeV2 ) the 

requirement on beam purity may be less stringent than usually stated c~/e $ 10-7), since had­

ronic cross-sections have a steeper q2 dependence than that of inelastic electron scattering. 

Identification of the electron and measurement of its energy in a Pb glass total abs~rption 

counter will give a large rejection factor c~ 10 2 ) for hadronic events if also the electron 

momentum has been measured independently. This rejection can be done off line; it is un­

certain how it would work on line (for triggering). Production of electrons with momentum 

Pe ~ 1/2 pine in hadronic events (from ~0 + yy, y + Z + e+e- + Z, or ~ 0 Dalitz pairs) is very 

rare, however. 

Identification of electrons in a beam contaminated by hadrons may not be excluded 

a priori, even in view of its obvious difficulty. One might tag electrons using their synchro­

tron radiation in a bending magnet of the beam line 4), or consider a differential Cerenkov 

counter. 

2) Background associated with electron beams: 107 e/burst is an upper limit of the esti­

mated beam intensity. It is difficult to estimate the probability of the various background 

reactions. Their effect may be inferred from a test with the present Omega set-up. One would 

only have to trigger the Omega chambers on incident electrons a few hundred times in order to 

observe the various background phenomena. 
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Sonderegger outlined that the experimental program of Omega at the SPS now comprises, 

in arbitrary order: very rare (exotic) reactions in the 8-15 GeV range with the RF beams; 
meson and baryon exchange with the RF beam in the 15-40 GeV range; exploratory work with 

the unseparated hadronic beam up to 80 GeV; and physics with the 80 GeV electron beam, the 

tagged photon beam and, finally, possibly a rather low-energy muon beam. Each of these fields 
probably means several different experiments, requiring at least one year altogether on the 

average. This program will be done on a hydrogen target, and most of it should then be re­

peated on a polarized target. 

In total, such a program might therefore take 10-12 years -- which is not necessarily 

unreasonable. 

If nevertheless one wanted to reduce the pressure on Omega, one might envisage shifting 

the program on rare reactions (elastic and inelastic scattering near 90°; exotic baryon 
exchange in K--p and p-p; exotic meson exchange; -~*production) to a special 5-20 GeV/c 

beam equipped with a large acceptance spectrometer. 

The beam should be short enough ("-' 50 m) to yield as much as 5% K- above 8 GeV/c at the 

experimental target (in a good PS beam the ratio K-/n- is, at best, three times smaller in 

the 6-12 GeV/c region). It could be derived from target Tl or T3 and bent towards the South, 

to the corner of the E3 hall, or possibly towards the North beyond the BEBC RF beam. The 

experiment would in both cases be located well outside the cone of high muon background from 

the production targets. 

The spectrometer could have somewhat less resolution and acceptance than Omega, but 

should be equipped with fast detectors: if it could stand 10 7 particles per burst, the ef­

fective kaon flux of 500,000/burst would be equal or higher, up to 12 GeV/c and for a rather 

small primary proton intensity, as in the Omega RF beam with high proton flux (the latter 
should yield 500,000 K- at 12 GeV/c, for 3 x 1011 interacting protons/burst; and an order 

of magnitude less at 8 GeV/c). 

2. SPECTROMETERS 

W. Koch gave a rapporteur's summary on the major contributions concerning proposed 

spectrometers for SPS physics. 

All contributions but two 5 ' 6), which were covered in the session, are contained in the 

Status Report (CERN/ECFA/72/4, Vol. I). Pointing out that most counter experiments on the 

SPS will make use of a spectrometer in one form or another, he suggested thinking about a 
v 

modular system of equipment. Experimental equipment such as Cerenkov counters, magnets, etc. , 

could be interchanged between experiments. It would be especially useful to have magnets 

with variable gap width. 

In the discussion, J. Steinberger raised the question, What advantages does a large 

forward spectrometer of the ~WI-CERN type have in comparison with the Omega detector? 

w. Koch felt that both instn.nnents cannot directly be compared: the Omega has large 

detection power around the target, and the forward spectrometer has good analysis power for 

fast particles. It is possible to use both instn.nnents in conjunction, when the Omega is 

run with reduced field. On the other hand, although many reactions can actually be studied 

by both detection systems, one should pursue physical problems with more than one instn.nnent, 
working rather in parallel than in series. 
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P. Spillantini and J. Steinberger made comments concerning future measurements at large 

four-momentum transfer t for which most spectrometers seem to be badly suited. 

C. Damerell, when asked what precision on the beam momentum is required for the high 
resol~tion single-arm spectrometer, answered that beam resolution has to be matched to the 

spectrometer design. 

M. :Martin pointed out that many experiments can be done without using a large forward 

spectrometer, since total.absorption hadron and photon counters provide good resolution at 

SPS energies. D. Fries wondered whether the hyperon spectrometer as proposed by J. Lefran~ois 
and A. Wagner could not be equipped with a streamer chamber. A streamer chamber would be well 

suited as far as resolution, data rate, and 4n detection efficiency is concerned, in parti­

cular since it may be hard to disentangle the topology of the hyperon decays using wire 
chambers. 

J. Lefran~ois felt that as far as the rate of data taking is concerned, the streamer 
chamber compares unfavourably with proportional chambers. 

1) 

2) 

3) 

* * * 
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COMMENTS ON NEW FACILITIES IN VISUAL DEVICES 

R.T. Van de Walle 
pYsisch Lab,~ Nijmegen~ The Netherlands 

1. During the discussion on rapid-cycling bubble chambers it became clear that such a 

device requires substantially more complex beam facilities than was previously realized. 
Brianti and others pointed out that from the point of view of machine operation it is not 

possible to produce the beam structure required by a rapid-cycling bubble chamber (50 to 

100 fast bursts per machine cycle, each 5-20 ~sec long) using multiple fast ejection, 

as suggested in CERN/ECFA/72/4, Vol. I, p. 125 point (b). Such a beam structure has 
to be realized by 'chopping' either the slow extracted proton beam (before targeting) 

or the secondary beam itself (after separation). 

In the first case one could, for example, envisage a branch of the SEPB carrying, say, 
30% of the total intensity (I~ 3 x 1012 ppp; flat top~ 0.7 sec), switching 50 times 

per machine cycle for a duration of approximately 5 ~sec onto the separator target. In 

this mode the RF separator would have to operate at 50 cycles per second. For a momentum 
bite of ~p/p ~ 0.3%, and even making some concessions to the quality of separation, such 

a set-up would be rather marginal in terms of K's per burst in the bubble chamber ( a 

few K's per cycle). Increasing the momentum bite (and measuring the p. "d t externally) 1nc1 en 
or longer RF pulses (i.e. 25 ~sec instead of 5 ~sec) would then be the only methods to 

improve on this mode of operation. 

In the second solution (i.e. switching after the separation) the switch would have to 

operate in phase with the separator 50 c.p.s.; the RF beam stopper would be placed 

after the switch in the beam line deviated towards the bubble chamber; and in between 
separator bursts, a non-deviated (unseparated) secondary beam would be available down­

stream. An advantage of this solution is that now the switching magnet has only to bend 
the secondary momentum (as opposed to the SEPB momentum in the first method). ForK 

physics this solution is, of course, as marginal intensity-wise as the first one. 

An interesting improvement on the second solution could be the use of a superconducting 

d.c. separator, whose output is divided (by a switch) between the rapid-cycling chamber 

and a device such as, for example, Onega, which would be rather insensitive to the fact 

that, say, 50 x 200 ~sec = 10 msec (or approx. 1.5%) of beam is 'eaten' away from a total 

spill of some 700 msec. 

2. Van de Walle expressed the opinion that the use of the larger event rate possibilities 

of the streamer chamber as opposed to the rapid-cycling bubble chamber (beam intensities 

of~ 5 x 106 /sec for the streamer chamber, compared with~ 103/sec for the rapid-cycling 

bubble chamber) will in practice be very hard to exploit, because (as recent SLAC ex­

perience indicates) it is very difficult to achieve a trigger of the level required. 

3, In the parallel session on "Special Topics on Instrumentation" Charpak presented a 

paper (related to 'new visual devices') on the state of the art in projection chambers. 

He was able to show that although still far from being a completely operational tool, 

the prototypes possess significantly improved properties compared with conventional 

streamer chambers in terms of isotropy and ionization information. 
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COMMENTS ON PARTICLE IDENTIFICATION SESSIONS 

P.G. t4urphy 
Physics Department, University of Manchester, England 

J.-P. Stroot 
~ • ;t} 

.IISN, Bevg1..wn 
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Most of the efforts of this Working Group have already been reported in CERN/ECFA/72/4, 
Vol. I. Additional work was presented at Tirrenia on 

transition radiation; 

- spot-focusing Cerenkov counters; 

- multiwire proportional chamber optimization. 

Further work has also been done on 

- a total absorption spectrometer. 

1. TRANSITION RADIATION 

1.1 Particle identification by the observation 
f 0 0 do to 0 th X 0 **) o trans1t1on ra 1a 1on 1n e -ray reg1on 

These remarks are based on results obtained in an experiment performed at the Bevatron 

last December by the Hawaii-Maryland-Oxford Collaboration. A full report of this experiment 
is in the process of publication and is available as a preprint1). 

1.1.1 Transition radiation 

A review of transition radiation was given by Prilnster2 ) at the first Tirrenia meeting; 
other useful references are papers by Garibyan 3 ), the Brookhaven group~), and Ellsworth et al. 5 ). 

As a brief reminder, the main features that are important in determining the performance of a 

detector of transition radiation can be summarized as follows: 

a) The yield is low, the probability of emission being ~ a per interface; therefore many 

interfaces are required. 

b) For high y (= E/m ~ 1,000) the radiation is mainly in the X-ray region(> 1 keV), and 

the typical angle of emission is ~ 1/y. Thus the effect can be amplified by stacking 

many foils in front of the device used to detect the X-rays. The yield, per interface, 

is proportional to y. 

c) However, absorption of the X-rays in the foils constitutes a very serious loss. At the 

same time it is not possible to make the foils arbitrarily thin: interference between 

the radiation at the front and back surfaces of a single foil results in a yield pro­

portional to t 2 for t (foil 

thickness) < tf 6). The com­
promise is a sandwich array: 

*) Visitor at CERN. 

detector 

II l1l m-£ 11111111 0 II II I ~ ·.:on;,,, 

**) Paper contributed by J.H. Mulvey, Nuclear Physics Laboratory, Oxford University, England. 
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1.1.2 X-Pay deteation 

A multiwire proportional chamber ~C) is in many ways a very good choice for a detec­
tor of the X-rays. 

a) Most of the X-rays are in the 1-30 keV band, and a proportional chamber is efficient 
for those energies, especially if filled with a high-Z gas such as krypton or xenon. 

b) An MWPC provides good spatial resolution, wide angular acceptance, and multiparticle 
capability, all important for a device which is to be placed downstream of a target to 
identify secondary products. 

c) Because of the 1/y emission angle, the transition radiation photons remain close to the 
parent particle trajectory, providing a "label" 7 ); in the gas of a MWPC the ionization 
energy loss by a relativistic particle is relatively small, a few keV. 

1.1.3 The BevatPon expePiment 

Details of this experiment are given in Ref. 1. An array of eleven modules, each con­
sisting of a radiator followed by a MWPC 1. 5 em thick, was used. There were three types of 

radiator: 

i) 100 foils, each of mylar 12 ~thick and spaced 0.75 mm apart in air; 

ii) 100 foils of 4 ~mylar, spaced 1.5 mm; 

ii) 2-inch slabs of styrofoam. 

Runs were also made with single sheets of plastic of the same total thickness as the 

radiators, and also with no material present. These runs confirmed that the background from 
bremsstrahlung or o-rays produced in the foil material was negligible. 

The MWPC were operated with fillings of argon (93%) plus methane (7%), and also krypton 

(93%) plus methane (7%). 

The pulse height was recorded from each MWPC, and data were taken with 3.0 GeV/c and 
1.3 GeV/c electrons and pions. 

Since the measured pulse height is proportional to the total of ionization energy loss 

plus any X-ray that might have been absorbed, the number of X-rays cannot be simply counted. 
However, by comparing the pulse-height distributions with and without radiators, the number 
detected can be estimated. Table 1 gives the lower limit to the number of detected X-rays 

under different conditions. (This limit is simply obtained by asslUiling not more than one 

X-ray detected per chamber per particle.) 

The yields are small; to predict the use of such a device for identifying high-energy 
pions, one can consider the yield for 3 GeV/c e- as being equivalent to that of 820 GeV/c 

pions. 

The yield from 4 ~ foils is lower than that for 12 ~ foils; this is a consequence of the 

interference noted above. 

Krypton is more efficient than argon because of the K~edge at~ 14 keV. 

Figure 1 shows the distribution in the total pulse height (slUil over eleven chambers) 
with krypton filling under three different conditions: (a) was obtained with 3 GeV/c pions; 
3 GeV/c electrons without radiators gave distribution (b) (dotted) which is clearly shifted 
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Table 1 

NY, lower limit to total number of X-rays 
detected in eleven chambers 

Particle Radiator Gas N y 

100, 12 ].1 {argon 3.6 ± 
3 GeV/c e - krypton 5.0 ± 

y '\, 6,000 
{argon 2.0 ± 100, 4 ].1 

(pion 820 GeV/c) krypton 2.6 ± 

211 styrofoam argon 1.4 ± 

-1.3 GeV/c e 
100, 12 ].1 argon 2.5 ± 

y '\, 2,600 
100, 4 ].1 argon 1.0 ± 

(pion 350 GeV/c) 

-3 GeV/c 'IT 

100, 12 ].1 argon 0.3 ± 
y '\, 21.6 

a) 

0.7 

0.5 

0.8 

0.7 

1 

0.8 

1.0 

1 

a) The errors shown are conservative estimates of the uncer­
tainty due to variations in chamber calibration between 
the runs being compared to obtain Ny; statistical errors 
are much smaller. 

EQUAL AREA SPECTRA OF ENERGY LOSS 
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(WITHOUT SATURATION CORRECTION) 

(b) 

3GeV/c ELECTRONS 
(Ionization Loss Only! 
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Energy Loss In 11 Chambers (~eV) 

Fig. 1 
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to higher values by the relativistic rise 8 ' 9 ); the detection of transition radiation is 

clearly demonstrated by the displacement to still higher total pulse height of distribution 

(c) obtained when foils are placed in front of the chambers. Similar results have been ob­
tained by the Brookhaven group 10 • 11 ). 

i.1.4 Particle identification 

Very crudely (c) is equivalent to the distribution which would be obtained with 

820 GeV/c pions and (b) is an approximation to 820 GeV/c protons; the "separation" which 
would be obtained by applying a simple threshold is about 85% efficiency for counting pions 

and 15% for protons. This is not very good, but by using more chambers, more foils, xenon 

gas, etc., a similar system could be constructed which would achieve much better efficien­

cies at these high values of y. Transition radiation has been proved effective in the 

separation of electrons and pions. But the problem which needs a solution is that of 

identifying a number of secondaries (hadrons) over a wide solid angle in a momentum range 
of, say, 10-400 GeV/c. In spite of many optimistic assertions in the literature, the 

detailed design of a device based on transition radiation and satisfying this need with 
adequate efficiency is still lacking12); it is unlikely that a system of the type I have 

described will be useful for particles with a y ~ 3,000 (pion momentum~ 400 GeV/c). 

Loss of transition radiation X-rays by absorption in the foils is a very serious effect; 

for example, in the experiment using 3 GeV/c electrons and one hundred 12 ~ mylar foils per 

chamber, the number of X-rays produced (of energy~ 1 keV) is estimated to be about sixteen 

times greater than the number detected using krypton. To lower the losses by photoelectric 
absorption, material of lower Z must be used, and Bateman13 ) has suggested the use of a 

deuterium or solid hydrogen foam; if this technique is feasible, and the cryogenic problem 

of maintaining the foam within a container providing large aperture and very thin windows can 

be solved, then certainly the prospect of using transition radiation for secondary particle 

identification down to lower y would be significantly improved. 

1.2 Counting techniques applied to transition radiation X-rays 
and the suppression of signals due to ionization losses*) 

(summarized by rapporteurs) 

Experimental results from an arrangement similar to that of Mulvey (Section 1.1 above) 
were reported. Three multiwire proportional chamber arrays were used both to reconstruct 

particle tracks and to detect transition radiation X-rays from 200 mylar foils, 0.035 mm 

thick, or 20 em of polyethylene foam. 1 GeV electrons passed through the foils and the 

chambers. In each proportional chamber about 120 ion pairs were produced by the ionization 

effect of the high-energy particles. A typical transition radiation X-ray would liberate 

about 400 ionization electrons within a small volume, producing one large pulse, in contrast 

to the ionization signal which would appear as a succession of smaller pulses more spread 

out in time. By lowering the voltage below 3 kV the chambers could be made relatively in­
sensitive to ionization signals without losing efficiency for X-ray detection. Figure 2 

shows the results for a) the efficiency of detection of the ionization signal, and b) the 

efficiency for detection of transition radiation X-rays from 20 em of polyethylene foam. 

*) Paper contributed by S.J. Prunster, DESY, Hamburg, Germany. 
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Thus it should be possible to make a device predominantly sensitive to transition radiation, 
which would give improved discrimination between particle types. 

2. SPOT-FOCUSING CERENKOV COUNTERS 

2.1 A spot-focusing Cerenkov counter for the detection 
of multiparticle events at high energies ) 
(summarized by authors) 

2.1.1 Introduation 

**) Several attempts have been made to devise a Cerenkov counter which can accept a di-

verging beam of particles. These have been based on the principle, as illustrated in Fig. 3a, 

of using spherical optics in_order to focus the Cerenkov light into a ring image. 

The present report outlines an improvement in the design of such a counter for the case 

of detecting particles coming from a small volume in space, such as from a target. This 
detector uses conical or toroidal optics to focus the Cerenkov light of a particle with a 

given velocity So (or Yo = E/m) into a small spot image. The concentration of the light 
yield simplifies the detection problems. For a particle with velocity S r So, a ring image 
is produced instead of a spot, the radius of the ring being related to the particle velocity. 
The position of the spot (or centre of the ring image) yields information on the angular 

coordinates of the particle. 

The principle of the spot-focusing detector is illustrated in Fig. 3b in which the coni­

cal waves of the Cerenkov light are converted into plane waves, which can then be focused to 

a spot. The conversion of conical waves into plane waves is performed by introducing an 

optical path-difference proportional to the height of impact of the light-ray from the par­
ticle trajectory; such a path-difference is produced by using an axiconic lens or mirror. 

*) Paper contributed by M. Benot, J.M. Howie, J. Litt and R. Meunier, CERN, Geneva, 
Switzerland. 

**) A more detailed version of this report containing all relevant references is to be 
submitted for publication in Nuclear Instrum. Methods. 
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One necessary condition for achieving spot focusing is that the trajectory of the particle 

must pass through the apex of the optical element; and in fact for IIIUltiparticle detection 

the apex IIIUSt coincide with the position of the production target. 

2.1.2 The spot-[oausing deteatoP 

a) QQ!!~!_fQ~!!~!~!!Q~ 

The simplest configuration for a spot-focusing detector is shown in Fig. 4. In this 

case, the axicon is placed virtually at the target position using an inclined plane mirror. 

The target is located at the centre of curvature of a spherical mirror and the optics are 

thus free from large coma aberrations. The spot focus is formed at a virtual image in the 
focal plane F of the spherical mirror. A conventional transfer lens is used to produce the 

final real image in the plane of the electronic detection system. The magnification in the 

last stage is designed to match the required angular resolution to the detector size. Since 

this latter point is a rather well-known design problem, it will not be pursued further in 

this report. 
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A ray-tracing simulation has been performed for the spot-focusing counter based upon 
the configuration of Fig. 4 and having the following design parameters: 

i) The gas pressure in the counter is set to produce spot-focused images for particles 
with So= 1 (or Yo= oo). Helium gas at 6 atm pressure is used, which corresponds to 
a Cerenkov angle 90 = 20 mrad for particles with So = 1. 

ii) The radius of curvature R of the mirror is 10 m, and the length L of gas radiator is 

8 m. 
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iii) The radius a of the cross-sectional area of the production target is nominally set at 

1 mm, and the maximum divergence angle T of detected particles is ±20 mrad. 

iv) The a.xicon bends the rays of light to produce spot-focusing and, at the same time, 
corrects to first order the chromatic dispersion of the Cerenkov angle. In order to 
perform these two functions an a.xicon doublet has been assumed, with elements of sodium 
chloride and fused silica. 

v) The detection of light is based upon the use of photomultipliers which, for each detec­
ted partiCle, produce a total output of about 30 photoelectrons from the photon wave­
length interval 280-440 nm. (The detector coefficient A is assumed to be A= 100 cm- 1 .) 
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In Fig. 4, a particle is shown which is emitted from the centre of the production target 
with a velocity B 0 and which forms a spot image in the focal plane of the spherical mirror. 
One can consider the general case of a particle of velocity B which is produced at a distance 

a (radially) from the centre of the target and having a divergence angle T and azimuthal 

angle ~· Cerenkov light (at an angle 8) is emitted from a point along the particle trajec­

tory at a distance zR from the mirror, where R is the radius of curvature of the mirror and 

z is a multiplicative factor restricted to having values between 0 and 0.8. If one selects 

a particular ray of light making an angle w around the Cerenkov cone and traces this ray 

through the optical system, then 

X = -r sin w + ~ cos w + i RT sin ~ , 

Y = r cos w + ~ sin w + ! RT cos ~ , 

where ~ and r are defined by 

~ = a80 sin w 
28 (1 - z) 

r = B 18 - 8 I ~ R IL- Lll 2 I o ~ 48 o Y2 Yo 

The shape of the image as described by the above equations is given in Fig. 5, from which one 

can conclude the following: 

i) For a particle of velocity Bo (or y = y 0 ) for which the counter is "tuned" and for an 

infinitely small target size (a= 0), the image is theoretically a point at S (if 
chromatism and high-order aberrations are neglected). 

ii) A particle of any other velocity B, and when a = 0, will produce a ring image, denoted 

by "p" in Fig. 5, which is centred on the point S. 

iii) The error due to the target size a 

transforms the expected ring image p 

into a fourth-order curve, which is 
shown as "p*" in Fig. 5. 

iv) Along the trajectory of the particle, 

each light-ray will correspond to a 

different value of z, and thus the 

final image in the focal plane will 

be made of points each belonging to a 
different curve p*. 

Hence the evaluation of a spot-focusing 

detector must take into account the above 

properties of the linage, together with a 

smearing of the pattern by effects such as 

the residual optical aberrations, multiple 

scattering, and photoelectron statistical 

fluctuations. 

p• 

!I( 

Fig. 5 
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d) QQ!!~~1-~Q~!!~!!Q~ 

In the design of the axicon doublet one can choose the conical angles of the two elements 

in order to achieve spot-focusing and to minimize the residual chromatic aberrations in the 

final image. An optimization of the axicon doublet design has produced a ratio of the primary 

to the secondary (residual) chromatism of 5 : 1, and the final angular chromatism which remains 

in a spot image for a target radius of 1 mm is approximately ~echr ~ 4 x 10-2 mrad. 

The coma aberration can be reduced below the level of ~acoma ~ 1 x 10- 2 mrad by slightly 

changing the angle which the first surface of the axicon doublet makes with the axis. The 

spherical aberration, which is already quite small, can be further reduced by introducing 

toroidal (instead of conical) lenses. 

e) ~1!!E1~-~~~!!~!!gg 

Multiple scattering in the target, entrance window, and gas radiator cause a spread of 

the image in the focal plane. An estimate of the size of the effect in the gas is given by 

the r.m.s. multiple scattering angle, which for 8 in of helium gas at 6 atm and for a 100 GeV/c 

particle corresponds to Mms ~ 5 x 10-2 mrad. The multiple scattering in the production 

target, the thic~ess of which is determined by the requirements of a particular experiment, 

must also be taken into account. 

2.1.3 Results of simulation and peP[ormanae evaluation 

The results from a simulation program have been studied for the detector design of 

Fig. 4 and having the basic parameters outlined in Section 2.1.2 (b). Figure 6 shows typical 

patterns formed in the image plane by randomly generated light-rays from a single particle 

trajectory. 

It can be shown that the spot-focusing detector and differential Cerenkov counter have 

an equivalent phase-space acceptance. The main difference between these two detectors is 

a) Spot image b) Ring image 
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that the differential counter is a single-channel device, whereas the spot-focusing counter 

can be multiplexed, and therefore can produce more info:nnation concerning a given high-energy 

interaction. 

2.1.4 ConaZusions 

The preliminary design studies indicate the feasibility of the spot-focusing Cerenkov 

detector, provided that it is used together with a small-sized production target. For a 

target radius of about 1 mm, the detector can provide the angular coordinates of each par­

ticle track to within~ ±0.1 mrad and the velocity to an accuracy liB ~ 2 x 10-6 • The counter 

is sensitive within a given design range of y and for large angular acceptance values up to 

~ ±20 mrad. 

An instrument which can detect multiparticle (charged) events and provide the angular 

coordinates and velocity of each separate particle will be a useful complement to the posi­

tion and sign-of-charge information from magnetic wire chamber systems. The spot-focusing 
detector is a novel application of the Cerenkov technique which might prove to have an 

important role in high-energy physics instrumentation. 

This example has been chosen to illustrate the principle of the spot-focusing counter, 

and is suitable for the particular application of detecting forward-going particles from a 
high-energy interaction. In principle, this technique can have a wider application; for 

example, to the detection of large production angles, and for larger target sizes at the 
expense of obtaining a lower velocity resolution. 

3. MULTIWIRE PROPORTIONAL CHAMBERS 

3.1 Optimization of multiwire proportional chambers*) 

(summaPized by rappoPteurs) 

Results were presented for a method of improving the uniformity of the pulse-height 

info:nnation given by a multiwire proportional chamber. This was achieved by a simple ar­

rangement allowing independent adjustment of the voltages on the individual wires. Uniform­
ity of pulse height within a few per cent was obtained. 

4. TOTAL ABSORPTION SPECTROMETERS 

4.1 A total absorption spectrometer 
for energy measurements of high-energy particles**) 

This report has been submitted to Nuclear Instruments and Methods. It describes the 

performance of a sandwich of iron and scintillator plates when used as a total absorption 

counter for the measurement of energies of neutrons or other strongly-interacting neutral 

particles. An energy resolution of ±11% was achieved at 24 GeV/c. The authors have recent­
ly estimated that the resolution should be better by a factor of 2 at 100 GeV/c. 

*) Paper contributed by J. Renuart and G. Gregoire, University of Louvain, Belgium. 

**) Paper contributed by J. Engler, W. Flanger, B. Gibbard; F. Monnig, K. Runge and 
H. Schopper, CERN, Geneva, Switzerland and Institut fur Experimentelle Kernphysik, 
Karlsruhe, Germany. 
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Experimental Techniques 

KINEMATICAL ANALYSIS AT HIGH ENERGIES*) 

W. Matt 
Max-PZanak-Institut fur Physik und Astrophysik, Munich, Germany 

1. INTER-TRACK CORRELATIONS 

A single vertex event with n charged tracks can be described by the following para­

meters: 

1/p., A., ~1. the inverse momentum, dip, and azimuth angle for each track. 
1 1 

Xo, Yo, Zo the coordinates of the vertex. 

If all 3n + 3 parameters were fitted simultaneously in a geometry program, the resulting 

error matrix would contain inter-track correlations (i.e. the parameters 1/p-, A.,~- of 
1 1 1 

track i are correlated with 1/pj' Aj' ~j of track j). 
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In the geometry programs generally used in bubble chamber physics, each track is fitted 
independently from the others. Thus for each track, 1/p-, A., ~-, Y., z. (X. is held fixed) 

1 1 1 1 1 1 
is fitted, giving in total Sn parameters. This means that 2n - 3 parameters are fitted un-
necessarily, giving away valuable information contained in the measurements of bubble chamber 

pictures. 

It has been shown 1 ) that without losing the computational advantage of fitting the 

tracks separately, the inter-track correlations can be retrieved later by eliminating the 

unnecessary parameters (i.e. imposing the constraint that all tracks have to go through one 

point, i.e. the vertex). 

The question arises whether this additional information is really relevant for the 

kinematical analysis. 

To answer this question, the reaction 

+ + + 
K + p + K + p + ~ + ~- + ~o 

was studied. The track length in BEBC was determined, and the errors on the track para­

meters were computed for the contribution of the measurement error and multiple scattering. 

For each Monte Carlo event, the probability was calculated that this event can be interpre­

ted as 

+ + + 
K +p+K +p+~ +~ 

i.e. a 4C-fit. 

It was found that using the inter-track correlations the number of wrongly interpreted 
events can be reduced by a factor of two compared to the standard procedure of forgetting 

the vertex parameters. Thus only about 3% of the ~ 0 events will fit to a 4C hypothesis, 

and this can be tolerated. 

An improvement in the error on the missing-mass squared of 20-30% could be observed for 
events with a slow ~ 0 • 

*) Contributed paper 
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2. NEW ERROR FORMULAE 

The fonnulae for computing the contribution of measurement error and nrultiple scattering 
to the errors of the track parameters were derived at a time when mass-dependent fitting was 

not used. For tracks losing a significant fraction of their energy within the chamber, 

multiple scattering near the end of the track (the measurement error can be neglected for 

these tracks) has less influence on the fitted momentum when the mass-dependent fit is used 

than in the case in which a helix fit is performed. Thus different error formulae for the 
fitted track parameters should be used; these are derived elsewhere2). 

According to the old fonnulae, the contribution of the momentum error to the error on 

the missing-mass squared (in the case of the neutral system being fast) is maximum for pro­

tons which are slow but do not stop in the bubble chamber3). For BEBC this corresponds to 

a momentum region of 0.7 to 1 GeV/c. In this critical region, the new error fonnulae de­

crease the error on the missing-mass squared by about a factor of two, thus allowing one to 

separate some lC-fits from OC-fits up to a momentum which is twice as high as that estimated 

so far. 

3. TRACK SEGMENTATION 

The improvement in momentum determination described above can only be reached when 

measurements go beyond the so-called "optimum length". With the standard mass-dependent 

fit, the multiple-scattering errors on the angles defining the initial direction might in 
this case become unacceptably large. This can be overcome by the parametrization method2 '~) 
(i.e. by dividing the track into segments) where the errors on track direction do not in­
crease when measurements go heyond the old optimum length. Thus one can take full advantage 

of the improved momentum. By segmenting the track, a gain up to a factor of two in angular 

precision can be achieved compared with the standard mass-dependent fit over the whole track 

length. A chamber with a smaller measurement error helps to improve the determination of 

the starting direction even for tracks where nrultiple scattering dominates, since it allows 

one to use a smaller segment length. 

A smaller error in track direction due to segmenting the track and a smaller error on 

the track momentum due to the new fonnula will reduce the error on missing-mass squared and 

increase the energy range where one can separate lC-fits from OC-fits. This will be 

20-30 GeV/c in BEBC (E = 300 ~)and 40-50 GeV/c in a small high-precision chamber (E = 30 ~). 

* * * 
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CONSIDERATIONS ON THE DESIGN OF A VERTEX DETECTOR FOR SPS ENERGIES*) 

A. Grant 
CERN~ Geneva~ Switzerland 

A vertex detector is a device incorporating a target which has the capacity to measure 

the momenta and angles of one or more slow tracks with sufficient accuracy over a large frac­

tion of 4rr solid angle. The range of momentum of the detector has been taken as less than 

2 GeV/c. Tracks of momenta greater than 2 GeV/c are assumed to be measured in a "forward 

spectrometer" of the Hyams-Koch type (CERN/ECFA/72/ 4, Vol. I, Section 8. 8). 

The complete apparatus, spectrometer and vertex device, should have the capacity to 

fully reconstruct all tracks of an interaction, in an unbiased way, at incident momenta 

greater than 100 GeV/c. 

There are three possible ways in which a vertex detector can be used, each with dif­

ferent conditions of angle and momenta accuracy: 

i) as a recoil spectrometer with no measurement of fast tracks; 

ii) as part of a general device to measure all charged particles and fit neutrals from 

the kinematic constraints; 

iii) as part of a general device to measure only charged particle reactions; neutrals, 

e.g. n°'s, are vetoed by anticoincidence with gamma detectors. 

The purpose of this note is not to propose any particular hardware, but to consider 

in general terms the features any reasonable detector must have in order to satisfy the 

conditions of measurement accuracy. In particular, it is possible to show from considera­

tions of error formula that the type of detector used puts strong constraints on the size 

and magnetic field of the whole apparatus. 

It is clear that, in general, errors on momenta and angles of slow tracks are dominated 

by the multiple scattering contributions. This effect is ignored in the following sections. 

There can be no simple answer to the elimination of multiple scattering, only the careful 

design of the detector, target, and beam in such a way as to remove all unnecessary material. 

1. VERTEX DETECTOR AS A RECOIL SPECTROMETER 

It was found from the discussion on errors of a missing mass ~~ given in CERN/ECFA/72/4, 

Vol. I, p. 31 that the contribution to ~~ from the ith measured track is 

L'illl~ 2(Exi3i - Px cos Si)t.pi 

~ 2pipx sin ei t.ei , 

For a missing-rmss spectrometer the condition ~ = 20 HeV at m = 2 GeV and p = 200 GeV is 
X X X 

reasonable. In Figs. 1 and 2 are shown the minimum required t.p/p and t.e errors calculated 

from the formulae above (for slow measured tracks). It can be seen that apart from the 

'Jacobian peak' region, the 20 MeV error condition would require 

*) Contributed paper 
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A general device with this accuracy seems unreasonable. However, work in the 'Jacobian 

peak' region where the recoil is against a single particle still seems possible. 

2. VERTEX DETECTOR FOR ALL EVENTS 

In this case the requirement is that all tracks are measured with sufficient accuracy 

such that single n°'s may be kinematically reconstructed. In particular, for slow measured 

tracks this implies 

at ")c = mn at momenta of 100 GeV/c , 



which gives· 

and 

Experimental Techniques 

~e ~ 5 x 10-~ for p > 0.5 GeV/c 

~e ~ 10-3 for p < 0.5 GeV/c 

Tracks with momenta greater than 2 GeV/c are measured in a forward spectrometer. 

In the following discussion, error formulae for ~e for ~q have been used in the two 

cases. 

i) Measured points in the field region: 

M = ___:./9f..::...9.::..6 _ e: 

IN + 4. 9 L cos A 

~q = 1720 ___ e: ___ _ 

~ 12 cos 2 A (0.3 B) 

1 q=-. 
p 

ii) Measured points outside the field region: 

M=IZ e: 

IN L cos A 

~q = _l_ ___ e:=-----
IN L cos 2 A 0.3 Bt 

N points measured with setting error e: in length L at field B tesla. 
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It may be seen from these error formulae that there is a significant loss in accuracy 

for the same N, e:, and L in the case where the measured points are inside the field region. 

In some cases this loss, due to the correlations between p and e, can be recovered after 

full kinematic fitting. 

From the conditions on ~x and the formulae above, some general conclusions can be 

drawn about the size and field of the detector required. 

i) Points measured in the field region: 

The important parameters are N, the number of points measured; B, the field; and p, 

the spacing of measured points : 

length of track , L = pN 

set cos A = 1 

Figure 3 shows a plot of N against B kG, the curves shown correspond to the limits set by 

NIN + 4 9 >. 1% e: 
• "' p Be (1) 

N2vN+5 > moe: 
P2 ~q 0.3 B (2) 

and 

N ~ 3 
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with 

p 0.03 

and 

Any viable detector must operate above the envelope of these curves. 

A further condition may be added such that there is a maximum field possible to allow 

sufficient points to be measured on a slow spiraling track: 

~ 
B ~ 0.9 Np ' 

TI1is assumes that after ¢ > 60° and < 120°, measured points are bad owing to non­

isotropy of detector. The effect of this constraint is shown in Fig. 3 as the line Bmax 
at 2.4 tesla for p = 300 MeV/c and the angular error 1:.6 s 10- 3 • 

Three examples of different kinds of chambers have been taken: 

.MWPC 2 nun wire spacing 

one coordinate every 15 em E = 0. 7 l!lill 

Optical with Plumbicon 

one coordinate every 3 em e; = 0.5 mm 

Streamer with film 
one coordinate every 0.5 em e; = 0.2 mm • 

The comparison of these chambers is shown in Fig. 4, a plot of minimum required track 

length, L metres against magnetic field B in kG. Only in the case of the streamer chamber 

is the point density sufficiently high to allow the use of high magnetic fields: 

MWPC 

Optical 

Streamer 

Bmax 

Bmax 
B reasonable 

11.5 kG 
24 kG 

35 kG 

L . m1n 
L . mm 
L . m1n 

3.3 m 

1.6m 

0. 7 m • 

The conclusion of this would be that only with a streamer chamber is it possible to 

obtain the required accuracy on !:.p and 1:.6 consistent with a reasonable size of magnet. 

ii) .Measured points outside the field region: 

As mentioned previously, there is a significant gain in accuracy obtained by decoupling 

the measurements of p and e. This is the normal situation with, for example, single-arm 
spectrometers. However, to generalize a spectrometer of this type to cover a large fraction 

of 4n is clearly technically very difficult, and could only be possible, from the point of 

view of cost, if the angle measurements are made in a short distance. Figure 5 shows sche­

matically a possible layout of the device. 'C' magnets are used to make sectors of a ring, 

leaving the target in a field-free region in the centre. 

There are several other advantages of having a field-free region round the target: 

- simpler pattern recognition and vertex reconstruction; 

- greatly reduced computer time for reconstruction of tracks. 
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Sector magnet device 

<--------- 4m 

Fig. 5 

As in the previous section, conditions can be placed on the dimensions and field of 

the device. The most obvious is that there is a maximum field for each of the sectors such 

that a slow track may be measured before and after the magnet. If the bending angle is 

< 60° for a track of 300 MeV, 

TI 
BQ. ~ 3 . 

Using the conditions on 6q and 68 as before and the error formula, (ii) gives: 

BQ. = 12 68 < .:!::_ 
0.36q'3 

gives 68 ~ 2.2 x 10-~ 

To satisfy this new condition on 68 for each of the chamber types discussed before, with 

BQ. = 1.1 Tm: 
max 

HWPC 
Optical 

Streamer 

£ = 0.7 X 10- 3 

£ = 0.5 X 10- 3 

£ = 0.2 X 10-3 

p 0.15 

p 0.03 

p 0.005 

L 1.47 m 

L 0.71 m 

L 0.21 m 

As before, only the streamer chamber gives, with the required accuracy, a magnet de­

mension which could be considered reasonable. 

3. VERTEX DETECTOR FOR CHARGED PARTICLE REACTIONS 

In this case the vertex detector is again assumed to be used with an accurate forward 

spectrometer which measures all tracks with momenta greater than 2 GeV/c. In addition, it 

is assumed that all fast n° events are removed by anticoincidence or are measured in angle 
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and energy by total absorption comters. Slow n° can be removed, by simple kinematic con­
straints, from the well-measured fast tracks. If these conditions are satisfied it would 

in principle be unnecessary to measure the momenta of up to three slow particles provided 

their angles and ionization were well measured. 

This last case looks very attractive for a wide range of physics which can be studied 

in the only charged "4C" channels. The loss of slow n° events is more than compensated by 
the simplicity and lack of bias of any scheme with no magnetic field in the target region. 

The fact that positive particle identification is necessary and is not obtainable from 

the kinematic constraints strongly favours the use of a streamer chamber as the vertex device. 

4. CONCLUSION 

The single point which comes out clearly from the above considerations on a vertex 

detector design is that the streamer chamber or the "crystal" projection chamber of Charpak 
have the required properties of low multiple scattering, high point density, and perhaps 

ionization measurements. It is mlikely that ultra-high magnetic fields ~ 70 kG are required; 

the optimum seems to be in the 20-30 kG region. The question of the axis direction of the 

field used in a detector has not been discussed in this report, although an axial field, 
along the beam direction does have attractive features. 
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A COMPARISON OF PROPERTIES OF 
RAPID-CYCLING BUBBLE CHAMBERS AND STREAMER CHAMBERS*) 

E. Lillethun 

University of Bergen~ Norway 

At the panel discussion on results of the working parties, a request was submitted for 

a comparison of the use of streamer chambers and rapid-cycling bubble chambers in high­

energy experiments. The answer showed that there are still some misunderstandings with 

respect to the possibilities of these types of chambers. 

In the following I shall therefore try to clarify some relevant points. 

The basis for the comparisons made below is mainly the data given in CERN/ECFA/72/4, 
Vol. I, paper 4.1: Rapid-Cycling Bubble Chambers by C.M. Fischer; and paper 4.2: The 

Use of a Streamer Chamber in High-Energy Experiments by H. Meyer. The comparison is by no 

means exhaustive. 

1. SIZE 

The rapid-cycling bubble chamber (RCBC) is inherently relatively small (linear 

dimensions 30-50 em). At high energies it is therefore only of interest as a vertex 

chamber. A streamer chamber can be made larger and can be used not only as a vertex 

chamber but also as a detector in other parts of an experiment (e.g. a spectrometer). 

The following comparison will mainly deal with the chambers used as vertex chambers. 

2. TRIGGER POSSIBILITIES 

An RCBC will go through the expansion cycle at a fixed rate (20-100 Hz depending on 
size). It cannot be triggered by an event selected by a trigger system. However, there­

cording of the picture of the event can be suppressed or performed according to such a 

trigger. 

A streamer chamber can be triggered by a counter system that can provide the high 

voltage to the chamber within about 1 ~sec. 

Its memory time is of the order of a microsecond, but there are possibilities of 

"freezing" the event by a prepulsing of high voltage using a coarse, fast trigger, and then 

using a slow trigger (e.g. computer) to decide within milliseconds whether to record the 

event or not. 

3. RECORDING SYSTEM 

For the time being the events are photographed and the films scanned and measured in 

the usual way, either manually or by means of devices such as the HPD. However, much work 
is being done to introduce a digitized recording system using Plumbicor1 systems (see 
G. Amato and B. Powell, CERN/ECFA/72/4, Vol. I, Section 4.4). 

*) Contributed paper 
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A successful solution of this problem is necessary before the repetition rate can be 

increased substantially beyond 10Hz, since the film advance time is typically 0.1 sec. 

It also seems that development work will make it feasible to use image intensifiers in 

the r~cording of streamer chambers. This could increase the measurement accuracy (smaller 

streamer size) and reduce the dead-time of the chambers. 

4. BEAM REQUIREMENTS 

The RCBC needs a pulsed beam giving a short burst at the rate of the chamber expansions 

(20-100 Hz). This results in a request for a beam-sharing system with, say, 50 bursts per 

sec. During a flat top of 1 sec, this could result in a ''beam intensity" of 800-1000 par­

ticles per synchrotron cycle. The possibilities for the beam-sharing system needed have 

been discussed in the preceding paper by R.T. Van de Walle. 

The streamer chamber requires a beam of steady rate. In order to have an average of 
less than 10 beam tracks per picture, the beam intensity should be kept to (0.5-1) x 10 7 

particles per second. 

5. TARGET 

The RCBC is of course in itself the target, with an active length of 20-40 em of liquid 

hydrogen. 

Liquid hydrogen targets in streamer chambers have been made in lengths from 4 to 40 em 

with diameters from 10 mm upward. For special problems, hydrogen gas targets may also be 

used. 

In the DESY chamber the separation of the liquid hydrogen from the chamber gas is made 

by 25 ~thick H-foil (beam windows of 12 ~),surrounded by a perspex foam, Rohacell, of 10 mm 

thickness (0.06 g/cm2). For protons the momentlllll must be greater than about 140 MeV/c in 

order to penetrate this and be detected. 

Only in a bubble chamber can the tracks be followed to the vertex itself. In the 

streamer chamber the vertex is reconstructed by extrapolation with an accuracy from 0.5 to 

2 mm. 

Clearly, for experiments where it is imperative to detect particles of the lowest 

momenta (e.g. the "spectator" recoil proton in deuterium experiments) and/or to measure the 
vertex point with great accuracy, the RCBC is preferable. Such experiments include those 

where the measurement of short decay lengths (e.g. of~±, A0 , A0 ) are important. 

6. MEASURING ACCURACY 

The measuring accuracy in an RCBC is about 30 ~. while in a streamer chamber it is about 

200 ~ in space. Therefore at first sight it seems that the RCBC is much more accurate. But 
the smaller multiple scattering combined with the possibility for longer tracks in the 

streamer chamber results in very comparable accuracies for angle and momentlllll. 

From the point of view of measuring accuracy, it is expected that special requirements 

of different experiments may in some cases favour one of the chamber types, and in other 
cases the other. 
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7. SOLID ANGLE 

Both chamber types claim a useful solid angle of nearly 4n. In the case of a streamer 

chamber with the electric and magnetic fields parallel, there will be an unmeasurable cone 

with axis through the target and parallel to the fields with an opening angle of about 15° 

(in the DESY chamber the electric and magnetic fields are parallel, but this choice is only 

for convenience and is not a necessity). Poor measuring accuracy will of course continue 

beyond the 15° since these properties do not change abruptly. 

No such region is specified for the RCBC, but there may be regions with poor stereo­

scopic measuring accuracy owing to the positioning of the cameras (this is also true for 

streamer chambers). 

8. COST 

The estimate for an RCBC is somewhere between 1 and 3 MSF. A reliable estimate for the 

cost of a streamer chamber is not available, but it should not exceed half a million Swiss 

francs, even for a chamber of relatively large size. The magnet costs are not included 

here, since they will depend very much on the dimensions chosen. 

9. MEASURABLE CROSS-SECTIONS 

From what has been said about target, beam requirements, and triggering, one can get 

an idea about the possibilities for measuring small cross-sections. 

The high average multiplicity limits the average number of interactions per burst to 

less than one to make the RCBC picture easily analysable. The average number of events per 

machine cycle of 40-50 bursts will therefore be about one per millibarn. 

The stream~r chamber with a 10 em target in a beam of 5 x 10 6 particles per machine 

cycle will see one event per machine cycle for a cross-section of about 5 yb. 

It should be remembered that the streamer chamber has a dead-time of about 10-100 msec. 

If the trigger system is not made selective enough, a great deal of the useful beam inten­

sity may be lost due to the dead-time imposed by the recording system. 

To illustrate this in the extreme, imagine a trigger whose only requirement is that a 

beam particle has undergone a collision, i.e. corresponding to about 40 mb. Only about 

40 beam particles will, on the average, go through the target before a collision happens; 

and with, say, SO msec dead-time the experiment makes use of only about 20 x 40 = 800 par­

ticles in a machine cycle instead of the 5,000,000 available in the above-mentioned beam. 

The high sensitivity of the streamer chamber set-up for events of low cross-section is 

therefore completely dependent on a trigger system that reduces the trigger rate to the 

order of one trigger per machine cycle. 

10. CONCLUSIONS 

From the above it should be clear that both rapid-cycling bubble chambers and streamer 

chambers will be useful in high-energy experiments. 
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The rapid-cycling bubble chamber has its greatest advantage when it comes to measuring 

particles of very low momenta close to the vertex and to measuring the vertex position with 

accuracy. 

When an experiment is designed to give high statistical accuracy for events of low 

cross-section with a necessity for measuring close to the vertex, the streamer chamber is 

preferable because it can stand a collision rate in the target 10 3-10 4 times that in a 

bubble chamber. Still, by trigger selection, the number of events recorded will be about 

the same as in the rapid-cycling bubble chamber. 
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STUDIES FOR A EUROPEAN SUPERCONDUCTING SYNCHROTRON (A GESSS REPORT) 

W. Heinz 
Institut fur ExperimenteZZe Kernphysik~ Xernforsahungszentrum Karlsruhe~ Germany 

1. INTRODUCTION 

The highest centre-of-mass energy ever obtained by a man-made accelerator is the energy 

of the CERN Intersecting Storage Rings (ISR), with beam momenta of 31.4 GeV/c in each ring 
equivalent to over 2000 GeV of a conventional accelerator beam striking a stationary target. 

The accelerator with the highest energy particles in the accelerated beam itself is now the 

American proton synchrotron at NAL, Batavia, which has reached 300 GeV and is expected to 
reach 400 GeV this year. An equally powerful machine will be the European proton synchro­
tron now under construction at CERN, Geneva, which is scheduled to reach the first beam at 

a 200 GeV level in 1976 and have full energy of 300 or 400 GeV two years later. 

The conversion of any of these accelerators into a superconducting synchrotron would 

equip the high-energy physics community not only with a powerful research instrument but 

also with the biggest liquid-helium-temperature cryogenic plant. Together with plasma phy­

sics the requirements of high-energy physics have been and will continue to be a challenge 

to physicists and engineers to develop new technologies. A superconducting magnet system 

for high-energy accelerators or superconducting beam lines would give great impetus to the 
development of superconducting and cryogenic components. This might help to establish 

superconducting and cryogenic technology on a full industrial scale and possibly open new 

resources of support for fundamental research. 

2. SUPERCONDUCTING HIGH-ENERGY ACCELERATORS 

The energy available from. accelerated beams has steadily increased from the several 

hundred keV of the first cascade of Cockroft and Walton in 1932, to the several hundred GeV 

of the Batavia synchrotron in 1972. Whenever the existing techniques reached their inherent 

limits, a new acceleration principle was invented. In a nuclear reaction the available 
energy is the centre-of-mass energy of the hitting particles, which at high energies is 

proportional to the square root of the peak energy of the particles in the accelerated beam. 

Total energy is available if two particles of equal but opposite momentum collide. Conse­

quently the latest new principle now successfully in operation is the colliding beam tech­

nique where two particle beams circulating in opposite directions cross at definite colli­

sion points to enable head-on collisions of the particles in the two beams. 

A survey of the development of the maximum energy of accelerators is given in Fig. 1. 

For storage rings the figure gives the equivalent laboratory energy which would be necessary 

to obtain equal centre-of-mass energy with a· target at rest. In looking at this diagram one 

has to keep in mind that the usefulness of an accelerator is determined by a number of para­

meters. Energy is only one of them; other important ones are intensity, duty cycle, and 

the kind of available particles. So the development of accelerators goes into different 

directions, and a superconducting synchrotron may well be the next step. 
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The magnets in a conventional synchrotron accelerator operate at a maximum field of 

1.5 to 2 T. If these magnets could be replaced by superconducting magnets of 4 to 6 T, the 

energy of the accelerator could be increased by a factor of three or four. Pulsed super­

conducting magnets have been built in a number of laboratories since 1967. By 1971, model 

dipole magnets representative in many respects of. those required for a superconducting syn­
chrotron had been built and tested. In Europe this work was given great impetus by the 

decision to build the 300 GeV machine in Geneva. This machine will be built as a so-called 
missing magnet machine: half of the bending magnets will be left out in the first stage. 

The gaps can be filled with additional conventional iron magnets to give the "design" energy 

of 300 GeV. With the full set of bending magnets in position and powered to 1.8 T the 

energy will be 400 GeV. As energy of 1000 GeV could be reached by replacing the iron mag­
nets by superconducting ones operating at a maximum field of 4.5 T 1 ' 2 ). The missing magnet 

scheme allows superconducting magnets to be installed during the completion of the acceler­

ator if they are found technically feasible and economically reasonable. This can be done 

in several ways. Mter reaching 200 GeV (stage A) a set of superconducting magnets could 
be installed in the lattice rather than another set of conventional magnets. This ''missing 

magnet solution" will give a final energy of 500 GeV with the superconducting bending magnets 

powered only. The iron quadrupoles are designed to focus an accelerated beam up to this 

energy, possibly with some additional correcting devices. In a later stage all the conven­

tional magnets could be replaced by superconducting magnets to give 1000 GeV or more depend­

ing on the field level. The missing magnet solution requires the matching of the apertures 
and lattice to the existing part of the machine. It allows the use of all the facilities 

already in place: RF accelerating system, control system, part of the vacuum system, etc. 

Another solution could be to place the superconducting magnets above the main ring mag­

net system in the same tunnel. The 200 GeV of stage A would be used as an injector into the 
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superconducting ring. This "separate ring solution" could be advantageous in several 

respects. Compared to the missing magnet solution there are less restrictions in the design 
of the cryogenic system and in choosing the lattice; the aperture is small because of the 

higher injection energy. But additional facilities for injection, acceleration, and control 

of the beam are needed. 

Appropriate lattices for the missing magnet and separate ring solutions were found to 

be compatible with the lattice chosen for the conventional machine. At 200 GeV the beam may 

be transferred from the conventional to the superconducting ring on top, using the long and 
medium straight sections of stage A. Reasonable ejection schemes at a 1000 GeV level were 
found2 ). 

A variant of these solutions utilizes an extra tunnel to accommodate the superconducting 

ring, concentric to the first one but several metres away. This last solution would allow 

the maximum degree of freedom in designing the lattice for the superconducting synchrotron, 

and might in part compensate the extra cost. Another attractive feature of this solution is 

the minimum interference of running experiments during construction time. In separate ring 

solutions, distortion problems due to remanent fields are less severe because of the rela­

tively high injection field. 

In 1970 a group of three national laboratories (RHEL, Chilton, England; CEN, Saclay, 

France; IEKP, Karlsruhe, Germany) formed the GESSS Collaboration -- Group for European 

Superconducting Synchrotron Studies. The objective is the co-ordination of their work, 

directed towards pulsed superconducting magnets, and their application in future accelera­
tors, especially in a possible completion of the European 300 GeV machine with superconduct­

ing magnets or a conversion of this machine to a fully superconducting one. This collabora­

tion is closely linked to the CERN laboratories. Each of its laboratories co-operates with 
national industry. A number of working groups exist to cover special subjects. 

3. SUPERCONDUCTING MAGNET DEVELOPMENT 

3.1 Preliminary remark 

The parameters of pulsed superconducting magnets are determined by the requirements of 

superconducting and low-temperature techniques and by those of the accelerator builders and 
users. The final choice of parameters will be a balance between physical, technological, 

and economical requirements. Dipole magnets built and under study have central fields 

ranging between 4 and 6 T, useful aperture diameters of 5 to 12 em, and effective lengths 

of 0.4 to 3.0 m; ultimately the effective length will be 5 to 7 m depending on the lattice. 

Field rise-times reached are above 5 T/sec in dipoles, thus allowing a cycle time of several 

seconds. Dipoles have been tested with and without cold iron. 

Superconducting d.c. magnets have been studied, built, and used since the discovery of 

"hard" superconductors in 1961. The biggest representatives of this type are the bubble 

chamber magnets built at Argonne and Geneva. Operation of a superconducting magnet in a 

pulsed mode was not possible until the development of low loss superconductors by the 

Rutherford laboratory in 1968; these are intrinsically stable multifilamentary composites 
of NbTi filaments embedded in a copper or cupro-nickel matrix. 
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Dynamic losses in the superconducting composite are mainly due to hysteresis in the 

superconductor itself, eddy current losses, and coupling effects. Other contributioTL~ 

(self-field losses, etc.) may be neglected3). The dynamic losses depend on the size and 

mutual coupling of the individual superconducting filaments in the composite and on the rate 

of change of the magnetic field. For example, in a dipole with a composite conductor of 

10 ~ filaments, the a.c. losses are about 11 W/m at a rise-time of 1.5 T/sec allowing for a 

10 sec cycle with a flat top of 4 sec at 4.5 T. 

Additional losses are due to eddy currents in the iron, to the heat leak of the cryo­

stat, and losses down the current leads. The total loss of a dipole magnet system is 

expected to be between 10 and 20 W/m. Measurements are in agreement with calculations. 

The power consumption of the refrigerator at room temperature is 300 to 500 times this value. 

This has to be compared with the ohmic losses of conventional pulsed iron magnets, e.g. 
5. 7 kW/m in the case of the 400 GeV CERN SPS. This means that a superconducting synchrotron 
has roughly the same losses as a conventional one but with a considerable gain in energy. 

3.2 Conductor development 

The key to the reliable performance of a pulsed superconducting magnet is the develop­

ment and use of a suitable composite conductor. Superconducting magnets will be operated 

at currents of several thousand amperes to restrict the inductance of the coil and charging 

voltages to reasonable levels, so the use of braids or cables is required. The conductor 
' 

parameters should be optimized with respect to its mechanical, thermal, and electrical per-

formance in the final magnet. Some vi tal i terns are: intact filaments of constant thickness, 
an appropriate ratio of copper to superconductor, low a.c. losses, and a good insulation 

between filaments and strands. Alternating current loss behaviour of superconducting compo-
• • 3 ' .. ) s1tes 1s reasonably well understood • Degradation and training effects are under study. 

in several laboratories. 

Current superconducting wires for use in pulsed magnets are based on NbTi with a criti­
cal temperature of 9.5 Kanda critical field of about 12 T. The critical current density 

at 5 Tis about 2 x 10 5 A/cm2 • Superconductors with higher critical parameters are known 

and may well be used in the future. Materials of particular interest are Nb 3 Sn and VaGa. 

They show high critical current densities at high fields. One of their attractive features 

is high critical temperature: NbaSn - 18.25 K, VaGa - 15 K, thus allowing higher operation 

temperatures at reduced cooling costs. Because of their brittleness they are difficult to 

produce in the form of multifilament wires. Encouraging results have, however, been obtain­

ed at Brookhaven5). 

Type II superconductors such as NbTi are dissipative in a changing field. The genera­

ted heat can make the superconductor normally conducting. This has to be prevented by 

stabilization of the conductor. From d.c. applications the principle of "static stabiliza­

tion" is well known: the heat generated in the superconductor has to be removed to its 

surroundings faster than it is generated. This is achieved by cladding the superconductor 
with copper (e.g. in big bubble chamber coils). In a.c. applications this copper would 

cause additional losses and hamper stable operation. In this case dynamic stabilization 

can be achieved by limiting the rate of energy release in the superconductor to become 

commensurate with the thermal diffusivity of the composite. Some copper is required because 
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of its thermal properties, but the ratio of copper to superconductor can be. as low as about 

1:1. The heat release is limited by very thin filaments of superconductor down to several 

microns, by twisting these filaments with a pitch of several millimetres and by embedding 

the superconducting filaments in a matrix with highly resistive barriers. Niobium titanium 
multifilament wires now available from several firms have typical filament diameters of 

down to 5 ll, strand diameters between 0. 2 and 1 nun, with several hundred to several thousand 

filaments in a single strand. These filaments are embedded in a pure copper or copper/ 

cupro-nickel matrix. Cupro-nickel provides the resistive barriers to interfilament current 

flow; copper is included to provide stable operation. The superconducting wire is twisted 

with a pitch of typically 0.2 to 1 em. 

The required number of strands for delivering the design current is woven into braids 

or fully transposed cables and finally compacted to the correct cross-section used in the 

coil. Braids or cables are now available from different firms with currents of several 
thousand amperes at 5 T. They have about 10 to 30 strands, which are combined by twisting 

and full transposition. Twisting of strands without full transposition can cause self­
field effects, leading to a non-uniform current distribution, conductor degradation, and 

additional losses. A non-uniform current distribution, even a negative current in the cen­

tral. strand, has indeed been observed6). A fully transposed cable or braid has a low 

filling factor and a large nubmer of cross-over points between strands, which may cause 

strand or filament breakage when compacted to desired dimensions. These dimensions have to 

be maintained during and after the winding procedure to get the required field homogeneity 
in the useful aperture of the final dipole (~B/B less than 10- 3

). This can best be achieved 

by using a highly compacted braid or cable where single strands are fixed by some means. 

A first possibility could be the return to a single strand conductor. This development 
is under way at Rutherford laboratory and IMI, Birmingham, England. At a field of 5 T, a 

single 5 11 filament of NbTi will only carry about 30 rnA. A total of 10 5 filaments have to 

be connected in parallel to get a typical current of 3000 A. There are limits in the number 

of filaments in the composite owing to filament coupling effects which will limit the ulti­

mate size of composites in pulsed magnets. The present limit with a three-component con­

ductor seems to be about 20,000 7 ) owing to losses in the matrix. If these losses can be 

reduced by a more effective and sophisticated arrangement of filaments and resistive 

barriers, the upper limit can be expected to be as high as 10 5 filaments of 5 11 diameter. 

A 1 nun diameter composite conductor containing 13,255 NbTi filaments, 5 1.1 thick, in a copper 
and cupro-nickel matrix, was manufactured by IMI. It carries 470 A at 5 T 1). 

Another way to maintain cable shape during coil manufacturing is to fix the single 

strands by soldering with a high resistivity solder. One of the Karlsruhe dipoles has been 

built with such a cable, another one is under construction. The advantage of such an 

approach is a performance predictable from short sample values with respect to the maximum 
attainable field and the field quality, because of tight mechanical tolerances of the con­

ductor. The drawback is the relatively high heat release in pulsed operation, thus intro­

ducing a lower limit for the maximum rate of change of the magnetic field. Soldered cables 

could well be used with long cycle times (above 10 sec). 

The Brookhaven group8 ) has developed a promising metal composite and a metallurgical 

processing by decoupling single strands in the braid or cable. Finally, organic insulated 
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strands and cables are developed by industry. They are highly compacted (above 0.7 filling 
factor) and mechanically stable during winding. 

It is important to design superconducting magnets in such a way that their performance 

is predictable and reproducible in many specimens. Improved prediction of performance leads 
to reduced safety margins for reliable operation and a more economic design. So a lot of 
quality tests of the conductor and of potted and unpotted test coils were taken in all GESSS 
laboratories to study the effects of training and degradation. 

An example for short sample measurements of individual multifilament NbTi wires down to 
4 ~ filament diameter is shown in Fig. 2. From U-I curves measured, a resistivity p is deter­
mined and plotted against current density J in a logarithmic scale showing slope and take-off 
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Fig. 2 Short sample characteristics: Resistivity versus current density 
for some selected conductors 
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currents. The curve shown in the left part was obtained from a conductor which was lmown to 
contain many broken filaments. Obviously the slope of these curves is a sensitive measure 
of the integrity of filaments. 

3.3 Coil structure and magnet design 

Synchrotron magnets are pulsed dipoles and quadrupoles of high field quality. In 

classical magnets, field accuracy is guaranteed by the correct shape of the iron surface and 

the reproducible performance of the normal conducting field coils. Superconducting magnets 

go to fields where iron saturates. The iron surface can no longer act as an equipotential 
plane and can therefore no longer be used to shape the field properly during the whole cycle. 

A superconducting coil has to produce the required field distribution by an appropriate 
distribution of the currents in the coil. 

There are two idealized theoretical coil cross-sections which would produce a uniform 
dipole field: the intersecting-ellipses configuration with a homogeneous distribution of 
current outside their overlapping parts, and a distri~ution with concentric boundaries and 
therefore circular aperture with a cosine variation of current density. Practical designs 
approximate these configurations in various ways. Different ways are used in the three 
GESSS laboratories: concentric layers at RHEL (Fig. 3a), shaped blocks of horizontal layers 
at CEN (Fig. 3b), and spaced sectors wound of several layers at IEKP (Fig. 3c). The correct 
position of conductors is determined by computer calculations. The thiclmess of layers, 
their azimuthal position and extension, and the space between layers for impregnation and 
heat drains or cooling channels give enough degrees of freedom to get rid of or minimize the 
contributions of higher-order nrultipoles. Fran this point of view, all designs are equally 

well suited to give the required field accuracy. So design concepts are determined by 

engineering approaches. 

a) Concentric layers 
(RHEL) 

b) Shaped block of 
parallel layers 
(RHEL) 

Fig. 3 Conductor configurations 

c) Spaced sectors with 
three double layers 
(IEKP) 

The coils will be surrounded by an iron shield in the form of a laminated steel cylinder. 
It will reduce stray fields and stored energy by enhancing the central dipole field without 
enhancing the current. To maintain the field accuracy during the whole cycle, iron saturation 

has to be avoided or carefully controlled. The iron shield will be an integral part of the 
design, and will act as part of the magnet structure to withstand electranagnetic forces 
during operation and keep the coils in their correct position. 
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The conductor has to be fixed and stay in place during cycling. Conductor movement 

would not only introduce field distortions but cause additional heat release. Therefore the 

winding is potted in a suitable material, mostly epoxy resins, and b&idaged and supported by 

a glass-fibre or stainless-steel structure. 

A rather compact coil package will result, preventing free access of the cooling medium 

to the conductor if no precautions are taken. The heat generated in a coil package has to 

be carried away through the coil and transferred to the helium. Cooling channels or heat 

drains have to be provided in order to prevent local overheating. The maximum thickness of 

a coil package, a layer or double layer, is limited by the allowable temperature rise within 

the layer. 

Little eArperience has been gained so far in tackling the problem of differential ther­

mal contraction of different parts of the dipole (coil, coil bandages, iron shell, cryostat, 

etc.). It is particularly important to maintain the symmetry of the magnet and thus avoid 

harmful coupling terms in the field. Components could be matched thermally and prestressed 

during assembly, which might partly compensate for differential contraction. 

3.4 Superconducting pu1sed dipoles 
completed and under construction 

This report will present the current status of the development, and in particular the 

progress obtained since the GESSS report 1 ) at the spring ECFA meeting in Geneva. Several 

completed magnets were presented at that time, among them an iron core magnet DT (IEKP) and 

an air core magnet AC3 (RHEL). 

The dipole DT 9 ) is a 0.4 m long di­

pole (Fig. 4) wound from a 10 strand cable 

with a central copper strand, the cable be­

ing InSn-soldered to ensure mechanical 

rigidity. The iron yoke is of the window­

frame type with a rectangular window. It 

is laminated and hyperbolically shaped to­

wards the ends in order to linearize field 

decrease. It is immersed in liquid helium. 

The coil is an unpotted flat race-track 

coil with cooling channels between every 

two layers. 

During the first period of operation 

the magnet has been tested for almost 

10,000 cycles with triangular pulses down 

to 2 sec pulse duration. At a slow field 

rise of about 0.1 T/sec, a central field 

of 4.5 T and a peak field of 5.2 Ton the 

Fig. 4 
DT dipole magnet (IEKP) 



winding surface were obtained. 

nor degradation were observed. 
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This corresponds to short sample values; neither training 

Degradation occurred at faster rise (Table 1) . The peak 

field values given represent the maximum fields attainable during half an hour pulsing 

("permanent pulse mode"). They are considerably reduced with decreasing rise-times. This 

is most likely because of the high losses of the low resistivity solder of the cable and 

the eddy currents in the copper strand and iron sheets. The losses per cycle are 

approximately proportional to the frequency and the square of the field. 

Table l 

Losses in dipole DT at peak field 

Rise-time Peak central field Losses 
("Permanent pulse mode") 

(sec) (T) (J/cycle) 

45 4.5 < 8 

31 3.5 14 

5 3.2 130 

2.5 3.0 107 

1 2.4 90 

In the same iron yoke a high purity aluminium coil (resistivity ratio 9200) has been 

tested. A peak field of more than 4 T was reached with a power consumption of 60 to 70 W 

at helium temperature when triangular pulses of 3 to 10 sec/pulse duration were applied. 

AC3 is a magnet of approximately the right size and shape for a synchrotron operating 

at realistic values of field, current, and rise-time 10 ). It is 0.4 m long without an iron 

yoke and has a circular aperture of 10 an diameter. In a first version, a central field of 

4 T was reached at 5200 A. In a second version two additional pancake coils reducing the 

aperture to 7.5 em diameter were used to give a central field of 4.6 Tat a current of 

4500 A. Like DT, it is operated vertically. A schematic drawing of the coil geometry is 

given in Fig. 5. The ends are bent up vertically to give minimum field disturbance. Cool­

ing is provided by laminated copper heat drains placed between layers. The dipole is vacuum 

impregnated with a semiflexible resin which has good crack resistance at low temperature. 

The fully assembled magnet is shown in Fig. 6. 

Measured a.c. losses are in good agreement with calculations. At a rise-time of 3 sec 

considered for a superconduction version of the European synchrotron, the decrease of quench 

current is negligible compared to d.c. operation. At 0.25 sec rise-time, the quench current 

is decreased by about 25%. 

In the meantime the successor of AC3 has been successfully tested. AC4 has two double 

layers per pole 6 ) and uses a 25 strand cable of 2035-filarnent superconducting wire rated at 

5400 A. The coil aperture is 9 ern in diameter. AC4 has a split iron yoke with laminated 

iron of 0.5 mrn thickness. Each pancake coil is separately vacuum-impregnated witl1 a filled 

epoxy resin. T,~e dipole is operated horizontally. Cooling channels between each layer of 
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windings are used instead of the heat drains in AC3. They allow vertical passage of the 

helium from below the coil by natural convection. Figure 7 shows the dipole fully assembled. 

During the first run it was pulsed to over 4.5 T, corresponding to a current of 5300 A with 

2 sec. rise-time, and a few per cent less with 1 sec rise-time. All losses are as predicted. 

Field measurements are under way. A field unifonnity of 4 x 10-4 over a "good field" region 

of 6 em diameter is expected. 

LIQUID 
COOLING 1..111,NN1t.L~ 

Fig. 6 AC3 fully assembled 

LAMINATED COPPER 
COOLING MATS 

I 

Fig. 5 
Schematic view of coil 
geometry of dipole AC3 
(RHEL) 

Fig. 7 AC4 fully assembled 
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The next dipole to be built at RHEL (AC5) will be based on the design of AC4. It will 

be about 1.5 m long with a specified pulsed field of 4.5 T and field rise-time of 3 sec. 

The conductor has yet to be finally selected. Completion of AC5 is expected in mid 1973. 

GESSS laboratories try to cover all the relevant parameters for the final design of a 

prototype synchrotron dipole to be used in the big European machine. The experience with 

different physical and engineering parameters and techniques in these laboratories is com­

lementary. So MOBY 11 ), the dipole magnet under construction at CEN-Saclay, is the highest 

field pulsed magnet at present considered in the GESSS laboratories, being designed for a 

central field of 6 T. 

~~BY has a coil aperture diameter of 10 em and a magnetic length of 0.5 m. It is 

designed for a rise-time of 5 sec and aD operating current of 1500 A. The coil is a block 

of a parallelogram shape with layers of conductors parallel to the horizontal plane. A 

circular iron shielding is provided very close to the coil. The coil is totally epoxy-

1~pregnated and is cooled by means of copper heat drains. Figure 8 shows the coil and iron 

shielding configuration. The type of winding is unique. It makes use of a technique of 

going a constant turn perimeter per layer (Fig. 9) and produces a stable mechanical location 

of turns without any stretching forces. It is possible to build a whole pole with only one 

piece of conductor. The influence of this configuration on the end fields has to be meas­

ured. Some experience with this winding technique has been gained from two d.c. quadrupoles 

(OGA) built formerly. 

The conductor is a 24-strand compacted braid. The braid was chosen to get the desired 

rectangular cross-section. Many broken strands and filaments due to the braiding and com­

paction procedure were observed. This was also foUnd at other places. 
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Fig. 8 Coil and iron shielding confi­
guration of MOBY (CEN) 

Fig. 9 Completed brass model showing 
>vinding technique of HOBY 
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A difficult problem with this design is the positioning of the coil inside the shield­
ing because of the different thermal contractions of the coil and iron shield. All the coil 

support is from the outside; the inner part serves for cooling only. The helium circulation 
on the inner coil surface where the heat drains protrude is made by natural convection in 
chimneys through the stacking. 

The winding of MOBY is in progress, the iron shielding is completed. The main parts 

of the cryostat are also completed (see Fig. 17). Low-temperature tests are in progress, 
and the first test runs are planned for the end of this year. 

Another magnet based largely on MOBY design is ALEC. It is of greater aperture (11 em) 
and length (1.5 m) than MOBY, but with slightly reduced central field (5.5 T). Winding, 

impregnating, and cooling techniques are the same as those used with MOBY. An attempt has 

been made to design both magnets as close as possible to an engineering version. Industry 

will be involved in the construction to ease technology transfer to the manufacturer. 
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The design philosophy for a superconducting magnet depends on a lot of parameters. The 

Karlsruhe programme is designed for a set of longer magnets of 4.5 T central field with a 

small circular aperture of 8 em in diameter. 

Dipole D2 of 1.5 m length will actually exist in two versions with different conductors: 

D2a, which is at present being wound, employs a soldered rectangular cable, while D2b will 
be wound from a flat cable with fully organic insulated strands. Dipole D3 will be based on 

the design of D2b but with a length of 3 m. For all magnets a modified cos 8 current distri­

bution is chosen because of its symmetry (Fig. lOa) which is relevant to the problems asso­

ciated with differential thermal contraction during cool-down. As the field will be uniform, 

independently of the position of the iron shell, two approaches for D2 are under investiga­

tion. The first one, with an inner diameter of the iron shell of 17.2 em, becomes saturated 

as the magnet goes to high induction; the other one, with an inner diameter of 21.6 em, 

remains unsaturated throughout the cycle. The coils for D2a and D2b may be used in either 

the iron shell or with no iron at all. 

The number of layers chosen depends on the cable or braid which is available. We have 

decided to use fully transposed cables (no central strands) instead of braids, because cross­

over points are eliminated as potential shorts and higher packing factors are obtained 

(~ 70% versus SO%). Like a braid, a fully transposed cable gives good cooling conditions in 

an impregnated coil because all strands are periodically carried to the coil surface to allow 

contact with the liquid helium. While a braid can easily be compacted to a rectangular shape, 

this is difficult with a fully transposed cable. If the strands are soldered, however, the 

cable may be shaped as required. The drawback is that the high losses in a metal-insulated 
cable allow only reduced rise-times. 

For D2a, a superconducting soldered cable with 2.1 x 2.6 mm cross-section was chosen. 

It is wrapped with a terylene-glass braid insulation 0.2 mm thick. A current of 2000 A at 

5 T and 4. 2 K is guaranteed by the manufacturer (IMI) • 

The peak field at the conductor surface is designed to be only a few per cent above the 
central field. Owing to the losses in the solder, the shortest rise-times will be between 

10 and 20 sec. The cable has to be wound into 

double layers because of the winding technique. 
They will be mounted together to form a magnet 

pole. Since the number of double layers does not 

essentially influence the field accuracy, from 

this point of view a low number is desirable in 

order to simplify winding and impregnation of the 

individual double layers. On the other hand, 

ease of shaping the three-dimensional ends limits 

the height of the flat cable. This leads to a 

design with two or three double layers for D2b as 
shown in Fig. 11. Double layers are separately 

vacuum-impregnated and mounted on a glass-fibre 

coil structure with spaces for the coolant 

between each of them. 

~ Iron bounda.ry 
R .. esmm 

Fig. 11 Cross-sections of a two­
double-layer dipole using 
a flat cable: 

Bo 
I 

4.5 T 
3190 A 

N 95 turns/pole 
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The end regions of the coil were designed very carefully in order to avoid a variation 

of f B dl over the coil aperture and field enhancement at the coil ends. In contrast to 

conventional iron magnets, the latter effect has to be considered because the current­

carrying capacity of a superconductor decreases with increasing local field. By lengthening 
the inner layers and shortening the outer ones, a negligible field enhancement in the ends 

is achieved. Figure lOb shows the end region of D2a, which also gives constant integrated 
field within 0.1% and no substantial eddy currents in the iron. 

The iron yoke of the final version D3 will be chosen according to the results obtained 

with the saturated and unsaturated iron yokes of D2. The effects of iron saturation on a.c. 
losses, peak field, and field uniformity will be measured. The expected field as a function 

of current for a saturated, unsaturated, and no-iron shell is shown in Fig. 12, together 
with the critical current characteristics at different operating temperatures and the iron 

enhancement factor of the field. The iron is laminated and coated with a 10 ~ phosphate 

layer. 
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Magnetic forces will be supported by stainless-steel rings. Liquid helium will flow 

between the coil and the iron and through the cooling channels between each of the double 

layers which allow natural convection cooling through holes drilled into the top and bottom 
of the iron shell. The cooling channels will also permit forced cooling in axial direction. 

The coils of D2a are at present being wound. Figure 13 shows a trial coil winding of 
a double layer pancake of this dipole. Completion is expected in January 1973. An axio­

metric view of the magnet is given in Fig. 14. 

3.5 Low-temperature properties of materials 

The current density in a superconducting composite is more than an order of magnitude 

higher than in normal conducting material; the fields applied are 2 to 4 times higher. 

Thus the forces on the conductor are increased by one or two orders of magnitude compared 
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Fig. 13 
Trial coil winding of D2a 
(IEKP). Over-all view and 
detail 

to room-temperature magnets. Although the material strength is increased at low tempera­

tures, the gain is not nearly sufficient to compensate the increased strain by Lorentz 

forces. The development of heat at low temperatures owing to eddy currents in metallic 

structure material has to be avoided as far as possible because of the bad over-all effi­

ciency of a refrigerator. Therefore non-metallic materials, e.g. glass-fibre or epoxy 

resins are widely used. 
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No comprehensive data on the low-temperature mechanical, thermal, and electrical pro­

perties are available for the materials of interest. Extensive test programmes have been 

started in different GESSS laboratories. The main interest is directed to understanding 

the behaviour of the epoxy resins used to impregnate the coils. Degradation effects 
observed in most of the coils and magnets already built are partly due to the misbehaviour 

of the impregnation material. Mechanical release of energy within the coil may raise the 

temperature locally and thus initiate degradation. Frictional energy can be generated by 



Fig. 14 Axiometric view of D2a (IEKP). Explanation of 
details should be taken from Fig. 10 
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conductor movement; mechanical strain energy can be stored during fabrication and cool­

down due to differential thermal contraction, and subsequently released when the magnet is 

pulsed. This is especially dangerous if it happens in the impregnated coil near the con­

ductor itself, as would be the case with a badly matched impregnation material. Otherwise, 

a reasonably well-matched impregnant should ensure satisfactory coil performance at nearly 

critical current. 

The objective in selecting the epoxy resin should be twofold: minimum differential 

thermal contraction between conductor and resin to avoid cracks during cool-down, and mini­

mum irreversible deformation and crack energy per unit volume to reduce temperature rise in 
case of a crack. The force developed by differential thermal contraction is proportional 

to the product of Young's modulus E(T) and relative thermal contraction ~L/L(T), which has 
to be minimized. Unfilled or filled resins, and resins which are flexible or rigid at room 

temperature can be chosen, since they behave in a similar manner when cooled down. Flexible 

resins have smaller Young's moduli but the contraction is greater; rigid resins have a con­

trary behaviour (Fig. 15). 

The filler increases Young's modulus approximately as much as it decreases thermal con­

traction. The higher curing temperature of rigid resins gives an additional contraction 

and therefore enhanced forces. Thus flexible and filled epoxy resins with relatively low 
curing temperatures seem to be favourable. 

Investigations of the influence of fillers and different epoxies on crack energy are 

under way. 
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Fig. 15 
Young's modulus and relative 
thermal contraction versus 
temperature of unfilled 
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room temperature 
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4. MAGNET POWER SUPPLIES 

Stored energy and field rise-time determine the size of the power supply. Stored 

energy can be minimized by minimizing the magnet aperture, and this on the other hand depends 

on the requirement of an effective injection and ejection. A high injection energy (separate 

ring on top of the conventional injecting machine) and an effective ejection scheme (high B 

insertions) may limit total stored energy to less than 500 MJ. Three types of power supplies 

may be considered: a motor-generator set as used in most big machines; a static power 

supply, where power is directly drawn off the electric grid, as is used at NAL, Batavia; 

and a superconducting energy storage system as proposed by Smith12 ). The first two may be 

well adapted to a 1000 GeV superconducting version of the CERN machine. 

5. MAGNET CRYOSTAT AND REFRIGERATION SYSTEM 

5.1 Cryostat 

The superconducting magnet is put into a cryostat and maintained at helium temperature. 

It has to give a rigid support to the magnet with a total weight of several tons (1 to 

1.5 t/m), and on the other hand to minimize the flow of heat to the helium vessel to reduce 

static heat losses. Heat leaks will occur by radiation, and by thermal conduction down tl1e 

support system, the supply necks, and electric leads. By superinsulation the heat input can 

be reduced to between 0.3 and 1 W/m2 and by an additional nitrogen shield by another factor 

of 3 to 4. Heat input down the electrical leads is about 10 W/1000 A of current per pair. 

Therefore, magnets and cryostats will be interconnected at low-temperature level. A design 

chosen for D2 is shown in Fig. 16. Parts of the cryostat for MOBY are shown in Fig. 17. 

The cryostat of a prototype dipole should be an integral part of the magnet design, 

possibly even including helium transfer lines. Several magnets may be contained in one 

cryostat, up to half a period in the separate ring solution (Fig. 18). 

a) Vacuum tank b) Helium tank 

Fig. 17 Cryostat for MOBY (CEN) 
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Fig. 18 Possible arrangements of cryostats 
a) in a separate ring solution, and 
b) in a missing magnet solution 

5.2 Refrigeration system 

Estimates have been made of the total heat load of a 1000 GeV synchrotron at helium 

temperature. Including dynamic losses in the superconductor, losses in the iron shield 

caused by hysteresis, and st~tic heat losses of the magnet cryostat and in distribution 

pipes, a total of between 10 and 20 W/m is obtained. The heat load at the refrigerator is 

thus SO to 100 kW at liquid-helium temperature. Large accelerators are subdivided into 

superperiods, e.g. six in the case of the 300 GeV accelerator. The same might apply to the 

refrigeration system. 

13) A preliminary design study was completed . It was found advantageous to subdivide 

the system and operate it economically at the average energy loss rate, storing refrigera­

tion during low-loss time intervals. Interconnecting all the refrigerators by a common 

supply ring might offer a high degree of redundancy in case of a fault. A common compressor 

or six compressors interconnected by supply lines could be used. 

Serious consideration has to be given to the operating temperature of the cryosystem. 

Current superconducting wires for use in pulsed magnets are made of NbTi composites with a 

critical temperature of 9.5 K. Its critical current density at 4.2 K is about 2 x 10 5 A/cm2 

at 5 T and changes rapidly with temperature: about 35% per degree K. Thus a lot of super­

conducting material can be saved by lowering the temperature in the coil, but more refrig­

eration has to be used. Over-all economics seem to favour operating temperatures below 

4.2 K. Parameters of the refrigerator are going to be worked out by the cryogenic subgroup 

of GESSS. A technical and economical study by national industries will be based on these 

data. 

6. OUTLOOK AND SUMMARY 

The development of superconducting pulsed magnets has made rapid progress in both 

Europe and the United States. A lot of dipoles have been finished. Test results gives 

confidence that most of the physical and engineering problems are reasonably well under­

stood. We are now at the stage of investigating fully engineered preprototype synchrotron 
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magnets which cover most of the relevant parameters for a full-scale prototype: apertures 

ranging from 8 to 11 em, central fields from 4 to 6 T, and lengths of magnets between 0.5 m 

and 3m. Different winding configurations, impregnation techniques, and cooling measures 

are applied in different laboratories. The conductors used include braids and cables, 
soldered and fully insulated versions with current-carrying capacities ranging between 

1000 and 6000 A at 5 T. Field rise-times are as low as 1 sec without significant degrada­

tion. 

One of the most important features of the magnet development is the conductor available. 

Magnet design and development reflect the development of the conductor and will continue to 

do so. If, in the future, superconducting materials with higher current densities and higher 

critical parameters will become available in the form of appropriate conductors, improved 

design parameters will be used. The higher current densities will allow more compact coil 

designs with smaller amounts of superconducting material. Higher magnet operation tempera­

tures, e.g. typically 10 K rather than 4 K, will greatly reduce refrigeration requirements. 

The higher critical magnetic fields of these superconductors could point a way to even higher 

energy accelerators. 

After having completed the dipoles now under consideration by the end of 1973, enough 

information should be available to make it possible to select parameters for a pre­

production prototype synchrotron magnet to be manufactured by or in close co-operation with 
industry. Different dipole magnets then available should be assembled to a series of mag­
nets operated simultaneously, thus simulating a magnet system in a closed refrigeration loop. 

The work of GESSS will be relevant to all types of pulsed magnets (dipoles, quadrupoles, 

etc.) as considered in various laboratories. It will be equally relevant to d.c. operated 

magnet rings and d.c. beam-handling elements which are counterparts of their pulsed equiva­

lents. 

Acknowledgements 

The author is grateful for many discussions with colleagues of the GESSS Collaboration. 
Especially the exchange of latest results and relevant photographs is greatly appreciated. 

He thanks F. Arendt for his critical reading of the manuscript. 

* * * 

REFERENCES 

1) GESSS Collaboration, Towards a European Superconducting Synchrotron, GESSS-1, May 1972. 

2) F. Arendt, M.A. Green, M.R. Harold, N.M. King, J.R. Maidment, G. Neyret, J. Parain, 
C.W. Planner and G.H. Rees, Proc. 8th Int. Con£. on High-Energy Accelerators, 
Geneva, 1971 (CERN, Geneva, 1971), p. 171. 

3) G. Ries and H. Brechna, KFK Rep. 1372 (1972). 

4) P.F. Smith, J.D. Lewin, C.R. Walters, M.N. Wilson and A.H. Spurway, RHEL preprint 
RPP/A-73 (1969) (unpublished); J. Phys. D3, 1517. (1970). 

5) M. Suenaga and W.B. Sampson, Appl. Phys. Letters 18, 584 (1971); 20, 443 (1973); and 
BNL-16415 (1972). 



248 GESSS Report 

6) P.F. Smith, Proc. 8th Int. Conf. on High-Energy Accelerators, Geneva, 1971 (CERN, 
Geneva, 1971), p. 35. 

7) M.N. Wilson, RHEL preprint RPP/A89 (1972). 

8) A.D. Mcinturff, Proc. Applied Superconductivity Conf., Annapolis, Md, 1972 (to be 
published). 

9) P. Turowski et al., Karlsruhe (to be published). 

10) D.B. Thomas, Proc. 8th Int. Conf. on High-Energy Accelerators, Geneva, 1971 (CERN, 
Geneva, 1971), p. 190. 

M.N. Wilson, Proc. Applied Superconductivity Conf., Annapolis, Md, 1972 (to be 
published). 

11) A. Berruyer et al., Proc. 4th Int. Conf. on Magnet Technology, Upton, NY, 1972 (to be 
published). 

12) P.F. Smith, Proc. 8th Int. Conf. on High-Energy Accelerators, Geneva, 1971 (CERN, 
Geneva, 1971), p. 213. 

13) J.W. Dean, RHEL Memorandum, RHEL/M/A22 (1971). 



Colliding Beam Devices 
K. Johnsen (CERN) 

CHAPTER VII 

COLLIDING BEAMS 

The DESY Electron-Proton Colliding Beam 

A. Febel, H. Gerke, M. Tigner, H. Wiedemann and 
B.H. Wiik (DESY) 



Colliding Beams 251 

COLLIDING BEAM DEVICES 

K. Johnsen, 

CERN3 GeneVa3 SwitzerZand 

In this talk I shall concentrate mainly on p-p devices. However, some attention will 

also be paid to e-p, whereas I consider e-e outside the framework of my talk. 

1. SPECULATIONS ON p-p DEVICES 

As proven by the experience at the CERN Intersecting Storage Rings (ISR) together with 
studies at several laboratories in the world, it seems feasible to build colliding beam 
p-p devices up to the highest accelerator energies existing or under construction. Further­

more, the BNL study of the intersecting storage accelerators (ISA) has also shown that it 
may be possible to make p-p devices that are independent of an accelerator capable of in­

jecting at the highest energy of the colliding beam device. Modest tests of this have been 

made recently at the ISR, where we have injected and stacked at 26 GeV and then retrapped 
and accelerated to 31.4 GeV in each ring. 

1.1 Luminosity 

Luminosity has been in the past, and will continue to be in the future, the main problem 

in colliding beam devices. The ISA study talks about luminosities of 1034 cm- 2 sec- 1 -- a 

considerably higher luminosity than we have achieved at the ISR. (We are at present at 
-2 -1 1-1.5 x 10 30 em sec .) Therefore we have recently taken a fresh look at this problem. 

In particular, E. Keil has tried to optimize storage ring parameters with respect to lumin­

osity, taking into account the experience gained over the last two years on the ISR and 

results from other studies, especially some recent thinking on beam-beam electromagnetic 

interaction. Further details of this can be found in a CERN report written by Keil 

(CERN/ISR-TH/72-33). Keil's optimization results can be summed up as follows: 

i) The resulting luminosity of an optimized machine is roughly proportional to the assumed 

achievable stacked current. 

ii) Luminosity is proportional to the energy for which one designs. 

iii) Very little is gained in making low-S sections with Smin < ~ 1 m, and he found it ap-

propriate to assume S ~ 3 m in some numerical examples. 

Table 1 shows some numerical examples taken from Keil's report. In all examples it is as­
sumed that the tolerable beam-beam Q-shift (detuning of the betatron oscillation frequency) 

is 0.01, i.e. a factor 2.5 lower than what is tolerable in e-e machines. However, there is 

no radiation damping in proton machines, and there is some theoretical evidence that even 

the figure 0.01 is optimistic. It should be mentioned that the Q-shift does not come only 

from the crossing but is a result of the interaction between the beams also after they have 

separated; in fact, in these examples, up to ±15 m away from the crossing point, i.e. 30 m 

altogether. The assumed beam emittance is about the same as that observed in machines such 

as the CPS and the AGS. Furthermore, we have assumed in the examples about 15 A maximum of 

circulating current. It will be remembered that we have reached a maximum circulating beam 

current of a little more than 12 A in the ISR, but that we are, in fact, limited to well 
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Table 1 

Numerical examples of optimized intersection regions 

Beam-beam limit t.Q 0.01 

Normalized emittance (].lrad • m) 30TT 

Maximtun current (A) 14.4 

Amplitude function at X (m) 3 

Length of interaction region (m) 30 

Length of beam crossings (m) 0.67 

Energy (GeV) 30 100 300 

Crossing angle (mrad) 5.1 2.8 1.6 

r.m.s. beam width at X (mm) 0.9 0.5 0.3 

Ltuninosity 103 3 em -2 -1 0.3 1.1 3.4 sec 

below 10 A for safe operation during physics runs. The figure of 15 A may nevertheless turn 
out to be a little pessimistic in this optimization procedure. (The ISA study also asstuned 

15 A, which facilitates comparison.) The main results of the optimization calculations come 

in the last line of the table. 

Allowing for uncertainties it is more appropriate to quote ranges of ltuninosity, and 

this is done in the summary (Table 2). 

From this it could be concluded that there is a feeling of optimism about the possibil­
ity of reaching the 10 33 em-2 sec-1 range for future p-p devices of 100 to 300 GeV in each 
ring. The reason why we do not dare to quote figures quite as high as in the ISA study is 

that we feel that they have been a little too optimistic (or at least they were some months 

ago) about the beam-beam electromagnetic interaction, neglecting long-range forces and per­
haps assuming too high a value of the permissible Q-shift. 

Table 2 

Summary (allowing for uncertainties) 

E L 

(GeV) (em -2 -1 sec ) 

30 3 X 1031 - 3 X 1032 

100 1032 - 1033 

300 3 X 1032 - 3 X 10 33 
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Several approaches are possible, and they are listed below in the sequence of ambitious­

ness involved. 

1.2.1 Conversion of the ISR 

If we can make 5 to 7 tesla superconducting magnets, we may reach 100-150 GeV in a con­

verted ISR. There should then be room for straight sections of the order of 50 m long, and 

the luminosity should come out in the range 10 32 to 10 33 cm- 2 sec- 1 (cf. Table 2). The ISR 

is very nicely placed for taking beams from the SPS (as seen from Fig. 1), which is of course 

a great advantage, perhaps the main advantage, of this solution, together with the fact that 

the technical installations and much civil engineering exist, which would make the cost of 

such a project considerably lower than that of a completely new and separate project. How­

ever, the disadvantages should also be listed. The main one is the limitation in energy, 

and this would be even more serious if we could not hope for 7 tesla in the future. The 

other obvious disadvantage is that we are limited to about 50 m long straight sections. 

Finally, although existing civil engineering and other technical advantages make such a con­

version economically advantageous, the corresponding restriction in the flexibility of the 

design must be listed as a disadvantage. Nevertheless, the cost may be such a determining 

factor that this project may become very attractive compared with other ones. 

A variant of this project would be to inject into the converted ISR directly from the 

CPS and accelerate as proposed for the ISA. It is doubtful whether this variant can compete 

with the first one. 

Fig. 1 Possible beam transfer from SPS to modified ISR 
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1.2.2 Separate storage rings for 400 GeV 

The next possibility is the obvious one of making separate storage rings for, say, 

400 GeV with the SPS as injector. This kind of project might have conventional or super­

conducting magnets, depending on which solution is the cheapest. 

The main advantages are that higher energy can be reached than in the converted ISR, 

and correspondingly higher luminosity, there is complete freedom in geometrical design, for 

instance in long straight sections, and we do not have to depend on superconductivity. 

The main disadvantage is that it is a new and very large project, more costly and am­

bitious even than the SPS at present being constructed. 

1.2.3 Separate set of accelerating storage rings 
with the SPS as injector 

The most ambitious project would be to make accelerating storage rings with the SPS as 

injector. This could then go to, say, 1000 GeV in each ring and would be the ISA on a 

larger scale. For this, superconducting magnets would be essential. The project would be 

very ambitious and costly, but very interesting indeed for future high-energy physics. 

1.3 Plans for higher luminosity in the present ISR 

As you will have noticed, there are certain things that I have talked about that are 

essential for the future; in particular, superconducting magnets that satisfy storage ring 

requirements with respect to field strength, field accuracy, reliability, etc., and devices 

for beam manipulations such as low-S sections, etc. The potentialities of some of these 

things can be tested on the present ISR at the same time as they serve the purpose of bring­

ing the ISR's luminosity nearer to the optimum as presented in Table 3. (We may never reach 

optimum since the ISR was not designed along an optimization process of the kind we can now 

think about.) We have therefore started working on plans for superconducting low-S sections 

in one of the ISR intersections. 

Figure 2 shows the amplitude functions in a long straight section of the present ISR. 

By inserting six superconducting quadrupole lenses, we believe that we can modify the ampli­

tude functions as illustrated in Fig. 3, where also the position of the lenses is indicated. 

If we can thus reach S ~ 0.6 m we should gain a factor of 5 in luminosity. At present we 

are between 1 and 1.5 x 10 30 cm- 2 sec- 1 We have good hope in the future of reaching 15 A 

by pumping very hard on the vacuum system, and therefore without low-S sections we should be 

able to come near to 4 x 10 30 cm- 2 sec- 1 Consequently, with low-S sections 2 x 10 31 cm- 2 x 

sec- 1 should be within reach. This would mean that this "old-fashioned" machine would start 

approaching the lower bracket of the optimized parameters of Table 2. To get higher up in 

that bracket we would certainly have to attack the crossing angle as well, in which case we 

might not be able to work with such a low S, owing to beam-beam interaction. (For further 

details on the low-S insertion for the ISR, cf. CElli~/ISR-MA/72-45 by B. Autin, in press.) 

2. ELECTRON-PROTON DEVICES 

Electron-proton devices were already mentioned back in 1961 when intersecting storage 

rings were first discussed at international conferences, and these were pressed for somewhat 

harder by Goldzahl and Michaelis in 1966. This kind of device has recently entered into the 

discussion much more strongly, mainly initiated by Stanford and Berkeley, resulting in the 

so-called positron-electron-proton (PEP) study. 
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In Europe similar discussions have taken place at Frascati and at DESY, as well as at 

CERN. Physics considerations seem to lead to the requirement of a minimum lwninosity armmd 
10 32 on- 2 sec- 1 in order tp make this interesting at all. To achieve this, the PEP study 

has gone to the extreme of squeezing beams in all possible directions -- both the transverse 

dimensions and the longitudinal dimensions, by low 8 and extremely tight bunching. Thus 

they arrive at moderate average currents. They are still a little below 10 32 cm- 2 sec- 1 in 

spite of rather optimistic machine parameters. 

At CERN we have tried a few examples, spanning a large spectrwn of possibilities, in 

particular with respect to circulating currents. We have not yet been able to develop a 
general optimization of the kind that I have illustrated for p-p; therefore the nwnbers may 

still be off optimum. 

Table 3 illustrates some of the parameters arrived at, and difficulties encountered. 

For comparison, some PEP parameters are listed. It should be noted that since the electron 

beam can be squeezed more than the proton beam, the dominant factor is the geometry for the 

proton beam, but the intensity for the electron beam. 

Montague has recently proposed putting a bending field on the interaction region (cf. 

CERN/ISR-DI/72-44, in press). This has the advantage of reducing the fraction of the electro­

magnetic interaction contributed by the regions outside the collision volume. This concept 

is incorporated in the examples in Table 3. (Such a bending field on the interaction regions 

might also be of interest for p-p storage rings.) 

Table 3 

Some examples of possible (impossible?) e-p devices 

SPS by-pass Separate rings 
PEP or equivalent ISR conversion with protons 

from SPS 

Luminosity (em 
-2 -1 

sec ) 0.6 X 1032 1032 1032 1032 

Ecm (GeV) 65 90 70 118 

Particles p e p e p e p e 

E (GeV) 70 15 400 5 150 8.2 300 11.6 

R (m) 300 300 1100 55 150 150 480 480 

r (A) 0.06 0.08 0.07 1.35 1-5 0.9 1-5 0.32 

I (A) 'U 500 2400 12 > 230 1-5 1-5 

\Jo, of bunches 1 1 zoo 10 0 0 

13min (m) 0.25 0.2 1 0.1 0.4 0.2 0.4 0.2 

I RF power (MW) 5.3 3.5 5 4.5 
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As already mentioned, further optimization is needed. Nevertheless, the examples show 

that it is not easy to reach the desirable luminosity. The required electron currents, for 

instance, are well above those so far achieved in electron machines. It would appear that 

there may be one or two orders of magnitude difference between the luminosities achievable 

in e-p devices as compared with p-p devices. 

3. CONCLUDING REMARKS 

Both for e-p and p-p the existing installations which we have here in Europe make a very 

good start indeed. The choice between e-p and p-p may be a difficult one. It would seem 

realistic to assume, in future discussions about these two possibilities, that the luminosity 

of e-p will be considerably lower than luminosity for p-p. Also it would seem that these 

two kinds of devices are so different that it will be very difficult to cover both in one 

device, although it is easy to prove the opposite when you try to prove it on paper. Later 

conversion programs are, of course, not excluded -- the devices are similar enough for that. 

Furthermore, for both categories of devices there is a wide choice (mainly governed by econ­

omy) of projects on which to embark, according to the degree of ambition. However, we are 

far from any final designs yet, and there are many problems to be studied concerning beam 

behaviour, beam manipulations, the superconductivity used in devices such as these, and 

also with respect to the very important point of interrelation between the machine and the 

experimentation. On the other hand, Europe at present has her hands rather full with the 

program to which she is already committed; so there ought to be time for a proper study before 

embarking on the construction of new devices. 

struction earlier than 6 to 10 years from now. 

and there is much to do during those years. 

Realistically, one cannot hope to start con­

On the other hand, the years pass quickly 
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Colliding electron-proton rings make it possible to study the electromagnetic and the 

weak interactions at extremely high energies. For example, as compared to the secondary 

lepton beams at NAL and CERN SPS, the available kinematical regions expressed in q2 (mass 

squared of the virtual photon) and w2 (mass squared of the final hadron system) can be ex­

tended by more than an order of magnitude in both variables. A detailed discussion of the 

potential physics to be done with these devices can be found in a recent SLAC-LBL report 1). 

However, in order to be able to exploit this rich physics program, luminosities of the order 
of 10 32 cm- 2 sec- 1 will be needed. Although such high luminosities might be possible, it is 

difficult to predict with great confidence that they can be achieved. It is therefore im­

portant to be able to study questions such as, for example, the tolerable tune shift for 

protons due to beam-beam interaction, or the maximum longitudinal phase-space density for 

protons experimentally, before constructing a large device. 

DESY is in the fortunate position that the electron-positron (electron) storage ring 

DORIS, now nearing completion, consists of two independent rings with vertical crossing. 

With some modifications to the RF system, protons can be injected2 ) into one of the rings 

and various questions related to e-p rings can be studied experimentally. However, this 

device will not only be a valuable tool for accelerator studies, but with a luminosity 
between 10 30 and 1031 cm- 2 sec- 1 and centre-of-mass energies of 7 GeV (later 9 GeV) we can 

also study inelastic electron-proton scattering. Figure 1 shows the kinematical region 

which will be available for these experiments. 

The storage ring will in particular be well suited for electroproduction experiments 

with complicated final states. This is because it is possible to construct a detector which 

covers a large fraction of 4TI and has a large momentum acceptance. In Fig. 2 the rates are 

shown for 3.5 GeV electrons colliding with 3.5 GeV protons. It is clear that detailed 

studies can be made up to q2 of about 10 (GeV/c) 2 • 

Protons will be injected from a 3 MeV Van de Graaf into a booster synchrotron. In the 

booster the protons are accelerated up to 1 (GeV/c) and then transferred to the storage ring. 
The booster can deliver about 5 x 1010 protons per pulse to the ring; this value is about a 
factor of two below the space-charge limit at injection. The space-charge limit of DORIS 

is at about 4 x 10 13 protons at 1 GeV/c. This corresponds to a maximum of 800 injection 

pulses. Therefore, in order to minimize the cost, we have chosen a slow repetition rate 

of 2 pulses/sec for the booster, corresponding to a maximum filling time of 7 min. The 

synchrotron optics were chosen so that the transition energy is well about the end-point 

energy. Since this is also the case in DORIS, the protons will never have to go through 

transition and therefore will suffer no losses in phase-space density due to this effect. 

After filling the ring, the protons will be slowly accelerated up to the end-energy and the 

RF turned off. After a short time protons will be continuously distributed around the ring. 

*) Contributed paper 
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In this mode of operation the invariant phase-space density is roughly 1022 /m3 , which is of 

the same order as the phase-space densities at present achieved 3 ) at the CERN PS below 

transition. The tune shift of the electrons due to the beam-beam interaction is of the 

order of 0.0048 at 3.5 GeV/c. This is to be compared with 0.025, the limit commonly ac­

cepted for this instability. The computed tune shift for the protons is about two orders 

of magnitude below this limit. 

This is the mode of operation planned for physics experiments. Of course we also have 

the option of collecting the protons into very tight bunches with very high phase-space 

densities and very large tune shifts in order to study the questions mentioned earlier. 

The construction of the proton synchrotron will start in 1973, and the project should 

be completed by 1976. 

1) 

2) 

3) 

* * * 
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