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CHAPTER 1

INTRODUCTION

The Second Tirrenia Study Week
P. Falk-Vairant (Saclay)

The Physics Programme at CERN and its Organization and Financing
W. Jentschke (CEEN)

300 GeV Programme: Machine Construction Schedules
J.B. Adams (CERN)
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THE SECOND TIRRENIA STUDY WEEK

P. Falk-Vairant
DPhPE, Saclay, France

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/ECFA/72/4, Vol. I.

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

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

This volume contains the comments and discussions which followed the presentation of the
Working Parties' Reports, most of the invited talks (sometimes with a summary 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 Committee would like to thank all the members of the
Istituto di Fisica dell'Universiti, Pisa, who contributed to the excellent organization of

this meeting.
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THE ECFA STUDY WEEK ON THE 300 GeV ACCELERATOR

Tirrenia (Italy) - September 20-29, 1972

PROGRAMME

20.10.72

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

THE 300 GeV ACCELERATOR

PRIMARY BEAMS FROM THE

POSSIBLE UTILIZATION

Wednesday 300 GeV ACCELERATOR OF THE WEST HALL
20th Sept.
H.0. Wister E. Wilson J.V. Allaby
Thursd BEBC W.P. REPORT GARGAMELLE W.P. REPORT
ursday SPECIAL TOPICS CONCERNING THE
21st Sept. J. Meyer, A. Grant BUBBLE CHAMBER WORKING PARTIES
and D. Miller F. Jacquet
Frida NEUTRINO W.P. REPORT NEUTRINO PHYSICS NEW FACILITIES IN VISUAL SPECIAL TOPICS ON
Y " DEVICES W.P. REPORT v AND v-p
22nd Sept.
H. Wachsmuth C.H. Llewellyn-Smith H. Meyer and C. Fisher
SPECTROMETERS AND OMEGA STRONG INTERACTIONS SPECIAL TOPICS ON
Satzrday W.P. REPORT SPECTAL TOPICS ON INSTRUMENTATION
23rd Sept. SPECTROMETERS AND OMEGA
J. Dowell and W. Koch M. Jacob SPECIAL TOPICS ON
v AND v-u
Monda HADRONIC BEAMS W.P. REPORT | POSSIBILITIES IN ELECTRON PHYSICS PROGRAMME AT NAL
e | AND PHOTON BEAMS SPECIAL TOPICS CONCERNING
25th Sept. IN THE WORLD AROUND 1977 HADRONIC BEAMS
M. Steuer: B.H. Witk D. Reeder
Tuesday CHARGED LEPTON AND PRESENT CHARACTERISTICS AND ELECTRON VERSUS MUON
26th Sept. PHOTON BEAMS W.P. REPORT FUTURE DEVELOPMENT AT NAL PHYSICS SPECIAL TOPICS CONCERNING
F.W. Brasse and G. Barbiellini R.R. Wilson E. Picasso e, uAND Y
COLLIDING BEAM PHYSICS AND PARTICLE IDENTIFICATION
Wednesday DEVICES W.P. REPORT
27th Sept. e SPECIAL TOPICS IN EXPERIMENTAL AREAS
C. Fubbia and X. Johnsen 5. Marphy AND SUPERCONDUCTING DEVICES
Thursday GESSS REPORT NORTH EXPERIMENTAL AREA DECISIONS ON THE THE PHYSICS PROGRAMME
PROBLEMS AND IDEAS 300 GeV PROGRAMME AT CERN AND
28th Sept. ITS ORGANIZATION & FINANCING
W. Heinz G. Brianti J.B. Adams W. Jentschke
Frid CONCLUSIONS
Ticay PANEL DISCUSSIONS ON THE OF THE
29th Sept. WORKING PARTIES' RESULTS STUDY WEEK
G. Salvini
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THE PHYSICS PROGRAMME AT CERN AND ITS ORGANIZATION AND FINANCING

W. Jentschke
CERN, Geneva, Switzerland

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
|
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 muon 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 muon 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 much 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 much 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, bLut the SPS physics will also have to be confronted with the other activities

carried out at CERN.

ISR PHYSICS PROGRAMME

For many years to come the ISR will provide by far the highest centre-of-mass energies,

although only for pp interactions.

One of the most exciting parts of the programme, 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
Ot Camnot 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 (= 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.

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 would 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 cammot 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/ub 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
A 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
necessary to measure also the R and 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 reaction 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 (m, K, B), where even very little is known about the leading pole.
Pion exchange can be investigated in np charge exchange, m p + np° or TT+p > A" 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 Aa(t) = 2, and hence one needs
measurements up to t = 2 GeV2. Many results are only for t = 0.4 GeV?. 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
Tp > K's” 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. AQ = 0, AQ = AS) or on
the Cabbibo hypothesis. Most of the selection rules are not required by a known fundamental
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 107°. With higher inten-
sities available after the commissioning of the booster or even the SPS, these limits could

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 camnot 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 counter 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?

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 muonic atoms yielded
results on nuclear sizes and shapes of ground and excited states, on the distribution of the
nuclear magnetization, and on higher-order QED effects. From measurements on muonium, 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 pionic atoms gives precise values for the pion mass

and information on the 7N 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).

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 B-decay strength functions.

Many important questions remain open. One camnot 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 m 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
FEurope for the production of low-energy kaons. Two low-energy kaon beams exist already
at the PS and the interest will probably increase.

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.

NUMBER OF HIGH-ENERGY PHYSICISTS

When setting up a long-term programme one must consider the physics interest and the
financial limitations, but certainly the physicists camnot 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 numbers 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 commmity. 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 programmes 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.

Table 1

Total number of high-energy physicists in Europe

End 1966 End 1968 End 1970 1976 (estimate)
. Using™)
i S1n,;

Total | Using CERN | Total ‘(nglt‘]gmgﬁg‘ Total CERE Total | Using CERN

(estimate)
SC + EM (electronics ~ zg0 ~ £ne ~ £90 1200 ~ 7co
experiments + emilsion) 718 271 = 38% 929 460 = 50% 1012 630 = 62% + 100 900 =~ 75%
BC (bubble chamber) 607 474 >~ 78% 694 708 600 = 85¢% + ?88 750 = 83%

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. All these
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STATISTICS OF
ELECTRONICS EXPERIMENTS

A/
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/
/
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using PS  /
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Groups at
Serpukhov

\

\
Expected />\\
with constant ~_
number of groups
after 1969

~

64 65 66 67
Year

1961 62 63

Fig. 3

Table 2

Evolution of the number of physicists per group
in electronics experiments

1976
1966 1968 1970 estimate
Number of physicists in
electronics experiments n 460 630 900
Number of groups with _
electronics experiments 17 20 27 30-36
Physicists/Group 16 23 23 25-30

(excluding nuclear structure physics)

13
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Table 3

Number of physicists involved in various activities

End 1971 1976
Electronics experiments

- 25 GeV physics at PS 630 370
- ISR 130 200
_ West Area - 300
200 GV North Area - 30
760 900

Bubble chamber experiments
- 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. When 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.

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 into account
physics, technical, 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.

As its first task, the Committee should submit to the NPRC a consistent programme for
a first generation of experiments. After this the NPRC will reconsider the function

vi)
of all Experiments Committees.

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.

In 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 1
7 72 73 74 s 16 77 78 79
MSF 391 371 360 345 345 357 357 357

Laboratory II
MSF  30.9 95.0 176.6 200 194 183 183 183 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,
1
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
programme.

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 programme 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 further 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 surmary, a total sum of about 130 MSF of capital expenses will be necessary to start
the 300 GeV physics programme. In addition, fumds 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 programme.

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 programme. We shall have to

establish priorities and make choices.
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300 GeV PROGRAMME: MACHINE COWSTRUCTION SCHEDULES

J.B. Adams
CERlNl, Geneva, Switzerland

1.

INTRODUCTION

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).

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).

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 two energy stages, namely 200 GeV
and 300 GeV. It proposed operation of the West Area at 200 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.

Yet another construction schedule is mentioned in CERN/1050, involving superconducting
magnets. This schedule considers operation of the West Area at 200 GeV energy using
iron-cored magnets during the sixth 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 200 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. ‘

This note discusses the machine construction schedules mentioned above, in the light of
the developments which have 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.

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.

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 energ}nétagél Therefore a second order for iron-cored behding
magnets is placed towards the end of 1973 such that their production in industry follows
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12 1
MAGNET PRODUCTION s }
MAGNET ASSEMBLY ___.__\, _— _\.

TUNNEL

INSTALLATION PIPES AND CABLES

INSTALLATION MAGNETS

EQUIPMENT TESTS

COMMISSIONING

1
OPERATION: SCHEDULE A e —
OPERATION: SCHEDULE B SO . S —— .
200 GeV 400 GeV
West area North area
EXPERIMENTAL EQUIPMENT  mmmme —




10.

11.

12.

13.

14.

Introduction 19

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. :

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 tumnel. 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 tumnel.

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.

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.

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 off the Programme, starting in February 1979.

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,
thié 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.

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 B (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 the 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.

17.

18.

19.

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. After 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.

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.

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.

It has always been realized that installing the second set of bending magnets in 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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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 the 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.

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 MSF is required, which is 20% more expenditure on machine
equipment than was foreseen up to the end of 1975.
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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.

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.

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.

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 machine 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, constructibn, 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.

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 amnual budgets
for the high-energy physics in the years following the start of the 300 GeV Programme.
In some Member 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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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)

b)

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.

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

Table 1
Additional Additional
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
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30. If all the possibilities of Schedule C were taken up, the 300 GeV Programme cost would
be increased by 30 MSF, 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 fromi 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 19797

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 19797

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 C all assume that a decision is taken towards the end of 1973 to
complete the machine with iron-cored bending magnets. Schedule D, 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).
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35. If, towards the end of 1973, a decision is taken in favour of superconducting bending

36.

37.

magnets, it is clear that the design and production of these magnets will take longer
than simply ordering another 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.

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.

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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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.

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

GENERAL

In an earlier session, H.O. Wiister 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- Table 1

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 Energy and repetition rate

this, let us imagine that the machine is Intensity and extraction efficiency
being commissioned and we have got past the Beam emittance and momentum spread
initial stage of just getting systems to Flat top and slow spill ripple structure

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. 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.

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
Electricité de France (EdF) to let us take from their super-grid. Altogether it comes to
about 110 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
(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

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 10!2.

Putting in more protons at 50 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!'® ppp, and success
with the running in of the PSB gives us considerable confidence that it will be reached.

Even supposing the 10'® 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!! protons
-- this we expect to have very quickly once 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, 200 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!! particles, i.e. 3% of the 10!3
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. After 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 v3 Yerps 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 10'2 protons per second corresponding to a
few times 10'? 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 102 protons per second as the design parameter, what about the design aim?
Obviously we will try eventually to take the full 10!% 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!% 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!%, 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 10'3,
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'% protons will ever be ac-
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.

BEAM EMITTANCE AND MOMENTUM 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 spill
Energy (GeV) 200 300 400
Horizontal emittance (m mm mrad) 0.7 0.5 0.4
Vertical emittance (7 mm mrad) 0.35 0.25 0.2
Momentum spread (%) £0.5 0.4 £0.3
Slow spill
Horizontal emittance (m mm mrad) < 0.4 <0.3 < 0.3
Vertical emittance (m mm mrad) < 0.4 < 0.3 < 0.2
Momentum spread (%) +1.5 +1.2 +1.0

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

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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The frequency of their motion around
the ellipse is Q per turn of the machine.
X A 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 turn. In the slow extraction pro-
K 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-

ol |

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.

Q=Number of revolutions per turn

Fig. 2 Betatron motion

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, 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,
squee'zing 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
. : h
the machine quadrupole strengt Septum

until the whole Q-spread in the C

beam (AQ) from small to large -1l
amplitudes is brought into reso- JL\ x
nance. If 1 is the spill time, Separatrix
the gradient dQ/dt is just AQ/T.

The gradient of this change A proton is stable
in Q, dQ/dt, is very shallow within this triangle
indeed, and any small ripple

component in the quadrupole or
dipole magnet current, both of Fig. 3  Extraction at 1/3 integer
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which affect Q, can upset the

smooth sweep through the Q-spread Q4

in the beam and modulate the rate 83/3 -

of spill. Figure 5a shows how, g:?:gg

if the time derivative dQ/dt and g;;gf

that of the ripple are comparable, f#————————Spill time(T) —»—
the approach to the resonance can

momentarily be halted and the rate
of spill be modulated with 100%
amplitude (Fig. 5b). Figure 5b is
in fact the differential of

Fig. 4 1deal slow spill

Fig. 5a.

If we ask for spill over a a)
long time (say 2 sec instead of
0.7 sec), or if we wish to extract
only a fraction vy of the beam (say |
20%) before fast-ejecting the major spi“T N\Jf\ N\ A
part to, say, a neutrino target, b) U b
then dQ/dt becomes proportionally
shallower and the modulation gets

6:10 Gives zero spill

worse. However, there is one thing Fig. 5 Spill modulated 100% owing to ripple
which helps and which makes the
ripple problems just tolerable.

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 Ap/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 (v 100 Hz). This is why we must use the 1/3 integer scheme for

slow spill.

When all this is put together we find we can guarantee as a design parameter that,
given 1/3 integer ejection and provided Ap/p is blown up, the modulation of the spill rate
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AR/R will be less than 50% for a 0.7 sec spilll). 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 Ap/p by switching off the RF and
letting the beam smear-out. This means that in an intermediate flat top (Fig. 6) where such
gymastics 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.

10BN
200GeV

108w
200G eV

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 areaz). 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 102 2.6 x 10!2
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 50% 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 50% 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 much can be largely
substituted for this dead-time. '

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
must start by setting up 1/3 integer extraction.

However, the long exit time means that if we try to extract over less than 5 msec, 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 msec 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 5 msec. There
is therefore a big gap between it and the fast extraction (35 usec).

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 usec) can sweep the beam across the septum over 30 usec (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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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. Fortunately, 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 counter experiments simultaneously.

b) A fast spill, perhaps 1% in 5 psec, 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

% of an already depleted beam is difficult, and one must not forget that its momentum
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 found in the references below.

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

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 usec to v 1 msec. The motivation would be not so much the requirements of the
EMI for BEBC, but the installation of a neutrino counter 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 counters.

On the whole, it is not possible to promise anything intermediate between normal fast
extraction (< 30 usec) and slow 1/3 integer extraction (> 5 msec) at substantial intensity

before considerable operational experience is gained.

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

[
Dissipation Protons |
Tw ™ T T2/Ty limited per hour
(sec) (sec) (sec)
1 2 1 2 N2/N;
0.7 0.7 | 6.6 | 9.4 | 1.42 | no no 1.41
0.7 2.0 9.1 10.7 1.18 yes no 1.69 i
2.0 2.0 9.8 12.0 1.23 yes no 1.63 ;
|
T T
N - . N =
EN 400 GeV EN 400 GeV
T T

By — By 2
10'? p/p / /10" p/p\ 10'% p/p /

CYCLE 1 CYCLE 2

Case 2 presents no problems,.whereas 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 sTow extraction 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.

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

So far only the slow extraction is planned fof 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 former 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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POSSIBLE UTILIZATION OF THE WEST HALL

J.V. Allaby
CERN, Geneva, Switzerland

INTRODUCTION

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 tumnels. Figure 1 shows a sketch of the West Area showing the
dimensions and nomenclature of the various parts of the complex.

BEBC

36m 160 m . 64m ( 50m 60m

pp——

§ Eq “‘I:T‘
Omega —t—( ) _‘ som

Earth Shielding

Fig. 1 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 E;, which is 64 m wide. The hall E,, which is 25 m wide, links the main hall with
the BEBC building. All the halls except TT4 are equipped with overhead cranes. The approach
tunnels TT4 and TTS5 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 TT5. 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 10'! 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 E, and about 285 m to the end of hall E, in which to accommodate
secondary beams and experiments. In addition, there is behind E; 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.

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 ~ 200 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.

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

> (1

where Pp =P sin 6 is the transverse momentum, and A and B are independent of P

If we consider a beam of secondaries of momentum p produced at 0° with an acceptance
of *A8 in both planes, then all secondaries with momentum transfer less than p% = pA®
will be collected by the beam. This number can be obtained by integrating Eq. (1):

1

Pp P

d A -B, A -Bpf
f (—"—] dpp = 37 J' B’py e PpoT =B—2[1 - (1 +Bpp = PT] .
0 0

Hence we can define a geometrical efficiency € for a 0° beam by
!
Pr
[ @orapy) dpy ,
(6 = 0) = 2 =1- (1+Bpp) e PT . 2)
j' (dc/de) dpy,
0

In an analogous manner we can derive the yield of secondaries for a beam produced at an
angle 6. All particles produced at momentum transfers between p¥ = p(6 - AB) and
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p'll" = p(6 + AB) will be distributed over an annulus of which approximately the fraction
A6/7m8 will be accepted by the beam. Thus in this case the efficiency will be

!

Pr
[ @orapy apy - s/

e@ #0) = 21

f (do/dp) dpr
0

= ﬁ—g [:(1 + Bpq) e PPT - (1 + Bpr) e'BpT] . (3)

Figure 3 shows the geometrical efficiency for hypothetical beams of acceptance *2 mrad
in each plane (i.e. AQ = 4m x 107° sr) evaluated from Eqs. (2) and (3) using the value
B =6 GeV/c™'. 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. Figuré 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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angle should be used to obtain an efficiency of, say, € = 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.

Thus it is extremely important to pro-

N ' ' duce beams at very small angles and prefer-
100-\x4n>d055r . ably at 0°. It is not easy to produce more
i - than one charged beam at 0° from a target,
L which leads to the possibility of having.to
aQ consider several targets, each of which can
T be fed by some fraction of the EPB. To do
0k this one must split the EPB.
!
1+
i Fig. 5
Solid angle of a charged particle beam
01 - ! ; needed to maintain a geometrical ef-
100 200 300 400 ficiency of € = 0.60, as a function of
— p GeV/c momentum

Figure 6 shows a scheme to split the EPB into three separate beams. This is based on
the familiar iron septum magnéts 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 T,, T,, and T,, can be located in the shielded tunnel TTS,

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 200 GeV protons. Figure 8 shows a comparison of the yield of =~
in a 1 usr beam into 1% Ap/p for 10'2 interacting protons, from 200 GeV incident protons
and from 24 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 200 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 24 GeV protons, it is exciting to view the enormous
increase in potentiality to be provided by 200 GeV protons. It is often said that 200 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 m from 200 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 200 GeV

incident proton energy is not serious.
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Comparison of the

T 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 m 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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Fig. 9b Negative particle yields, in
1 usr and with Ap/p = 17,
for 10'2 interacting protons
and 0 mrad production angle
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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 10a, 10b, and 10c 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-band 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 T, 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 specifically designed for use with RF separators. Nbfe 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 T,. The maximum momentum is 150 GeV/c and
the acceptance is about 10 usr. The beam has been located so that the experiments can ex-
tend into hall E,, thus giving an extra 35 m of space. Nevertheless it is true that the
length is a limiting factor, and only about 80 m are 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 usr can be produced by conversion of the y-rays produced in target T,.
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 2’ in Fig. 10a, 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 T, can be used to produce many different kinds of beams depending on the
demands of the experimental programme. In Fig. 10a 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 cross-sections utilizing the very high fluxes of secondaries
available below 50 GeV/c. In addition, one can utilize the protons in the T, branch, suit-
ably attenuated in intensity, to produce a special short-lived beam such as a hyperon beam
or a Kg beam{ as is shown schematically in Fig. 10a as beam (5).

In Fig. 10b, target T, is used to produce a neutron beam (6), and a polarized proton
beam from A° decay (7). Both the neutrons and the A’ are produced at 0°. The polarized
proton beam (7) could alternatively be derived from target T,, as shown in Fig. 10c. ‘A
final possible combination of beams from T, is shown in Fig. 10c, where a Ki 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 K{ 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 shielding will be designed in such a way that each target can accept up
to 3 x 102 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.

N 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 50 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 TT5, 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 m 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 < 10! protons per pulse in a 5 usec 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
magnetic elements would operéte up to a beam momentum of 150 GeV/c.
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Fig. 11  Schematic diagram showing initial part of the proposed RF
separated beam to BEBC
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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 must be stressed that this target
can only be located in the transfer tunnel, because the intensities to be used are always
less than 10!! 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.

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 u‘ndertaken‘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 must be taken to eliminate the muons 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 must 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 7 and K as parallel as possible, and a decay region in which the 7 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 TTS5 in
the West Area, one has a total distance of 283 m 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 'horn'. 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 230 m of rock, earth, and concrete.

This leaves a decay region 550 m long.

RF.sep. beam, fast EPB
SN 2.switch 1. switch

(pulsed bending
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Fig. 13  Schematic diagram of underground beam switch to feed the RF
target, and the "tunnel" solution neutrino target
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One advantage of the 'tunnel" 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, adding a further
120 m 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 po,ssibilities 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 < E, < 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 E\).
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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!'° 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 lies 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 or not 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 'tumnel" 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 usec,
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 usec 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 usec, 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 'tumnel' 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.

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 i

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 2 m above the floor of hall E;, 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 E; 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 T, 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 tumnel solution is chosen, there would possibly
be enough space to derive a second beam from T, 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 X' 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 Jentéchke.
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LAYOUT OF THE 300 GeV NORTH EXPERIMENTAL AREA: A Summary of Problems and Present Ideas

H. Atherton, G. Brianti and N. Doble
CERN, Geneva, Switzerland

Abstract

This is a revised and more complete version of our contribution to this meetingl) . It
sumarizes 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 1list 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. Morebver, 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 considered, at least for a first period, as compiementary 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.

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 common 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 suppfessing 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.

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 energiés on successive pulses. The end point of the EPB (v 470 m from the
machine tunnel and ~ 590 m from the ejection point) is assumed to be the origin O of the

area (see Section 5).

It is envisaged to divide the EPB after the point O into branches so as to allow some
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 150 m. 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 some inconvenience, it is practically
impossible to eliminate it, since only a further considerable lateral separation (v 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 (v 3 MSF per branch).
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PRODUCTION OF SECONDARY PARTICLES

Two main parameters are of interest for
the design of secondary beams:

i) the production angle §;

ii) the angular semi-aperture of the acceptance

cone 0.
In fact, normally with quadrupole focusing the acceptance cone has an elliptical rather

than a circular cross-section, with an acceptance defined by

Q=m6_06_=m6%2,

where

8 = ;/GX ey (x,y are the two transverse coordinates).
Calculations have been carried out, following the Hagedorn-Ranft thermodynamical
modelz), 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 § # 0 the beam intensity is considerably
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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 § (£ 3 mrad) still acceptable. It should be
noted that the characteristics assumed in Fig. 1 (number of interacting protons, Ap/p, and
acceptance) correspond to those of a realistic beam reaching the highest energy available.

Concerning the second parameter 6, clearly the larger it is the more flux one gets
(up to a certain value). Since limitations are, however, imposed on 6, both by the confi-
guration of the target stations and, above all, by financial considerations, it is important
to assess values of 6 which may realize the best compromise between the various requirements
in each particular case. Moreover, many experiments will be intensity-limited so that it is
legitimate to ask, What is the minimum 6 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 10°® or 107. One should underline that for negative particles
above a certain energy a flux of 10® particles (or even 107) is not obtained whatever the
angle 6, and therefore the total flux (smaller and varying with energy) is indicated. The
angle 6 necessary to obtain 10° or 107 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 50% 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 cm aperture with an angular divergence tolerance of 0.02 nrad.

The general conclusions which can be drawn are as follows:

i) In principle, all beams should be designed for § = 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 obtain positive secondaries at the highest energy, the range

0 £ § < 4 mrad should be available.
ii) 6 S 1 mrad seems to be adequate for Psec 2 100 GeV, even if a total flux of 10° ppp is
required.
iii) A beam of a given acceptance produced at § = 0 collects considerably more particles at
high momentum than several beams arranged to receive roughly equal shares of flux at

§ # 0.

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 § for the secondary particles, but range 0 £ § < 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 o to emerge along a
fixed line OS independent of p; the unused EPB will be deflected through an angle ¢
(e1 2 € 2 -g,) and emerges in a direction OP which depends on the choice of p.

EPB - T
{MOMENTUM p,)
a)
1> €1 p —€;
SECONDARY BEAM: MOMENTUM p = [—]po f1,P 5%
a o Po o
T
e {ZZ
EPB Al Lo--—7 TR
- F—— 1- e prog——P(p;)
= B — 0
(MOMENTUM ) .\\:*-::, 3 ~ ¢
T € T €, \
b) ! ‘ \\
’ S(p)
M1 M2 M3
€ -
SECONDARY BEAM: MOMENTUM p = [ 2 Jpo P
a*e a + g Po o = €y

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 MC is used to increase the separation of the secondary beam line from the
extreme EPB trajectory at P;. In this example positively or negatively charged particles

of momentum p in the range

+0.8 po 2 p 2 -0.9 po  (in principle -p, 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 Q p), followed by quadrupoles Qi, Q2, Qs
in front of magnet M. In this case the acceptance angles for secondary particles are
defined by the section Q;, 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 Q b’ Q1, Q2, Q3) immediately in front of magnets M
and Mcs. followed by quadrupoles Qf and Qf; 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 = po) can be derived at a scattering angle of ~ 3 mrad along a trajectory T'P’S.
The analysing system M can furthermore be regarded as a sweeping magnet which would
allow a neutral beam (n, K£, Y > ei) 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 (Ms) 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 unused EPB leave the analysing
magnet M; 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 T, and T, (e1 2 € 2 -g,) 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 2 -Po

can be selected at zero production angle from the target with an acceptance defined by the
quadrupoles Q; to Qu. 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 M; 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 M; will be a function of momentum

p; this can be taken into account in designing the secondary beam. The scheme permits the
beam of protons not consumed in the target to be refocused by the quadrupoles Q' essentially
independently of the operation of the secondary beam. Only marginal ('Q 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.

L
Gp
SCALE
200mm
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 (Vv 0.05 mrad for
Be, v 0.15 mrad for Cu) compared with a typical divergence of v *0.5 mrad for the
focused EPB.
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End target station Transmission
target
zirggt Zirg$F station
o 25 10
Limiting angles (mrad) €1 v 20 ' 15
€9 22.5 5
Maximum momentum of secondary
beam@
+ve particles: pi(GeV/c) +320 (280)P) +240 (200)P)
for -ve particles: p,{GeV/c) -360 -400
Acceptance of secondary b
beamC)  (ust) ) ~ 0.8 (v 1.5) b) N 2.2 (v 3.1) b)
Total bending powerd) (T+m)
P ~ 32,0 " 60.0
required for P 36.0 46.7
1

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 mm (useful aperture V 65 mm), and maximum field
on pole face v 1.0 T.

d) Assuming conventional magnets of gap ~ 50 mm and maximum field 2 1.6 T.

For both types of station, additional charged secondary beams could be derived along
lines at different angle o from the analysing magnet. They would in general be at a lower
momentum, 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.

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 assumptions:

i) We shall limit ourselves to the first half of the area extending to about 1.4 km from
point O (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
ekperiments 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).
]

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

i

the particular needs of each part.

Figure 9 shows a possible layout.

The targets, placed in the various EPB branches, are at a level of 441.2m (v 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
~ 10 mrad, to a specialized experimental zone (Exp. Zone 2) reserved for muon and neutrino

In addition to the secondary beams already mentioned,

detectors beyond the river 'Le Lion".
It can

a possible continuation of the EPB to other experimental zones is also indicated.

be fed by either the first (from top) or the second EPB branch.

The justification for such a layout is as follows:

The primary targets, which are designed to receive globally 10'*® ppp, must be shielded
In addition, the forward

1)

transversely by an amount of material of ~ 1600-1800 g/cm?.
muon cone, whose range in earth is ~ 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

TARGETS
. H-V BEAM
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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 volume 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 £ 10° ppp will be admitted into it. An exception will be the attenuated
proton beam, which could go up to 10'° 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-
tum selection, measurement, and recombinationa). The secondary beams can be achromatic
in both transverse and angular coordinates at entry in the Exp. Zone.

iv) The muon-neutrino beam(s) camnot 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 (£ 10'° ppp) to be brought onto a target in Exp. Zone 1 to
produce, for example, beams of short-lived particles.
B - Charged beam ('ﬂ't, K , D) with good resolution and DISC counter for particle identi-

fication.

Momentum range +240 GeV/c 2 Peec 2 -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 momentum < 200 GeV/c.

D - Charged beam (7", K°, p) similar to B.

Momentum range +300 GeV/c 2 Peec 2 -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 ~v 50-100 m;

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-
tun 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 greater 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.

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 : ™, K, P, p with maximum fluxes of ~ 10%-10® ppp
over a wide range of momenta extending as high as
possible towards the primary momentum (po, = 400 GeV/c)
of the EPB.

Ap/p v 1%.
ii) Background : acceptable fluxes of hadrons and muons accompanying
the beam at positions where detectors may be placed.
iii) Momentum selection/ . : high intrinsic resolving power of the beam at the
recombination ‘s .. .
position of momentum-defining slits.
iv) Momentum (energy) : detector spacing allowing resolution of
?ﬁg?\gggzrlltpggticles N J_rmTrc/ 2 = 70 MeV/c at the highest possible momentum.

v) Particle identification : velocity measurement permitting m-K separation at the
highest possible momentum (ABWK n 107° 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 | = 400 GeV/c

[ Ppax

ii) Production angle : 8§ = 0 for +320 GeV/c 2 p 2 =360 GeV/c
sec

§ = 3 mrad for p = +400 GeV/c
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iii) Acceptance from a : ex ~ +0.8 mrad

target of 2 mm @ 9. = +0.3 mrad

y
(AP/P)MN = 1.2%
Qe Ap/p = 1usr %

iv) Fluxes : shown in Fig. 10
v) Resolution for : n 2800 (or +70 MeV/c at 400 GeV/c)
momentum measurement
vi) Velocity measurement : DISC counter set for m/K identification up to |pmax!

and accepting 2 80% of particles in the beam"

vii) Design emittance at : horizontal (x) plane ~ #1.0 mm - mrad
experiment vertical (y) plane v #0.6 mm * mrad
viii) Total length : ~v 500 m.

It should be noted that to comply with (vi) and (vii) above, it is necessary to correct
systematically the chromatic aberrations along the bean .

)

s . L . 3
A more complete description of the optics of such a beam is in preparation .

109+
FLUX
108+
:
107
e
08
[3)
105  Pepe=400GeVic
1 10"%protons interacting
1  ACCEPTANCE: 1 pster.% (AP/p)
i (H-R model)
104 7
100 200 300

p(GeVI/c)

Fig. 10 Flux of particles in beam produced from the end target
station shown in Fig. 7




76 Experimental Areas

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 always 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

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.

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'° 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.

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.

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.

PROVISION OF A PION BEAM OF THE HIGHEST POSSIBLE INTENSITY

Interest was expressed in deriving a beam of 2 10° m'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 mw/u beam facility

might merit closer study.
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COMMENTS ON THE HADRONIC BEAM SESSION

M. Steuer*)
CERN, Geneva, Switzerland

D. Treille
Laboratoire de l'Accélérateur lindaire, Orsay, France

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.

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 to m, y (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. Lefrancois 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!!) 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.

POLARIZED PROTON BEAM

The polarized proton beam and the neutron beam can work simultaneously when using a
30 cm Be target having the transverse dimension of the beam. A primary proton intensity of
3 x 10'2 ppb is necessary for the polarized proton beam; at lower intensities it might be
used as an unseparated charged particle beaml).

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. 7.1la and 7.12a of their contribution to this meetingz) are given per GeV/c: thus,
for 100 + 8 GeV/c a transverse polarization of = 55% is achieved with a total beam intensity

= 10° ppp.

%) Visitor from the Institute for High—Energy Physics, Austrian Academy of Sciences,
Vienna, Austria.
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RF SEPARATED BEAM

A. Michelini (with G. Petrucci) gave the main features of a possible RF separated beam
for counter experiments in the Hall El. Such a beam of maximum momentum 40 GeV/c would have
a length of 230 m, an acceptance of 70 usr, and a momentum bite of *#1%. At 0° it would
collect the secondaries from around 3 x 10! 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 momentum produced per cavity, 4 cm 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° 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
momentum analysed, can be extracted by a septum magnet, a very intense pion beam could be
extracted from the Q beam line. Although the energy is not too high, the beam could be used
for high intensity experiments at little extra cost.

_yo
nKL

N. Doble asked whether both beams could be taken at the same angle (v 0°) provided that
an absorber is set to reduce the neutron/Ki ratio and give more favourable background con-
ditions for Kﬁ physics. However, the people interested in Ki (Wahl et al.) seem to stick to
a larger production angle (v 5 mrad) and prefer a duplication of beams.

IDENTIFICATION OF PARTICLES IN A CHARGED BEAM

R. Meunier described the calculations which were performed on a beam transport syster
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 bendi.ng and quadrupole magnets, possibly momentum-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 AM 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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ALTERNATIVE USE OF THE POLARIZED PROTON BEAM LAYOUT
FOR A CHARGED PARTICLE BEAM*)

J.A. Jansen and P. Dalpiaz
CERN, Geneva, Switzerland

G. Coignet
Division des Hautes Energies, Institut de Physique nucléaire, Orsay, France

The beam transport system of the polarized proton beam proposed elsewherel) 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!2 ppb.

i) The first possibility is to accept all azimuthal angles for the protons from the A°
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 102 direct 200 GeV/c protons on a 30 cm Be target,
increasing the A° solid angle to 10°° sr and decreasing the proton momentum bite to
Ap/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;-QP;) and the target (v 30 m), can be overcome by placing two quadrupoles
immediately behind the sweeping magnet (SM) as indicated in Fig. 1 by QP,, QPV thus
increasing the solid angle from 2 to 15 usr. The momentum resolution of this beam is
of the order of Ap/p = #0.2-0.4% and the momentum acceptance is approximately Ap/p = *4%.

Under these experimental conditions,

target : 10 cm Be (10%° p/am?)
beam : 102 ppb

Ap/p T #4%

AQacc : 2 usr,

the particle intensities for 200 GeV/c and 400 GeV/c direct proton beams are given in Table 1.

Charged beam

¢ ¢ QP7,8
su QPyy BM, QPy, QPs BM2 OPe Flen.b.
L o G — — [ e - - - - — - = = — — — — — — x— Neutron beam
Tor. e EThb.
Attenuated direct proton bean =
10m
0 20 40 60 80 100 120 140 160 180m

*) Contributed paper
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Table 1

Particle intensities calculated with the thermodynamical model

Incoming proton energy
200 GeV/c 400 GeV/c

100 GeV/c 150 GeV/c 200 GeV/c 300 GeV/c
p 2.7 x 108 1.2 x 10° 1.1 x 10° 4.9 x 10°
p 8.4 x 10" 1.3 x 10° 3.6 x 10° 6.5 x 103
T 5.2 x 107 7.1 x 10° 2.2 x 10° 3.2 x 107
™ 1 2.3x107 2.7 x 10° 1.0 x 10° 1.2 x 107
K" 4.9 x 108 1.7 x 10° 2.2 x 107 | 7.8 x 10°

| 3 |
K 3.6x10° = 1.3 x 10% 1.5 x10° | 6.2 x 10*

| ' |

We want to remark that using the SM immediately 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 paperz) , 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 BM1 can be used to clean the neutron beam.
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NEUTRINO PHYSICS

C.H. Llewellyn Smith
CERN, Geneva, Switzerland

INTRODUCTION®)

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 4, 307 (1960)] from v experiments
1)Vu=\)e? vu#ve
2) Lepton conservation / cr(\)u )
v > L* and \/-—-————-7:— < 0.068
_ alv, > 1)
o
> L7 But several different forms of

conservation law still allowed

—

\/o(vn +>vnr®) + o(vp > vpr®) 0.37
20(vn > Wpn?) -7

3) Neutral currents?

4) "Locality" (vector nature _
of weak interactions)

5) Universality between v, _
and v e M and e?

6) Charge symmetry? -

7) CVC; isotriplet current? -

8) W? Mw>l.8GeV

9) What happens at high energy _
(Ev - "unitarity 1limit')?

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 recent developments.

Apart from v reactions, all our knowledge of weak interactions has been derived from
studying the decays of only eight stable particles -- u, m, K, N, A, £, &, @ -- and from u
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.

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

G e, si* hA L se*au,)
Loe = 5 | G5+ TP 5T P ene ], M

where

1.0 x 1075/Mp?

(]
1]

W T _
J)\ - \Uu Y)‘(l Ys)u)\)]_1
j}\ = IPe Y)\(l - Ys)wve
Jh is a current which depends on hadronic variables and behaves as if it were con-

structed from quark fields (p,n,A); thus

h'_ - - .
Jy =D Y, - ys)ncos 8+ p v, (1 - vg)A sin 6 ,
where 6C is the Cabibbo 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 é%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
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laws from the one implied by Eq. (1), neutral currents (purely leptonic or with AS = 0)
with appreciable strength, etc.; the relevant data are reviewed elsewherel). Here we
mention just three examples of badly tested "principles' embodied in,%;ff:

1) Semileptonic processes with AS > 1 should not occur in lowest order. However, the
best limit is

|AGE® > pe ve) |
<

|A(E™ > Ae De) |

The AS < 1 hypothesis can, of course, be tested in neutrino reactions since it implies

Sn b ute”
in

9p > WA (K + yK®) y =0, etc.
2) AS = 0 semileptonic processes should obey a AI = 1 rule. Examination of possible semi-
leptonic decay processes shows that they put no constraints whatsoever on terms with
AI 2 2 (in electromagnetic interactions a AI £ 1 rule is also usually assumed, but there
are no good limits on currents with I 2 2 at present). Again, neutrino reactions can pro-

vide tests since this ''rule' implies:

- 4+
o(vp>ud ) _
SOm sy 3 ete

3) J? satisfies the ''charge symmetry condition"

ht _ _ -inl, ch _inl,
JX = -e Jl e

(this is equivalent to assuming that there are no second-class currents in the approximation
that T is conserved). This hypothesis predicts

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.z)] suggesting asymmetries
in the ft values for B-decays of mirror nuclei, then we would conclude that the charge sym-
metry condition is wrbng. 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 (Wi) which interact thus:

= gy, W + hec.) O)
where J, = J? + jk + ji , which reduces to
G 4\ G _ %
- + _bw
Fetr = =0 [z = IV%J ()

at low momentum transfers. In addition to the properties already implied by Eq. (1),
Egs. (2) and (3) imply the following:
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1) Additional "diagonal leptonic processes:
Vg F eV, te

vu + y > \)u +u, 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 o(vee) v G*s = 2G2meE\1)ab =5x 107"3 Eiab (GeV)~! cm?]
but they could perhaps be seen indirectly by observing:

u +
Vu Vu.
e

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-leptonic processes. These are really outside the scope of this talk, but we observe
that: a) AS = 0 processes with the order of magnitude required by the current-current theory
are known to exist; b) the well-known AS = 1 processes present some problems. Their gross
features can be described by I = Y, amplitudes; small I = %, amplitudes 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 existence of W's. One of the primary aims of neutrino experiments is to observe
the process:

Vi \'n

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 2 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 = % amplitudes are
now needed in K + 37. See the discussion of the papers submitted by Pironme 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 fundamental
questions first posed many years ago are still open. In particular, we would like further
information concerning '

i) the validity of 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, AS = 4 or AI = 10 could not show up below the
4K and the 97 thresholds, respectively.)

ii) "Diagonal'' cross-sections.

iii) W's.

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 encounter divergent integrals:

Ve Ve Ve
4
L dk
g XX [ <
e e e

Divergent integrals also occur in quantum electrodynamics, but in that case they can be

:00!

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 Vg T €TV, e It is a safe approximation
to neglect the electron mass at high energy in this case, and therefore (on dimensional
grounds)

G(vg e >V, te)n G%s (s » mé) . ®

)

Consequently the dispersion relation requires two subtractions® , 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 ofeggff 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 t € > Vg *+ e occurs at a point (zero impact parameter). It is purely s-wave and is bounded
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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 vy te Ut vy where the limit is reached at EZm ~v 320 GeV (corresponding

to Eygp v 10° GeV).

In these processes, the situation can be improved by introducing a W which ''spreads

out'" the cross-section over many partial waves:

e Ve

The lepton masses can again be neglected at high energies and, since the coupling 8y [Eq. (2)]
is dimensionless,
4 4
do 8w 8y

—.—’\4—2, g Vv —
0@+ M) 5
for s >> Mﬁ. The dispersion relation now convergesa) and we can calculate the second-order

amplitude. [The s-wave cross-section, which behaves as
2

8w S
Os-wave ¥ 5 108 [%J ’

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 Vo t &>V, te 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

<l
f
=

The problem occurs when the W is longitudinally polarized. In its rest frame the W's

polarization is described by three vectors:

0

-
= o o o

1
01,
0

N < X
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Under a Lorentz transformation along the z-axis the transverse (T), x and y, components
are unchanged, dimensional analysis still governs at high energies and

2
G(\)\')->WW)f\,-g—W (s >> M2)
™) v M) -

However, the longitudinal (L) polarization vector becomes
k M
L 1 [" U
el L |k]00k°]=-—+0[—¢-J
u MW VsV MW k
so that

2
G(Vo > WW ) ~ %ﬂ s (s >> M2)
) v s My

rendering the contribution of the WW state to the fourth order (in gw) amplitude for
W > VW uncalculable except in terms of arbitrary constants.

Another way to exhibit this prqblem is to note that the spin projection operator
(obtained by summing over the polarization vectors above and writing the result covariantly)
is :
kukv
M% .

The kukv term (due to the longitudinal component) prevents the propagator

KK

Tt e
K2 - M

from falling off as ku + o, thus making higher-order terms unrenormalizably infinite.

2: €y T By T

Before discussing possible ways out of this apparent dilemma, we consider attempts to
estimate the cut—off energy/momentum X\ beyond which the conventional weak interaction theory
is expected to fail (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 K? ~ u+u_ yield X S 23 GeV, while (yet more model-dependent) calculations

L
of the K°® - Kg mass difference give A = 4 GeV. This suggests that the conventional theory

may failLat 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 ~ My e/vG 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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v -——————Fvvvvv->VV

e

w

<!

We now consider some possible ways out of this problem:

1) It can be asserted that "perturbation theory is irrelevant". If this were so, it is
not clear thatezgff would be connected in any way with the 'true" Lagrangian. In any case,
such an assertion on its own 1s scarcely scientific, being without predictive powers.

2) Salam et al. have considered "non-polynomial Lagrangians'' which are closely related

to Eq. (2) h). Techniques have been developed for handling such Lagrangians (at least in
simple cases); the method amounts essentially to giving a "minimal" prescription for as-
signing values to the arbitrary constants encountered in the wusual 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 Aig which connects
currents j; and ji can be made to behave as 1/k* as k + «, provided i # j, by introducing

additional scalar bosons with a derivative coupling to ju thus:
- 2 *
Aij - guv * (kukv/MW) . gigj kukv .
Hv 2 _ M2 2 _ M2
K-y K-

(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 observeds)
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 "heavy 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 + vy

hadrons
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to be the dominant decay mode), and a '"heavy photon' which should be seen, for example, in
ete” » u'u” and TP TATRE

4)  "Conspiracy'. Models can be deviseds) 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 Segrée), U decay is a fourth-order process, described by the diagram:

where B? are heavy scalar bosons and u*(e*) is a heavy muon (electron). A large menagerie

of new particles must be introduced, whose couplings must conspire to satisfy many relationms,
in order to reproduce the successful aspects of the usual theory, such as -- for example --
CVC (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 other7)

(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:

v w
1.
w

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 Bjorkens) 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).

n

=

Experimentally these models imply that for s >> M‘fv

. . . . ' sthenons
diagrams like the one opposite become important and W

hadrons
o(vA » yu~ + sthenons + hadrons)

AV
o(vA » u~ + hadrons)
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(the linearly rising total cross-section having flattened out at s ~ M&, as in all models
with W's). Further implications are considered by Appelquist and Bjorkene).

6) '"Cancellation'. The last possibility which we shall consider is to introduce new
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 theoriesg)*)
10)

3.3.I Motivation

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 \Y

Fﬁ*ﬂﬂhF*VV

w

e + and/or E

<l

w

Thus cancellation requires the existence of either neutral currents or heavy leptons ‘(with

Q = #1) or both.

Next consider the reaction e'e” > WZWE in which the diagram

+

et w

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:

e* w* et w
Z
and/or E'
e’ wW- e~ e W
(where }QE,I = 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
V0 > WW~ 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 theorieslo) (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
o(yy > WW) vs for A # 2, v In's for A = 2].

It turns out that renormalizable theories involve one more new type of particle --
scalar mesons (¢) coupled to W's and to fermions. The necessity of the ¢ can be motivated
by considering Gee + 3W; with the couplings introduced so far, this process makes a diver-
gent contribution to Gee > Vee- The introduction of ¢'s is the simplest way of achieving
convergence [a more detailed discussion of this argument, which is due to H. Quimn, is given
in the Appendix to B.W. Lee's articleg)].

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-Mills 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 ~v a/vG ~ 100 MeV. Thus in Weinberg's model MW = 37 GeV/sin 6 2 37 GeV, while in
the Georgi-Glashow model My = 53 GeV x sin B < 53 GeV when 6 and B 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 othersg)].

Technical aside: What is a spontaneously broken gauge theory? Recall that the in-

variance of Lagrangians under phase transformations y - e'®Xy leads to charge conservation.
If we allow ¥ to become an arbitrary function of space time x(x) and still demand invariance,

then we must introduce a new massless field A.u which transforms as A.u > AU + au x and (as a
minimal requirement) make the replacement du y - (9u - ieAu)y 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 eu(k) > eu(k) + Bku without changing any physical
results. Recall that the origin of the problem with W's was that

el(k) = %‘] + o[;\(@o] :

If there was some sort of gauge invariance for the charged W's, so that we could change €
by terms proportional to ku with impunity, then the ku term in et‘ would have to be totally
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 (Y ei?‘ ¥) to space time dependent transformations v~ ei?°K(X)w]; 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 # 0) does not have the full symmetry of
the Lagrangian (in which My = 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 the W's (as already encountered above); the ¢'s have a self-interaction
such that at the classical potential minimum ¢ = A # 0. Thus in the ground state the coupling
(v $%W?) becomes a mass term (v AZW?).

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 impossiblelz) . Since we do not want a AS = 1 neutral

current, the badly behaved quark amplitude

|

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, 11, 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 G(GM,;]) ~v Go. in these theories. The fact that
Kf, > u'u” does not occur above the Go? 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

1  ~25
Mo — Mo = 5 [0 Vv GEM
Kp TR T 7Kg
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is harder to explain; again it is easy to suppress the natural magnitude (v 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.

1) Neutral currents: The failure to observe neutral currents in neutrino reactions has
cast considerable doubt on the only known model [the SU(2) x U(1) model of Weinberg] which
has no heavy 1epton51“). However, there are plenty of models with neutral currents as well
as heavy 1eptons*). 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 uN collisions. Unfortunately the

effects are probably small; the interference term in

is of order GQ%/4ma relative to the purely'electromagnetic contribution, e.g. a simple guess
for the parity-violating difference of cross-sections for left- and right-handed u's (e's)

gives

L R
'['d'O'L" dOR[ " 10-~( . J " Qz1 b
2 a

do” + do 3+ /o MPZMPEU

(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.

<1) Heavy Zeptonsls): 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 Per1‘7) When we considered cancelling part of the electron exchange contribution

to w -+ 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 MY with the same lepton numbers as \)Ll and p~. Cancellation in u+u- >
> W'W is likewise achieved with an M°. Thus the fundamental vertices are

M* Ty
VH Vu
W~ w’
MO M’ M? "
W- W’

[more technically, when we augment the simplest '"isodoublet' structure (v , U ) we are led,
e.g. to consider "isotriplets" (M > v M "), and M°'s mixed with v ] The fact that M and
1~ have the same lepton number will be seen to lead to very good 51gnatures for M* production.

The decays are simple to investigate. The main results are as follows:

a) According to currently popular ideas

+
(M0 - leptons) n 1
+

I'(Md > lepton + hadrons)

b

thus making it easy to identify M's from their leptonic decays. [If Mheavy lepton > MW’
then the dominant decay mode is M -~ W + lepton. ]

b) For masses 2 800 MeV'la), the lifetime of this particular species of heavy lepton is

such that they would not leave visible tracks.

Several production processes might be contemplated:

1 efe” > MM
L_» Vu“_vu
V€ Ve
$u + hadrons
v uty
v 2+vu
e

vu + hadrons

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>MM + ... by the mechanism

The cross-section can be calculated exactly'®/. It seems unlikely that mass limits of
2 3 GeV can be set from this process with machines under construction.
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+
. v A>-M + ...
3 " .
v.e v
u, e
AVIRTRRV)
LY
vu+hadrons

The results of a (model-dependent) calculation of the cross-section are shown in Fig. 1.
From this figure we may probably conclude that NM;. >1 GeV.+ In the CERN 1967 HLBC experi-
ment over 100 events with E v > 4 GeV were observed. Were M to exist with mass ~ 1 GeV,
there would have been 2 25 M production events as well. Were M" to have a mass v 1.5 GeV,
this number would drop to v 5, probably consistent with the data. 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.

10 T T T

05— -

0 1 | |
0 10 20

s/M?

Fig. 1 Model-dependent calculation of

c:(vA-»M+ + ...)
OOVA >+ ...)

d =

as a function of s/Mﬁ (taken from Ref. 14)

4. u'N-+M + ... . In models examined by us:

4 x107%7 cm® < 0 < 2.5 x107%°% cm?
for a fully polarized u+ beam (the best case) of 100 GeV, and MM° < 4 GeV. This experiment
looks possible but very difficult.

5. e'e - M°§')u. The cross-section is very model-dependent, e.g. for E/beam = 4 GeV and
Mg £ 2 GeV it is nominally ~ 2 x 107%7 cm?, but it turns out to be actually ~ 107%%5 cm? in

one model.
6. pp~>MM + ... . The cross-section is given by:

1
Y,
o(pp > MM + .. _ [ 4”‘1«24] ’ [1 . 2’”154]’
2

opp >~ uu + ..) Q?

Q J
The feasibility of finding M's (or heavy electrons) this way depends on how large
o(pp > w1 + ...) turns out to be.
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1<) Charm: As discussed above, fashionable theories suggest the existence of a new ''charm"
quantun number. The propertieé of ''charmed" particles are quite analogous to those of "strangeh
particles except that the lightest charmed particle is probably heavier than 1 GeV. A guess
would be that hadronic (C + hadrons) and lentonic (C + uv + 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
efe” > .
Single C's could be produced by neutrinos:
VA + uC + hadrons

which may make neutrino experiments the best place to search for them if they are heavy*).

3.3.3 Conclusions

Many 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 masszo) so theorists can -- and will --
Tetreat by increasing the mass if they are not found. ]

NEUTRINOS AS PROBES OF HADRON STRUCTURE

If the usual description of the v, - u 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
[0v+A?u+F(euv =0) « oﬂ++AﬁP], test current algebra sum rules, etc. We will return to the
question of the fundamental Adler sum rule later; first we consider the scaling property
discovered in the SLAC-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 Q?, 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 (Q%/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 Q* 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 + Q*/M})?
-- which may provide a sensitive test for W'521).] If the (expected?) log Q? 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 (W?)-
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

2
F
q— fixed F

Consider models in which the constituents with which the current interacts have spin % (as
suggested by the small value of GS/O observed in the SLAC-MIT experiments), isospin < .,
and a weak current of the form wyk x (1 - Ys)r Y. 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 O1eft _'Oright (which is proportional to the
structure function W, whose scaling limit is called F,) is proportional to the difference
of the distributions of pafticles and antiparticles in the nucleon. Integration over these

distributions leads in these models to the sum rule

the constituents:

q

-1 [P + FPw] ax

(No. of I = Y% spin % particles - No. of I = % spin Y% antiparticles) in the nucleon

3 [quark model]
1 ["sensible" (?) models] ,

where x = Q%/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 mf/EvMp -- here we need
heavy leptons!).

The F; 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 Q? 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 ruleza). Separate
sum rules can be written for the vector and axial vector contributions to the structure func-
tion F,. Consider the vector sum rule which may be written

2 1
[P @y - FP@] 2= [[FP ey - RPeg] £ -1,
0

1
in the deep inelastic region. CVC gives the inequality

By + By < 2(F5P + B2

Hence, according to the SLAC data, the average of FXP + an never exceeds v 0.6 -- but the
difference weighted by w™! 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 hOldSZ“); 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 Q® = 0 data can be translated to all Q® with a "modified scaling"
variable, then the convergence of the (Q? = 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" an >> ng holds for w £ 5, which pro-

bably implies the (already excluded?) result

Jon
— >2.5.
g'P
‘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 an/Ffp seems to be small for w ~ 1 suggests models in which an >> ng for

wv1) 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.



Neutrino Physics 105

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
antineutrino) 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.

Acknowledgements

I am grateful to J.S. Bell, D.G. Sutherland, and K. Winter for comments on the manu-

script, and to J. Prentki for discussions.

REFERENCES AND FOOTNOTES

1) Detailed references and bibliographies may be found in, for example:
R.E. Marshak, Riazzuddin and C.P. Ryan, Theory of weak interactions (Academic Press,
Inc., New York, 1969).
A. Pais, Ann. Phys. 63, 361 (1971).
C.H. Llewellyn Smith, Phys. Reports 3C, No. 5 (1972).
No attempt has been made to give systematic references assigning correct priorities,
etc., in the present paper; most of the ideas cited without reference are '"well known''.

2) The evidence is not so compelling as it was a year ago; for a recent discussion, see
D.H. Wilkinson, to be published in Proceedings of the Few-Nucleon Problem Conference,
Los Angeles (1972). References may be traced from this paper, or from
B. Eman, D. Tadié, F. Krmpotié and L. Szybisz, Phys. Rev. 6C, 1 (1972).

3) The relevant integral is

fds' [ovecs') _ o“ecs')J :

s - s st +s

In the jij theory
ve
1im[9—);él,

S>>0 O'{)e

so with ¢ v s two subtractions are needed. With W's the behaviour of ¢ changes by one
power (o -+ const), but nevertheless no subtractions are needed since

in this case.



106

4)

5)

6)

7)

8)
9)

10)

11)

12)
13)
14)

15)
16)

17)
18)

19)
20)

Neutrino Physics

For a review, see
A. Salam, Proceedings of the Rochester Meeting of the APS (eds. A.C. Melissinos and
P.F. Slattery) (American Institute of Physics, New York, 1971).

For an 1ntroductory account, see
T.D. Lee, in Elementary processes at high energy, Part B (ed. A. Zichichi) (Academlc

Press, Inc., New York, 1971).

See, for example,

Y. Tanikawa and S. Watanabe, Phys. Rev., 113, 1344 (1959).

Y. Tanikawa and S. Nakamura, Progr. Theor. | Phys Suppl. 37, and 38, 306 (1966).
E.P. Shabalin, Yadernaya Flz 8, 74 (1968).

W. Kummer and G. Segré, Nuclear Phys. 64, 585 (1965).

N. Christ, Phys. Rev. 176, 2086 (1968).

E.P. Shaballn, Yadernaya | FlZ 13, 411 (1971).

Further references may be found in Ref. 1.

For a recent discussion, see
R.E. Marshak, City College New York preprint, to be published in Proceedings of the
"Neutrino 1972'" Conference, Lake Balaton, Hungary, June 1972.

T. Appelquist and J.D. Bjorken, Phys. Rev. D4, 3726 (1971).

For references to the original literature on this subject, see the talks by B.W. Lee
and others in the Proceedings of the 1972 International Conference on High-Energy
Physics, Batavia, to be published.

The approach outlined here is known to many people (it was first impressed on me by
J.D. Bjorken, who has pursued it fairly systematically). More detailed work on
these lines can apparently be found in a paper by Khriplovitch and Vainstein
(submitted to Nuovo Cimento Letters), in the Leningrad Winter School Lectures by
Vainstein and Khriplovitch (I was informed of these Russian works by Bjorken), and
in the Copenhagen Summer School Lectures by J.S. Bell.

In theories formulated in a manifestly covariant way, ''spontaneous symmetry breaking'
requires the existence of zero mass "Goldstone' bosons. In this case, however,
we can say that these bosons are absorbed by the W to give it the extra degree of
freedom it needs when it acquires a mass.

Exceptions with unacceptable properties (such as eCabibbo = 45°) can be contrived.
B.W. Lee, J.R. Primackvand S.B. Treiman, NAL preprint NAL-THY-74 (1972).

Wongyong Lee, Phys. Letters 40 B, 423 (1972).

Report of Gargamelle group, presented at the 1972 International Conference on High-
Energy Physics, Batavia.

Theoretical estimates of neutral current cross-sections in these models have been
made by:

B.W. Lee, Phys. Letters 40 B, 420 (1972).

E.A. Paschos and L. Wolfenstein, NAL preprint NAL-THY-69 (1972).

A. Love, D.V. Nanopoulos and G.G. Ross, Rutherford preprint RPR/T/26 (1972).

The discussion here is based on

J.D. Bjorken and C.H. Llewellyn Smith, SLAC-PUB 1107 (1972). This paper compiles
relevant phenomenology, much of wh1ch is already known to many people (see, for
example, the references to works by Tsai and Gerstein and Folomeshkin).

M. Perl, SLAC-PUB-1062 (1972).

A 1limit of 900 MeV has been given by Zichichi et al., from e'e” colliding beam experi-
ments at Frascati. (Contribution to the 1972 High-Energy Conference, Batavia.)

See, for example, K.J. Kim and Y.S. Tsai, Phys. Letters 40 B, 665 (1972).

An exception is the Georgi-Glashow model. See H. Quinn and J.R. Primack, to be
published in Phys. Rev. '




Neutrino Physics 107

21) A W would cause the famous linearly rising v cross-section to begin to flatten out at
s v Mﬁ. If the Pomeron contributes, the linear rise is replaced by In(s/Mf); if it
does not contribute, o - const. In either case

Vp
97 5> Mﬁ

is expected.
22) In the quark model
[P < 15—3 w FPren

Hence (using the SLAC data)
12

I|F\3’P+"“| <36,
1

To reach the required value, we must clearly go to w >> 12. This does not mean that
the sum rule is wrong. With data limited to w < 20, we could devise different extra-
polations which give the desired value or fail by large amounts (note that if Regge
behaviour holds, F; v /o as w + «). Models exist (e.g. the Landshoff-Polkinghorne

or Kuti-Weisskopf models) which fit existing data and satisfy the quark sum rule (but
the convergence is, of course, extremely slow).

23) J.D. Bjorken and S.F. Tuan, SLAC-PUB-1049 (1972), submitted to Comments on Nuclear and
Particle Physics.
J.J. Sakurai, H.B. Thacker and S.F. Tuan, UCLA preprint, UCLA/72/TEP/58 (1972),
submitted to Nuclear Phys.

24) H. Pagels, Phys. Rev. D3, 1217 (1971), was the first to point out that Regge fits to
the SLAC data implied that the Adler sum rule would have to converge very slowly.

25) In the quark parton model if F?n/ng + 1/4 as w + 1, this means that the virtual photon
"sees'' the neutron as an n quark and the proton as a p quark in this limit, which would
imply doVP/doVP w = 1,0." More quantitatively, Paschos (NAL preprint NAL/THY-87, 1972)
has pointed out that the Nachtman inequalities imply

£>l+.];6 -
vV "2 24y -1
2

i

for y = FS%/FSP < 2/3. The SLAC-MIT results for y then give FyU/F3P > 2 (3) for
x> 0.7 (0.8). Similar conclusions hold in many other parton models. Note also that
 the arguments of Bloom and Gilman (taken literally, in a way which is actually incom-
patible with parton-like models) also imply do“P/dcVl w > 1 .



Neutrino Physics 109

COMMENTS ON THE NEUTRINO SESSIONS

D. Treille
Laboratoire de l'Accélérateur lindaire, Orsay, France

H. Wachsmuth
CERN, Geneva, Switzerland

DETECTOR QUESTIONS

1.1 BEBC

Bare BEBC is considered to be a useful neutrino detector, in which neutrino inter-
actions with only charged secondaries (v 20% of all interactions) could be fully analysed,
missing neutrals could be treated statistically by balancing the transverse momentum 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 Reportl) 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 muon identifier (EMI) and by a track-
sensitive target (TST). More than 50% of the 3C events above 10 GeV will be self-ambiguous
(u=n~ ambiguity)?) and little physics can be done unless the muon is identified®). D. Haidt
reported about preliminary calculations of muon identification efficiencies for a Gargamelle
EMI; a study was made by Eisele") , showing that the BEBC body, magnet coils, etc., provide
adequate m-p discrimination for P, > 1 GeV/c, and a ~ 30 m? detector (multiwire proportional
chambers) could accept muons with 60% to 85% efficiencies from 10 to 80 GeV. In this con-
text another studys) may be mehtioned, predicting the performance of the EMI proposed") 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 Gargamelle 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 Gargamelle behind BEBC were summarized

by P. Petiau as follows:
i) the existence of Gargamelle and its analysis equipment;

ii) Gargamelle 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 multitude of (complementary) v experiments to be done (v, v in H,, D,, heavy
liquid).
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1.3 Electronic neutrino detectors

In comnection 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.

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 the 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*)].

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 usec
(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 usec
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 study’) 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 5.1:VEvent rates (per ton and 10t? protons) in ideal

shielding (S) lengths and proton momenta (Gtot

Table 1

Amendment to page 162 of Vol. I

-38

en?),

beams for various decay (D) and
= 0,8 x E(GeV) 10

(1) (2) (3) (&) (5) (6) (7) (8) (9) (10)
150*) koo
Pproton (GeV/c) 24 by k<o 100 150 200 (% repetition rate 1)
D(m) 75 100 200 170 550 koo 680 430 koo 1250
E (GeV) S(m) 25 43 80 113 280 | 1000 150 so0 | 1000 250
< 5 90,000 |260.000] 95.000| 58,000 20,000 3.600 33,000
< 10 96,000 |520,000| 320,000/300,000|{120,000| 23.000 250,000/ -80,000| 14,000 80,000
= 20 100,000 [670,000| 430,000|600,000|| 470,000 70,000 840,000([ 350.000| 75.000 500,000
= 30 100,000 |730,000] 450,000]|670,000(] 690,000} 110,000{1,000,000|] 725.000 | 183.000] 1,233,000
= 50 - - 3,000| 28,000 5,000 8.000 76.000{| 260,000[ 120,000 450,000
= 80 - - - 3.000 19,000 4,000 28,000|| 150.000| u4k4,000 210,000
= 100 - - - 100 8.000 1.600 10,000}| 100,000, 30.000 150,000
= 200 - - - - - - - 9,000 4,000 15,000
Total 100,000|750,000| 460,000] 770.000 || 860,000| 160,000] 1,400,000{[1.500,000| 470,000| 2,500,000
West Hall Surface Under= NAL Best Under- NAL Best
ground ground

%)

100 % acceptance assumed (see section 5.2.1.2.). For other assumptions see text.
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Table 2

Amendment to page 170 of Vol. I
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TABLE 5.2
W. HALL SURFACE Ep = 150 GeV| W. HALL TUNNEL Ep = 200 GeV W. HALL TUNNEL Ep = 400 GeV
BEAM
D =170 m S =113 m D = 550 m S =280 m D = 430 m S = 400 m
CHAMBER
BEBC(Ne) GGM(CF,Br) BEBC(H2) BEBC(Ne) GGM(CF,Br) BEBC(H_Z) BEBC(Ne) GGM(CF_Br) BEBC(H,)
REACTION 3 3 3 2
Total events 7.600.000 3.100.000 380.000 |9.000.000 3.700.000 450.000 |16.500.000 6.700.000 840.000
,)//M n - V: + D 310.000 140.000 - 220.000 100.000 - 270.000 130.000 -
oUlu+p - }L_+n++ P 570.000 210.000 60.000 410.000 150.000 40.000 480.000 180.000 50.000
W bosons, M=7 GeV 2.600 1.100 200 7.200 5.800 640 53.000 21.000 4.800
.,U/A +e - rC+ Y, 770 290 80 1.700 640 170 5.100 1.900 500
u,,+Z-> f“_+e++”e+2 100 70 - 140 90 - 270 180 -
)J)L.(.Z—) rk-.'./\ﬁ-ﬁ. Ur+Z L2 39 - 64 4o - 135 80 -
GGM - 6 m , CFBBr = 9 tons Gargamelle is 80 m downtream of BEBC
BEBC(Ne) - 18 m , Ne = 22 tons

3

BEBC(HZ) - 18 m” , H 11 tons

2

These event rates correspond to 10'° protons on target with the neutrino spectra used in section 5.3.Z,
assuming real focusing ~ 1 ideal.

eIt
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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’
(@ s 20 cm) 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 v contamination; backgrounds of u 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 Ve from 200 GeV protons (instead of 400 GeV) was asked for, in view of a hypothetic
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 (E v 7 0.3 Eproton)
from K decay (ECFA file 72/168).

A toroidal muon detector located at the end of the decay tunnel has to measure 129
(Apu/pu v 8%) and eu (Aeu ~n 0.2 mrad) in order to give E\) with reasonable accuracy (+2% to
£15%). It is made of two groups of scintillation counter hodoscopes (6 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 R; = 0.5 m (to
avoid the huge flux of p close to the axis) and R, = 1.5 m.

The author first shows that a normal wide-band beam would bring too many p 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. Such a beam would give v 2 x 10'° v in a v detector of
1 m®: the loss below E\) = 50 GeV, when compared to that of a wide-band beam, is ~ 10. He
assumes that 10!% 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 u detector still receives 1.6 x 10'° u and therefore has to be split
into a large number of elements. Among these u, only 2.4 x 107 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 pu and especially eu seems extreme-

} 1y 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' u on the u detector) is
indeed only n 3 x 10"%. 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
rejection factor one can expect. The rate of events from tagged v is ~ 1.5 x 107° event/ton

per 10'3 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 chamnel 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
Nuelear Physics Laboratory, University of Oxford, England

A study of positive pions produced in neutrino interactions in freon!) and propanez)
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 a (Fig. 1) tends to a limiting value of ~ 440 MeV/c
independent of q®. These features are shown in Figs. 2 and 3. A similar behaviour has
recently been observed in inelastic electron scatterings"‘) .

It is probable that m’'s have similar
properties, although present neutrino experi-

ments have been unable to verify this because
0

of either poor measurement of m° momenta in

freon or low detection efficiency in propane.
If this is the case, then the 7°'s which are
not observed in detector such as BEBC with H,
or D, filling will carry off on the average
only a small momentum transverse to a There-
fore it may be that the vector addition of the
observed charged pion momenta gives a fairly
good approximation to the direction of a From
Fig. 1 we can see that if eq is known (or esti-
mated), then we can obtain an estimate Ec of the neutrino energy Ev from the following re-
lation obtained by balancing the transverse momenta relative to v, of the muon and the

hadrons

Fig. 1

hadrons:

sin 6

E =p

- LT o eq + pu cos eu . (@8]

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 higher energies. In

particular, we have taken

ﬁﬂ =1.91logv+1.3; mno/mn =1/3

dN e—bp-% . dN e'CpL/pL,max
By & ’
where the constants b and c have been taken to be the same as those determined from

inelastic electron scattering?):

*) Contributed paper
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4.7
3.0 (average of n* and 77) .

The structure factors®) F1, F,, F3 have been assumed to obey the relation
2xF, = F, = xF3 .

The pions were generated according to a Poisson distribution, the m°'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.

The nucleons were taken to have the same distribution; in Pr and p; 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 40 GeV
of cases (6% at 20 GeV, 3% at 200 GeV),
Eq. (1) gave unphysical answers because the
estimated 6_ lay outside the range 0 < 6_ <
< m/2. For the remaining cases of the cal-
culated neutrino energy Ec_to the input X | . | )

neutrino energy E is shown in Fig. 4. It 08 09 10 1 12 ECEy
can be seen that the majority of events give
E. quite close to E, with full widths at
half maximum of
100 GeV

10% at 40 GeV
% 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
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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 q? and v (= Ev - Eu), and hence w = 2M /q2, y = V/Ev in which one may
use the HBC to study, for example,

-. charged pion multiplicities

- 7w*/m" ratio

- wn/vp cross—sectibn 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.
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TRACK-SENSITIVE TARGETS FOR NEUTRINOS IN BEBC *)

J. von Krogh,
ITI. Physikalisches Institut, Technische Hochschule, Aachen, 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.

In order to calculate neutrino cross-sections as a function of energy E, 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 E, 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
physicsl). 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/D, mix-
ture) has to surround it in order to ensure 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 requirementsz).

[}
In Fig. 1 we give the number of neutrino interactions plotted versus E, in bare BEBC
filled with H, and in the TST.

We see that even though the ratio of volumes VTST : VEEBC ®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 horn-reflector system scaled to these energiesa). 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 Monte Carlo method for single m° pro-
duction by neutrinos in a D, target with a mixture of 30 cm radiation length outside. The
efficiency for seeing both y's from the w° is 74%. For comparison, the efficiency for see-
ing both y's from the m° in bare BEBC filled with D, is about 1.5%. In the table we present
a comparison of event rates in bare BEBC and in the TST.

*) Contributed paper
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Table 1

of neutrino event yields in

a 2 m® TST and in bare BEBC/H,

TST (2 m?) BEBC/H, (18 m®)
R R I
§8t§1E3V§“§8 eV 34,000 159,000
Useful 20,000 32,000
(Ev known) All final states Charged final

states only

Less useful
(Ev not known)

14,000
Unknown fraction of

127,000

Unknown fraction of
neutrals escaped

123

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'° protons)

We see that if we compare the useful number of events (with E, 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. Wiik
Deutsches Elektronen—Synchrotron (DESY), Hamburg, Germany

INTRODUCTION

To do justice to the title of this talk one clearly needs to have a fair amount of
clairvoyance. Although sadly lacking in this commodity, 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 NAL 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 rangé 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 maximum 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.

PRESENT STATUS

Some of the relevant properties for the electron accelerators are listed in Table 1.

Table 1
Comell | Erevan | DESY | NINA | SLAC
Energy (GeV) 12 6 7.5 5 22
Current (x 10'%) & 0.3 - 3 3 200
Duty cycle (%) 5 - 5 11 0.06
Polarized photons up to (GeV) N8 - v 4,5 v 3 22
Polarized electron beam b) 1973

a) extracted current.

b) wunder development.
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A few miscellaneous remarks to this table: the maximum 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 maximum energy of the Cornell
Synchrotronl) has also recently been 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/turn.

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 10'? 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 107°° cm2/GeV? 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° photons/sec.

A polarized photonz) 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 (v 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 mm thick, SLACS’“) 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 10° photons/sec, and 50% of the photons would be within Ak/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 polarizeds), 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
beams) 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 cm 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 103 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 beame) will be produced by photoioni-
zation of polarized ®Li atoms. They hope to be able to reach a polarization of 90% with an
average current of about 2 x 10'! e /sec. It is planned to install the source by the end of
the year. The source under development at DESYg) is based on spin exchange between polarized
hydrogen atoms and low-energy electrons.

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 synchrotronl) with an
end-point energy around 35 to 40 GeV and an intensity of around 102 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 artlo);

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 to build a new ring in the present tumnel,
employing the present synchrotron as an injector. In this case the energy will be limited
to 27 GeV.
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3.2 DESY

With the ee colliding ring scheduled to come 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 mA 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“) . 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%°-10%! am ? sec '. This corresponds to 10°-107 e/sec incident on a hydrogen target 20 cm
long. The construction will start in 1973 and should be finished by 1976.

3.3 NINA

The planslz) are to continue to run NINA at 5 GeV and to increase the intensity grad-
ually.
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 Halliwell 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 focuséd on to a low-Z target, typically beryllium, produc-
ing, among other particles, m°'s. The photons from the m° decay travel for about 22 m 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
After the high-Z converter, a negatively charged beam is selected, momentum-

magnets.
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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 X,) lead radia-

tor. The recoiling electrons are de-

tected and momentum-analysed in order ! T T | ‘ ]*
to determine the energy of the primary 500 GeV protons
photon.

3 —3

For 10!3® incident protons with an
energy of 500 GeV they expect an elec-
tron intensity of typically 1.5 x 10°
electrons at 150 GeV and 5 x 10° pho-
tons with energies between 100 and
150 GeV. The computed electron yield

is shown in Fig. 3 together with. the . /I s

e- YieldI!O‘ap x 108
N
T

computed /e ratio. The m/e ratio _— \
can be further reduced by going to a 1 L L l ~
finite m° production angle at some Y 100 200 300

loss in electron intensity. Energy (GeV)

NAL is now proceeding with the Fig. 3
construction of such a beam, and it is

expected that the first stage of the beam will become operational sometime in 1974“) .

3.5 SLAC
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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 projecta) 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.

injector extraction
reinsertation
\ Present accelerator to Endstation

r.f. sections

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 psec. 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.

ii11) 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. The average current is as before;
however, the duty cycle is now simply the ratio of the pulse length (1.6 usec) to the
revolution time (23 uséc), or roughly 7%. In this mode of operation the accelerator
corresponds to a high-energy, high-intensity synchrotron.

SLAC 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

High-energy mode 18 d;;gecycle Ag;iie;gSZr
Final beam energy
(GeV) 42.5 46 60 17.5 25 25 35
Recirculating beam _ _
energy (GeV) 17.5 21 25 17.5 25
léepetitim rate 360 | 360 | 180 | 4 x 10* | 4 x 10 | 360 | 180
pps)
Duty cycle (%) 0.06 | 0.06 | 0.03 7 7 0.06 | 0.03
Average beam
current (in units 3.6 3.6 1.8 3.6 3.6 28 14
of 10*% e/sec)

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 Commission, and SLAC 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° 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’ + X, or for certain classes of simple coincidence experiments such as
e+p-re’ +n+ ﬂ+. 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° e /sec. The fluxes which will be available at
CERN SPS and NAL -- in particular with py 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-angle apparatus.

PHYSICS

4.1 Photoproduction

Perhaps the most important feature to emerge from the study of the photoproduction
reactionsls) is the remarkable similarity between these reactions and purely hadronic re-
actions. This finding has been expressed formally in the vector-meson dominance model (VDM).
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
photoh 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 10° photons/sec incident
on a liquid-hydrogen target 1 m long.

4.1.1 Total photoabsorption cross-section
on hydrogen and deuterium

The total photoabsorption cross-section has now been measuredls’ls) 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)-l’ﬁ 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)—l’?. Using these data as input to dispersion rela-
tions, Damashek and Gi]man”) 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 op = a+ b - (v)_l/z, 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 Serpukhov”) is no longer consistent with a + b - (v)-l/z. 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 ub, 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 photoabsorption cross—section
on complex nuclet

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 ub, 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: 1i.e. cT(y,A) v A oT(Y,N) . Experimentallyls’”) we find that
oT(Y,A) <A cT(y,N), i.e. some unexpected shadowing occurs. A very lucid explanation of
this phenomena has been given by Gribov2°) and can be sketched as follows:

The photon can dissociate into virtual 17 states such as the p, w, ¢, KK, pp, ... as
indicated in Fig. 5. This virtual state violates energy conservation by an amount AE =
= (m?/2v), i.e. the lifetime, and hence the distance this state can travel before decaying
back into a photon is & (AE)-1 = 2v/m*. Now if this distance % 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 A2/3 as observed in hadrons on nuclei. Expermehtallyls) a cross-section pro-

portional to A°*® is found. Such a discrepancy could, for example, be understood if the
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Y Y hadron (1°) Y hadron (17) Y
AN~ = A=~~~
m m
Fig. 5

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 scattering

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 t out to |t| < 1.2 (GeV/c)?. 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 thq total photoabsorption cross-section and the forward Compton
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 ternszz)

of the form a « A? + ... , which must be absent in 7N 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.

tr
£ = E -
Y & T vy

PsWsPeee

(f§$ is the amplitude for
the photoproduction of a
transversely polarized
vector meson)

Fig. 6
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iii) Brodsky, Close and Gunionzs) have extended the parton model, normally used for large
q? processes, to q®> = 0. They find that a gauge-invariant treatment of the parton
model leads to a constant in the real part of the Compton amplitude. 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 asymmetry A = (o, - 0,)/(c, + 0,) 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 much more abundant single m°
production. At high energies, however, this should be no problem, and the maximum energy
reached will probably be limited by the absolute counting rate rather than by the background.
For the rate estimate let us assume the standard conditions and a cross-section of

do _ 2 7t
I 0.7 (ub/Gev?) e’ "~ .

Let us further make the assumption that the ¢ acceptance is 2m. Since the recoil proton
must be detected in coincidence with the scattered photon, both to determine the t-value and
to reject the background, this is a very optimistic assumption. However, with this assump-
tion and our standard conditions, we have 4.5 events/hour for [t]| 2 0.5 GeVZ.

At SLAC it should be possible to extend the data out to a t-value of roughly 1.5 (GeV/c)?

at high energies.

4.1.4 Production of p, W, and ¢ mesons
and a search for new heavy vector mesons

Since the vector mesons have the same quantum numbers as those of the photon, one would
expect, on general grounds, 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 unique opportunity 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 unnatural parity

N

fyN—VUN = gy * fUN —YN *--ee-

Fig. 7
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exchange (t-chamnel) or the amount of helicity conservation can be directly determined. The
¢ photoproduction further offers a unique opportunity of determiningzu) 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
2m (too optimistic since we have to detect the proton) are listed in Table 3 for |[t| 2
2 0.1 (GeV/c)? (lower limit on t if the proton must be measured) and for |t| 2 1.0 (GeV/c)2.
The cross-section for p photoproduction was assumed to be
ds
S = 100 [ub/ (Gev/c)?] " .
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

do _ 2y 4.5t
It 2 (ub/GeV?) e .
Table 3
[t] 2 0.1 GeV? [t] 2 1.0 GeV?

Y+p>p+D ~ 11000 counts/hr ~ 20 counts/hr
Yy+p>w+p | v 1200 counts/hr v 2 counts/hr

Y+p>o9+D ~o 400 counts/hr ~ 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 minimum momentum
transfer squared to the nucleon toin = (m2/2k)%, 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'e” colliding beams.

4.1.5 Photoproduction of pseudoscalar mesons

The measurements on photoproduction of pseudoscalar mesonsls) have been very important
for present-day electron accelerators. Owing to the high photon fluxes available -(equivalent
of about 10!° 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 1/k?, leading to very low cross-sections at high energies.
For example, with 10° photons/sec at 100 GeV incident on a hydrogen target 1 m in length,
the total rate for the reaction y + p ~ 7 + n would be roughly 3 events/hr. The rates for
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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 diffractivels)
at lower energies. Since the B has the quantum numbers 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 events/hr for |t| 2 0.1 GeV2. The search for

other such diffractive states should become easier at high energies.

4.1.6 Inelastic Compton seattering

A reaction which has some bearing on the question of possible substructure within the
proton is inelastic Compton scattering: vy + p + y' + "anything". This process has been
evaluated within the parton model by Bjorken and .Paschoszs) using the graphs as shown below
in Fig. 8. They find this reaction to be closely related to deep inelastic electron-nucleon

scattering:
N
d%o _ v d% Zi<Qi>
dRdE? EET  dQdE’ T./Q2\ °
P e'p "i(%)
Here Qri1 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: ' /

~

L Ll
"G

W=
Ol

3

~

ky ka Ky ka

T — NN/

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

7° decay tend to bury the contribution from inelastic Compton scattering. At high energies,
however, the situation becomes much more advantageous. The inelastic Compton cross-section
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will decrease slowly with t (the photon scatter off point-like particles), whereas m° produc-
tion should have a more rapid decrease with increasing values of t. Of course it is likely
that the m° spectrum has a smaller slope at large values of t, so that a substantial back-
ground will remain even at high energies. However, the good duty cycle at CERN SPS and NAL
will make it possible to measure the m° spectrum concurrently with the measurement of the
Compton process. The background from n° decays can be avoided by demanding the scattered

photon to be off the mass shell and to decay into u pairs“)
25,26)

Experimentally a p pair of
low invariant mass but large angles must be measured The problem here is the low

counting 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
proposed27) search for heavy leptons and intermediate bosons in a pair production experiment,
or a measurement of u pairs with large invariant masses as a test of parton models“) . It is
therefore clear that a high-energy secondary photon beam at CERN SPS would be a very valuable
tool.

4.1.6 Inelastic electron scattering

The results of the SLAC-MIT Collaborationzg) on deep inelastic electron-nucleon scat-
tering have received much attentionls) 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 €) are all determined by the electron
kinematics, as shown in the figure, and can therefore be varied continuously in a well-

defined manner.

W2z 2my +m? - g2

Mass: Iq2l = I(e -e')2l= 4 EE’ sin? 0/2
Energy: v = (e-e'), =E-E’

1

Polarization: € =
1+ 2tg? 0/2 (1-v2/q?)

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
q% on a nucleon. In the case of an unpolarized 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

W, (V’qz) and WZ(V’qZ) as:

dg;g, = (4&2%’2) °{ZW1(v,q2) sin? %-+ W, (v,q2) cosz‘%} .
Roughly speaking, at small scattering angles W, (v,q?) is measured, at large scattering angles
Wy (v,9%).

The SLAC-MIT Collaboration has collected data in the kinematical region shown in
Fig. 10. To separate W;(v,q%) and W, (v,q?), measurements at fixed v and q 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 g integrated over v gives a
result which is of the same order of magnitude as the point (Mott) cross-section
(Fig. 11).

W =3 GeV

a2 (GeV/e)?
9

101 W =2 GeV

10“'1‘ 1 1 1 1 1 1 W =494 Gev
T T 1 bl
0 10 20 30 5 q2(GeV/c)?
w2 (Gev?2)
Fig. 10 Fig. 11

ii) W1(v,q?) and W,(v,q?) shows scaling, i.e. for fixed w = 2Mv/q? the structure functions
are independent of q?. The threshold for scaling is at surprisingly low values of g2
and W, i.e. q2 2 1 (GeV/c)2, W 2 2.6 GeV (Fig. 12).

iii) Wg(v,qz) # W?(v,qz), 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 Bjorkenao)
in the so-called scaling limit, i.e. q® + =, v > «, but w = 2Mv/q? 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.



Electron, Muon, and Photon Physics 141

0.5
T T T T T

T T
0.4
_1
(a} %
0.3l + |4 @ F 4o *4% % 1
o~ +
=
>
0.2 L ]
w=54
0.1 + 6° a 18° B
x 10° a 26°
0] 1 | | | 1 | \
0 2 4 6 8
9 (GeV/c)?
Fig. 12
0.14 [
0.12 L
—~ 0.10 L

0.02|° I
o]
] ! ] I 1 1 1 1 1

12 4 6 8 10 12 14 16 18 20 22 24 26
W

Fig. 13

The kinematical region which will become available at the new accelerators is shown in
Fig. 14 for incident electron energies 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 measurements
substantially both in q? and in W2. To see which part of the kinematical region can be ex-
ploited experimentally, we have evaluated the counting rates assuming a ratio between the
longitudinal and the transverse cross-section OL/O'T of 0.2. We further assume scaling, and
for wW,(v,q?) the form suggested by Bloom and Gihnan“) was used.

In Fig. 15 the counting rates, using one of the three SLAC spectrometers, is shown.
As incident energy 60 GeV was chosen with 1.8 x 10'? electrons/sec incident on a target
15 cm long. In this figure is plotted the counting rate per hour at the corresponding value
of q% and W?. 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, Aq? = 1 (GeV/c)? is evaluated for

CERN SPS or NAL conditions. F'or this estimate an electron beam with an energy of 200 GeV
and a flux of 107 electrons/sec incident on a hydrogen target 30 cm long was used. The
rates are plotted in Fig. 16 assuming the acceptance in ¢ to be 2m. The kinematical bound-
ary of a detector with a total opening angle of 200 mrad (AR ¥ 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)?
is acceptable. In this case, measurements for q* 2 60 GeV® will be possible. The range in
q? 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 q® and W?, 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 q® and W? against tg® 6/2 -- 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 W; (v,q%) and W»(v,q?) 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 q?
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?




144 Electron, Muon, and Photon Physics

Assume that W;(v,q?) and W, (v,q?) 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 W;(v,q?)
and W, (v,q?) 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 measureas) 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 Ay = gg E’f:; : ggg:; A, = ggg:;: gg E::;
asymmetry with the proton polarized

normal to the scattering plane will

disappear. These asymmetries can Fig. 17

be expressed in terms of two new

structure functions G, (v,q?) and G,(v,q?). The predictions for these quantities have been
3y

taken from a paper by Walsh and Zerwas 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 p beam. Since the muons originate from the
decay m ~ p + v it is possible to produce a polarized u beam by momentum selection of the
pions and the muons. The expected fluxesas) in such a beam are of the order of 5 x 107 muons
per sec at 100 GeV within a beam spot 4 x 4 cm® and with a polarization of 80%. Assuming a
butanol target 8 cm 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
L -
proton | e [P o™ -0’ Rw =0
61 () %’f’ [GII) - Grll:l - EA n n
neutron| s G =0 Gl =0
2 2
I ug, (w-1)
proton o Gg(w) =0 Glz)’n(w) v F(w) l: 12),n -k T ]
w pn o [1+7]w-1
Gz (w) 226 W=20 3
neutron zel(w) =0 F(w) ~ —ww-1°
[w-14+(x/2)]*
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The total uN cross-section, integrated for 6 between 10 mrad and 100 mrad and for v
between 3 GeV and 60 GeV, can be written as

v
4m max 1 1
O =0 == 1n ( ] - 537 =0.26 ub .
N WP E Ymin {eélin ®max

This integration was done with the assumption that wW,(v,q?) = constant = 1/3 and W;(v,q%) = 0.
With the assumptions listed above, 2 x 10° counts/hr would be collected in such a detector.
Since A, is estimated®® to be of the order of 20% over a large region in q® and W?, 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 A, using a well-optimized p 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 . = [(q% + m®)/2v]? is small, one might expect the process to have a large dif-
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 P, 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 qZ?.

In the kinematic region where thin 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 thé 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 g% and v;
ii) multiplicities as a function of g2 and v;
iii) particle ratios as a function of g2 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 CERN SPS.
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ELECTRON VERSUS MUON PHYSICS

*
F. Combley ) and E. Picasso
CERN, Geneva, Switzerland

. INTRODUCTION

Many physicists have occupied themselves for many years with a search for differences
between the electron and the muon. They have searched in vain, and by now we have become
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.

. 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 Bjorkenl) and discovered experimentally in inelastic electron scattering at
SLACZ), will hold as one proceeds to even higher four-momentum transfer q? and higher energy
losses v, or if one enters a new region of physics with, eventually, its own characteristic

)

scaxling3 .
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

)

g% 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®’.

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 some attempt can be made to differentiate between the various predictions of light
cone algebra, resonance, and quark-parton modelse).

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 —ﬁo, Eo are the laboratory momentum and energy of
the incident lepton; p’, E’ are the laboratory momentum
and energy of the scattered lepton; q is the laboratory
four-momentum of the virtual photon; m, is the lepton
mass, mp the proton mass; and M* is the invariant mass
of the total hadronic system produced in the interaction.

The invariant q? is given by

q® = 4 Eo E! sin? (08/2) ,

where 6 is the scattering angle in the laboratory frame.
(We have assumed the condition E, >> m, and set m, = 0.)

Fig. 1 Kinematical quantities

for inelastic lepton- The laboratory energy of the virtual photon is
proton scattering )
(one-photon exchange). given by

Vv = Eo - E'

and the total invariant mass of the final hadronic system by

M2 =m? + 2mv - |q?] .
m? b lq?|

Thus the choice of v and q? determines M*.
The double differential scattering cross-section is written in the standard form as
dzo a2

T " T sin? (@7 L o (/) + 2wl

Generally the W's are functions of q? and v. However, scale invariance requires that
as v and q2 become large enough (Bjorken limit), W; and VW, depend only upon a single dimen-
sionless variable w = (Zmp\))/[qz] . As is well known, W; 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 W; and W, is equivalent to a separation of these two cross-sections, and measure-
ments at small q? permit the evaluation of Ttot (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 cot? (8/2) coefficient of W,.

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 cent’’.
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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 muon and electron beams, which
seem to be representative of what can be achieved. The electron beam is that described by
the Stanford Groupe) (Hofstadter et al.) in the NAL proposal No. 164, and the muon beam is
the one proposed by Aitken, Clifft and Gabathulerg) 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 10'2 ppp.
The electron beam has Ap/p “ 2.5Z, an area at the
hydrogen target of 2.5 X 12.5 mm?, and an over-
all length of about 300 m.

The muon beam has Ap/p v 4%, an area at the hydro-
gen target of 50 X 100 mm?, and an over-all length

Proton Lepton | Electron Muon

6 7
200 100 1.8 x 10°| 7 x 10 of about 1000 m.
400 100 6 x 107 2 x 108 For the calculation of experimental rates a repe-
tition frequency of 15 p/min.is assumed for 200 GeV
400 200 1.2 x 107 9 x 107 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 g2
and v for incident lepton energies of 100 and 200 GeV. We have assumed that detectors can
be built to cover all orientations of the scattering plane, although here there may be some
difficulty with the Nal 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 cm long in
the electron experiment and 100 cm in the muon experiment.

The rates at which particles are scattered into bins measuring Aq? [= 1 (GeV/c)2] by
Av (= 1 GeV) have been calculated with the following approximate cross-section formula:

d(q)dv = q* E, | v

d%g 4ma? E! (\)WZJ
b
where in addition to the usual condition that E, >> m, it is assumed that W, cos? (8/2) =
=W, > W, sin® (8/2), and, for purposes of calculation, that wW, = 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 GeV muon 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 SLACIO) 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 q2 (Gev/cd)

400 GeV protons would add very little to this 50 M Ge
proposed kinematic region. Some improvement

is obtained with 100 GeV muons from 200 GeV
protons, but the strongest case is for a

400 GeV proton machine from which one would 40

use 200 GeV muons.

2.4 Radiative corrections

50 GeV electronbeam

The measured deep inelastic cross-section 30
0.06 % duty cycle

includes contributions from many high-order
electromagnetic processes which represent an
unwanted background. Theoretical analysis

deals with one-photon exchange, and the 20
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
fashionll), and here we recall only the out-
line, referring to the graphs of Fig. 5 where

20 GeV electronbeam

7% duty cycle
10|

necessary.
Firstly, the measured cross-sections are | |

corrected for the straggling of the particles 100 150

. . GeV

in passing through the target both before and vee

after scattering. This straggling is largely Fig. 4 Kinematical regions to be ex-

plored by the proposed Stanford
due to external bremsstrahlung, as energy loss Recirculating Linear Accelerator

by ionization is negligible in comparison. (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”) given by

tr = % (a/m) {In |q?| /mé) -1} radiation lengths .

Thus with a target of 2t r radiation lengths, the effects of straggling and internal brems-
strahlung on electrons are about the same. (This correction is represented by M7 and M8 in
Fig. 5.) The muon electron ratio for this equivalent thickness is about 0.3 at a q® of

1 (GeV/c)? and 0.5 at a q2 of 100 (GeV/c)2.

A third correction is that originally cal-

culated by Schwingerlz); it contains vertex

(M5) and photon propagator (M4) modifications ~~ CC &{‘
together with some soft photon parts of diagrams
M7 to MI10.

M1 M2 M3

scattering is subtracted from the cross-section. ~O

Finally, the radiative tail for elastic é E

For lepton-proton scattering at energies of a s e
several GeV, only the elastic peak requires
special treatment while the resonance region \\
can be treated in the same way as the continuum. A AN

The fully corrected cross-sections are then M7 -
used to make the structure function separation

and theoretical comparison. / /

The radiative corrections depend upon the -

experimental configuration, and it should be Mo M10
emphasized that experiments must be planned such
that these calculations can be performed in a

Fig. 5 Radiative corrections to
lepton-proton scattering
(after Ref. 19).

reliable manner.

Drees and Leenenla) have recently calculated
the radiative corrections for inelastic electron
and muon scattering off protons, assuming that only the scattered lepton is detected.
Analogous calculations have been done by Hofstadter and collaboratorss). Figure 6 is taken
from the work of Drees and Leenen and shows the ratio (dzc/deEl)non-rad./dzo/deEl)meas.
for e-p and p-p scattering at a primary energy of 100 GeV. From this work one can see that
over a large range the corrections for muon scattering are much less than those for electron
scattering. However, taking a 30% correction as the limit of what is acceptable, one sees
that in going from electrons to muons 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 limited gain in the useful kinematic
region, the smallness of the correction for muons favours the use of this particle in deep

inelastic scattering.
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Fig. 6 The ratio (d20/dNE')peas. for e-p and U-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 q® and energy v. The virtual photons are polarized in longitu-
dinal and transverse directions, and the ratio of these two polarizations (e = longitudinal

2 _1
s=[1+2tg2-g—[1+:—2]] .

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

14
sum rule ).

Such a facility seems ideally suited to the West Area: in fact an electron beam of
about 107 e/pulse at 80 GeV, from 200 GeV protons, has been designedls).

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 (R 20 GeV) because of the
restriction in decay 1ength15). 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.

. 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

wh) ee (e
and
vu(\_)u) - ve(()e) .

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 [eu/ e =1% (1x 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 difference’ 7); the equality of the cross-
sections for charged lepton-proton elastic scatterj.ngle) ; the fact that all high-energy
tests performed at colliding beams (e'e” »~e'e, e'e - uu) 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' ). 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 q? can be varied independently (v > q2/2m_). More-
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

e+ +e - ui + U; s
and the results have shown that the muon behaves like a heavy electron in the integrated
time-1like range of q? from 2.56 to 4.0 (GeV/c)? Zoa). If this result is taken in conjunction

with that from experiments on the process

et re e+ et

which effectively explores the space-like region of four-momentum transfer [at present from
-0.38 to -3.4 (GeV/c)zj 2°b), 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
u-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 u-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 1limit 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 p-e universality.

3.1 Lepton bremsstrahlung

The process

L+p>R+tp+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).

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 by21

5 1 1 2
ay (m*? - mg ’
where Ay is the momentum transfer to the target nucleus. This momentum transfer has a mini-

mum value given by
*g _ .2 2
[qzl“ - m ™y
N in 2Eq

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 ”). Typically, with a 100 GeV lepton beam
the minimum value of qlfl ~ 0.002 (GeV/c)? for m* ~ 3 GeV/c?. It would be convenient to per-
form the experiment concurrently with the deep inelastic scattering. On the other hand,
the effective rate depends upon the factor Z2pL/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 Am*/m*, one can reach

-36 2
. n
Onin 10 cn® ,

with 100 hours running.

Assuming a (l/m*)‘* dependence of the cross-section, one could effectively explore up
to virtual lepton masses of about 8 GeV/c? 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 furthermore, that in order to perform 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 reports).
We would like to emphasize that lepton bremsstrahlung can clearly show the existence
of heavy leptons of the type
2F >0y,

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 chamnels: 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).
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v

Fig. 8 Diagrams for lepton trident production on 235U

In particular the muon trident experiment, which is a cheap type of muon colliding
beam, provides a unique way of studying the muon-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 muon pair not only by exchange of a photon
but also by the exchange of a heavy neutral boson.

Recently, Kessler and Collza) have computed comprehensively the muon trident differen-

tial cross-section for the process

p” + 2357 5y + u*u” + hadrons

considering coherent and all incoherent types of scattering for the diagrams shown in Fig. 8.
Figures 9 and 10 show the behaviour of the differential cross-section do/de as function of
the invariant mass of the muon pair (m_), for incident muon 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 mY where it dominates the
cross-section. In the case of 200 GeV muons the cross-section decreases such that at

m, = 12 GeV/c* it is 107°° m? while at 16 GeV/c? it is 107 " cm?.

The size of the cross-section encourages one to examine carefully the possibility of
performing a trident experiment with 200 GeV muons. Any discrepancies at large invariant
masses of the muon pair could be checked against an experiment on the process

- - + -
e + 23U >e +yuyp + hadrons .
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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.)

09T

so1sAyd uojoyd pue ‘uonjy ‘uod3dsjy



Electron, Muon, and Photon Physics 161

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.

a)

b)

long-lived heavy leptons as suggested by Gerstein and collaborators

In the realm of heavy leptons there are two principal possibilities:

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 number which
is separately conserved in strong, electromagnetic, and weak interactions.

Excited leptons with the electron and muon as ground-state members. These excited
leptons have the same lepton number as the electron or muon, and decay electromagneti-
cally as

*t +

e >e + vy

and

*t +

R VR
Other speculations are possible“), including the existence of either stable or very

25)'

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 Photon—-nucleon collisions (Fig. 11)

Either real or virtual photons 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

Tsaize). In Fig. 12 the total cross-section for
the following processes is shown. ¢
Y
a) Coherent production off the nucleus as a -
whole: e
+ - z
Y + Nucleus ~ £ & + Nucleus .
b) Quasi-elastic production off protons or
neutrons in the nucleus: Fig. 11 Heavy lepton pair photo-
production off nuclei.
y+pmn->22 +pn.
c) Inelastic production off protons or neutrons in the nucleus:

y + p,n ~ £°27 + free nucleon + hadrons .
This latter gives a negligible contribution.

The cross-section for the production of one lepton at an angle 6 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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d%c _ 20% (E?) |2x(x-1) +1 . 4x(1 - X)r
MT[W][ a oz (1”)“]X

where k is the photon energy, m, the lepton mass, E the lepton energy, x = E/k,

T = (E/mﬁ)2 62, and ¥ is a function of the minimum four-momentum transfer to the hadronic
vertex and of the form factor of that vertex. For small 6 and r << 1 the cross-section is
roughly proportional to (1/m£)", which means that at forward angles the production of heavy
leptons is suppressed compared to that of electrons and muons. At large angles with

8E 2 m,, then r 2 1 and the cross-section becomes independent of m, except for the temm 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 10® times that for heavy lepton production.
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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 lepton—nucleus collisions

In this method one searches for excited leptons produced in the reactions
e +p~> e* +p
or
*
H+Ep->u +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 AZ.
Past searches carried out at 0rsay27), DESY“) , and CEA“) have found no excited
leptons for masses up to 0.5 GeV/c?.

We recall that the minimum four-momentum transfer to the proton is given by

*
mla

(qz)min i (ZEo) 2

and as (qz)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,y + nucleus + e,y + y + nucleus .
\_v—l

*
m

A further possibility is to search for heavy leptons in inelastic scattering, i.e.

e + p > e* + p
. * .
with e -+ e + other particles

or
*
e + p~> e + hadrons

with e* + e + other particles .
Therefore a comparison of e-p and pu-p inelastic scattering could also be used as a
search for heavy leptons, and this has been discussed at some length by Perl“?

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 Electron—positron colliding beams

This facility provides for direct production via
P A

Again under the assumption of point-like particles with unit charge, the cross-section is

__1T(X2 82
0_2]5_26(1_3_J

where E is the energy of the electron or positron and B the velocity of the heavy lepton
[82 =1 - (m/E)*].

given by
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One should note that production via the two-photon processao)

e re vt v + gty
could also become appreciable through the logarithmic dependence on the centre-of-mass

1 E , (E
0g«—1n [—] In -—] .
mg‘ ml me

However, this process is strongly peaked at forward angles and thus its contribution may be

energy of the cross-section, i.e.

severely reduced by the experimental limitations.

Given that the colliding beams have sufficient energy, they seem to provide the best
method for a heavy lepton search. The present results from Adone31 have shown no heavy
excited leptons with masses in the range 0.2 to 0.8 GeV/c?. At SPEAR the initial maximum
energy in each beam will be 2.5 GeV with a luminosity of 5 x 103! (events/cm? 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/c?, and taking into account all the experimental factors™" , the cross-
section is given for E >> m, by

ond X107 glee” ) o 8_><E10l cm?

Thus to get four events per hour a luminosity of about (E?) x 10%° events/cm? 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_), and
no other decay modes which can confirm the existence of the e* or u”.

3.3.4 Proton—-proton and proton—-nucleus collisions

(see Fig. 13)

The muon pair spectrum from the reaction

p + Nucleus - w' + W+ hadrons

has been measured by Christenson and collaboratorsaz). Speculative theoriesas) can be used
to give a fit to these data and make predictions for
electron, muon, and heavy lepton pair production at )
higher energies. Berman and collaborators“) predict

a total cross-section for the reaction *O‘p

~)

p+p~ 2 +2 hadrons

by means of the Drell-Yan modelas). One-parton- N
antiparton pair annihilates to form the heavy lepton
pair (see Fig. 14). For energies sufficiently above

Fig. 13 Heavy lepton pair pro-

the production threshold, the cross-section for this / .
duction via nucleon-
nucleon collisions
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process goes roughly like

onv—F
2 b
m,

—————
> hadrons

where ocz/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/c? one

‘

Obfi‘ins a cross-section of about Fig. 14 Lepton pair production via
10 F cm?, and F is expected to be parton-parton annihilation

much less than unit (perhaps 10_2—10_“). (Refs. 33 and 34).

For a luminosity in the ISR of, say,

10%° events per cm? sec, one would expect 0.4 F pairs per hour for heavy leptons with mass
10 GeV/c?, and a luminosity of 10%2/cm® 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 10'2? protons
per sec on a 1 m hydrogen target would produce about 10° F heavy lepton pairs per hour for
a mass of 10 GeV/c?, if you know how to look for them.

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 muons. On the other hand, for reasons of intensity,
radiative corrections, and the feeling that the muon is more likely to produce surprises,
one would like to see the first experiment performed with muons. 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
+~“nn which can be explored, one would like to push most urgently for 400 GeV protons and
to accelerate the construction of a muon 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-arm

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 muon 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 comments.

a) For the first time one can experiment with an extremely high value of the Lorentz
facto (for E e 200 GeV, Y, v 400,000). It would be surprising if Nature is so boring
tha’. it includes no phenomena with a high order dependence on Y

b) It would also be surprising if, at these high energies, the extended life-times of
unstable particles did not reveal further information. For example, a muon 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 rather pedantic.
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COMMENTS ON e, p, AND PHOTON SESSIONS

G. Barbiellini
Laboratori Nazionali del CNEN, Frascati, Italy

J. Drees
Physikalisches Institut der Universitdt, Bonn, Germany

At the second ECFA Study Week on the 300 GeV CERN Accelerator, the results of the
Working Party on u, e, and Y beams were presented by two speakers: F.W. Brasse summarized
and discussed the results on u 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
U 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 p beam; the two groups of
Orsay-CERN and Rutherford-Oxford on a combined p-v beam. A few results of these studies

can be summarized as followsl):

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 chamnel (in solid
angle and momentum) to the emittance at the targe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>