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Preface 

A seminar on "Future perspectives in High Energy Physics" was held 

at the National Laboratory for High Energy Physics (KEK), Tsukuba, 

Japan, on May 14-20, 1984. This seminar was organized by ICFA, the 

International Committee for Future Accelerators, and sponsored by KEK 

and the Institute for Nuclear Study (INS), University of Tokyo, with 

cooperation of the Research Institute for Fundamental Physics, Kyoto 

University. 

For the history of ICFA and the motivation behind the 1984 Seminar, 

readers are referred to the "Background Information" which was 

distributed to the participants by the ICFA Secretariate prior to the 

seminar, and reproduced, in part, in this proceedings. 

Scientific works of the seminar took place on May 15th through 

19th, following the registration and welcome party in the evening of May 

14. As can be seen in the program of the seminar, the first two days 

were devoted to the information sessions which included the survey of 

the world wide present and future accelerator plans and an overview of 

the physics to be expected in 1990's. In the succeeding three days, 

very active exchange of opinions took place in the form of panel 

discussions on future R&D cooperation and on cooperation in accelerator 

construction. 

The papers presented by the most of the invited speakers and 

reports of the panel discussions as summarized by the chairman of each 

panel are presented in this volume. 

We believe that this seminar had a great value, since it was held 

at a time of a transformation of the high energy physics after the 

discovery of Z° and W^ and the seeming success of the standard electro-

weak theory, and at the time of a sort of tension between the CERN 

region and the USA regarding their future plans. Furthermore, A great 

meaning can be attached to the fact that the leaders of the high energy 
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physics of the entire world could get together for discussion in a 

single hall. Exchange of the candid views between East and West, North 

and South, and Europe and the USA within and without the seminar hall should 

leave a significant mark for the future. 

Many of the participants have enjoyed an excursion to Nikko, with a 

sightseeing through Toshogu shrine which enshrines Tokugawa Ieyasu, the 

most famous Shogun who started the 300 years of Shogun reign some 400 

years ago after unifying many regions of Japan governed by local lords 

with regional interests. The shrine is also well known for its grand, 

but refined and colorful architecture set against a serene background of 

ceder woods. 

On behalf of the local organizing committee, I wish to acknowledge 

wi'oh thanks the cooperation of Dr. W. Owen Lock, the secretary of ICFA, 

in organizing this seminar, and assistance of Ms. Yasuko Miura in 

formulating the computer based communication and registration for the 

seminar. Thanks are due to the devotion of Scientific Secretaries, 

staff members of INS who took charge of meeting the participants at the 

airport, and the members of the Administration Department and the Plant 

Engineering Department of KEK, without whose effort, the seminar could 

not have been carried out as successfully as it was. I also wish to 

acknowledge with thanks the assistance of Drs. S. Kurokawa and Y. Unno 

in putting this proceedings together. 

We further acknowledge with gratitude, the generous support we 

received from Nishina Memorial Foundation, Yamada Foundation for 

Promotion of Science, and the Foundation for Promotion of High Energy 

Accelerator Science. We also thank the Ministry of Education, Science 

and Culture of our government for their strong moral and financial 

support to this seminar. We also note that INS received a special fund 

to support this seminar in part from the ministry through the effort of 

University of Tokyo. 

Satoshi Ozaki 

Chairman, Local Organizing Committee 
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BACKGROUND INFORMATION 

ICFA SEMINAR ON FUTURE PERSPECTIVES 

IN HIGH ENERGY PHYSICS, KEK, JAPAN 

14 - 20 MAY 1984 

1. ICFA 

ICFA is the International Committee for Future Accelerators, set up by 

the IUPAP Particles and Fields Commission in 1976, the first meeting being 

held in the summer of 1977. (The present membership is given in Annex I.) 

It arose out of a series of East-West meetings to review future 

perspectives in high-energy physics which took place at Riga (1967). 

Semnering (1968), Tbilisi (1969), Morges (1971), New Orleans (1975) and 

Serpukhov (1976).* At the two last meetings specific recommendations were 

made which directly led to the establishment of ICFA with the following 

mandate: 

"To organize workshops for the study of problems 

related to an international super high energy 

accelerator complex (VBA) and to elaborate the 

framework of its construction and of its use. 

To organize meetings for the exchange of information on 

future plans of regional facilities and for the 

formulation of advice on joint studies and uses." 

In fact, in the little over six years of its existence (August 1977 to 

the present), ICFA has been active on the first topic and has organized 

three workshops, viz: 
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Two on "Possibilities and Limitations of Accelerators 

and Detectors" (Fermilab, October 1978 and Les 

Diablerets, Switzerland, October 1979) 

and one on "Possibilities and Limitations for 

Superconducting Accelerator Magnets (Protvino, USSR, 

October 1981). 

At an ICFA meeting held at Fermilab in August 1983, it was realized 

that the second task of ICFA as defined above had been somewhat neglected, 

especially in view of recent developments of planned and projected 

accelerators in different regions of the world (e.g. LEP at CERN, UNK in 

the USSR, the SLC and the Desertron (SSC) proposal in the USA, TRISTAN in 

Japan). It was therefore decided to postpone a fourth workshop which had 

been scheduled f:o take place at the Japanese National Laboratory of High 

Energy Physics (KEK) in May 1984 and instead to organize a Seminar on 

"Future Perspectives in High Energy Physics", along similar lines to those 

held earlier, and particularly that of New Orleans in 1975. 

2. The 1984 Seminar 

To draw up the scientific programme for this Seminar, ICFA held a 

special "extended" meeting at CERN on 21 and 22 November 1983, and to which 

a number of senior scientists were invited (See Annex II for a list of 

participants). The programme that they drew up is attached as Tables 1 of 

Annex III, which is largely self-explanatory. The basic aim of the Seminar 

is to conclude with some specific recommendations being formulated by ICFA 

to lead to more international and interregional collaboration, not only in 

carrying out experiments (where it is well developed), but also in 

accelerator research and development work and in accelerator design and 

construction. These recommendations would be sent to the major high energy 

laboratories in the world as well as to appropriate funding agencies and 

other official bodies concerned with the support of elementary particle 

physics. 

The Seminar will be limited to about 80 participants, being 15 - 20 

per region, chosen by the ICFA members of the region concerned and meant to 

include theoretical and experimental physicists, accelerator specialists, 
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laboratory directors and a few appropriate officials. In view of the time 

scale under discussion, i.e. the next 10 to 20 years, it is hoped that some 

of the participants will be under 40 years of age. 

* For details of the early history, see E.L. Goldwasser, Proceedings of 

the 19th International Conference on High Energy Physics, p. 961, (1978), 

Tokyo. 
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ANNEX I - MEMBERSHIP OF ICFA (as of November 1983) 

Chairman: V.L. Telegdi Secretary: W.O. Lock 

CERN Member States: J.H. Mulvey, H. Schopper 

JINR Member States other than USSR: K. Lanius 

USA: J.D. Bjorken. 8. McDaniel. 8. Richter 

USSR: K.P. Myznikov, A.N. Skrinsky, V.A. Yarba 

"Cither Countries" IUPAP Category: Y. Yamaguchi 

Chairman of IUPAP Particles and .Fields 

Commission (ex officio) L.D. Soloviev 

ANNEX II - PARTICIPANTS IN "EXTENDED ICFA MEETING 
HELD AT CERN ON 21-22 NOVEMBER 1983 

ICFA HemfaBrs: v.L. Telegdi (Chairman), K. Lanius, J.H. Mulvey, 
B. Richter, H. Schopper, Y. Yamaguchi, V.A. Yarba, 
W.O. Lock (Secretary) 

Invited; J. Horowitz. S. Ozaki, P. Reardon, C. Rubbia, 
A. Salam. A.M. Sessler, V. Soergel, K. Strauch. 
J.A. Zakrzewski. 
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ANNEX 3 

TABLE I 

ICFA SEMINAR 'FUTURE PERSPECTIVES TN HIGH ENERGY PHYSICS' 
KEK - U-20 HAY 19Bt 

DAY 

14 
MONDAY 

HAY 

15 
TUESDAY 

MAY 

16 
WEDNESDAY 

MAY 

17 
THURSDAY 

MAY 

18 
FRIDAY 

MAY 

19 
SATURDAY 

MAY 

20 
SUNDAY 

MAY 

MORNING 

SURVEYS OF 
PRESENT 
ACCELERATOR 
PROJECTS 

FUTURE 
OPTIONS 

PANEL DISCUS
SION ON FUTURE 
R IV D COOPERA
TION 

PANEL DISCUS
SION ON CO
OPERATION IN 
ACCELERATOR 
CONSTRUCTION 
II. Specific 

Aspects 

PLENARY SESSION 
DISCUSSION ON 
SUMMARY OF 
CONCLUSIONS 

AFTERNOON 

PHYSICS AS A 
FUNCTION OF 
ENERGY AND 
LUMINOSITY 

EXAMPLES OF 
COOPERATION 
IN R & D 

PANEL DISCUS
SION ON CO
OPERATION IN 
ACCELERATOR 
CONSTRUCTION 
I. General 

Ideas 

VISIT OF 
KEK 

(ICFA MTG.) 

(ICFA MTG.) 

EXCURSION TO NIKKO 

EVENING 

REGISTRATION -
INFORMAL WELCOME 
PARTY 

RECEPTION 

-

RECEPTION 

ix 

AHHEX 3 

工A弘正」
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ORGANIZATION OP THE SEMINAR 

Scientific Organizing Committee 

Telegdi, 
Lock, 
McDaniel, 
Schopper, 
Yamaguchi i 
Yarba, 
Ozaki, 

Valentine L. 
W. Owen 
Boyce D. 
Herwig F. 
Yoshio 
Victor A. 
Satoshi 

Chairman, ICFA 
Secretary, ICFA 

Chairman, 
Local Organizing Committee 

Local Organizing Committee 

Ozaki, 
Kikuchi, 
Kimura, 
Maki, 
Sugawara, 

Satoshi 
Ken 
Yoshitaka 
Ziro 
Hirotaka 

Yamaguchi, Yoshio 

Chairman 

Additional Executive Members 
Kato, Sadayuki 
"Takahashi, Kasuke 
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SCHEDULE 

May 14 Monday 

18:00 REGISTRATION AT KEK CENTER(Shokuin-Kaikan): 
Registration desk will remain open 17:00 - 22:00 

18:00 WELCOME PARTY: (18:00 - 20:00) 
Lobby of the KEK Center 

May 15 Tuesday 

9:30 

10:20 

10:45 

12:15 

14:00 

OPENING SESSION: 
Chairman 

Opening declaration 
Welcome address 
Opening address 
Keynote talk 
Announcements 

Coffee break 

SURVEY OF ON-GOING MAJOR 
Chairman 

BEPC 

ACCELERATOR 

(HERA) to be presented on May 16 
LEP 
SLC 
TEVATRON 
TRISTAN 
UNK 

Lunch break 

PHYSICS AS A FUNCTION OF ENERGY 

pm 

AND 

Takeda, G. 
Ozaki, S. 
Nishikawa, T. 10» 
Telegdi, V.L. 10' 
Weisskopf, V.F. 25' 

CONSTRUCTION PROJECTS: 
Skrinsky, A.N. 
Yu, Z.Q. 15' 

Schopper, H.F. 15' 
Panofsky, W.K.H. 15' 
Tollestrup, A.V. 15' 
Ozaki, S 15' 
Myznikov, K.P. 15' 

LUMINOSITY: Theory 

15:30 

16:00 

18:30 

Chairman Sugawara, H. 
Theory I Ellis, J. 
Theory II Zacharov, V-I. 

Coffee break 

45* 
45' 

PHYSICS AS A FUNCTION OF ENERGY AND LUMINOSITY: Experiment 
PANEL DISCUSSION ON DETECTOR RELATED MACHINE AND 
INSTRUMENTATION ISSUES 
Chairman Ekelof, T. 
Panelists: 
Amaldi, U., Breidenbach, M., Kane, G., Orito, S., 
Schwitters, R.F., Wolf, G.E. 2 hrs 

RECEPTION at the ZEN restaurant of KEK 
given by Nishikawa, T., Director-general, KEK and 

Yamaguchi, Y., Director of INS, University of Tokyo 

xi 
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虫Ll!L些単泣
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LEP Schopper、， H.F. 15' 
SLC Panofsky， W.K.H. 15' 
TEVATRON Tollestr・up，A. V. 15' 
TRISTAN Ozaki， S 15' 
UNK Myznikov， K.P. 15' 

12:15 Lunch break 

14:00 PHYS工CSAS A FUNCT工ONOF ENERGY AND LUMINOSITY: Theory 
Chair可nan

Theory工
Theory工工

15:30 Coffee break 

Sugawara， H. 
Ellis， J. 
Zacharov， V.I. 

勾5'
45' 

16:00 PHYS工CSAS A FUNCT工ONOF ENERGY AND LUMINOSITY: Experiment 
PANEL D工SCUSS工ONON DETECTOR RELATED MACHINE AND 
工NSTRUMENTAT工ON工SSUES

Chairman Ekelof， T. 
Panelists: 
Amaldi， U.， Breidenbach， M.， Kane， G.， Orito， S.， 
Schwit乞ers，R.F.， Wolf， G.E. 2 hrs 

18:30 RECEPTION a七 theZEN restaurant of KEK 
given by Nishikawa， T.， Director-general， KEK and 

Yamaguchi， Y.， Director of工NS，University of Tokyo 
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PROTON SYNCHROTRON: (if possible) 

May 19 Saturday 

9:30 PLENARY SESSION FOR DISCUSSION OF CONCLUSIONSr 
Chairman Chou, K.C. 
Discussion leader Telegdi, V.L. 60' 
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Welcome Address 

Tetsuji Nishikawa 

KEK, National Laboratory for High Energy Physics 

Oho-machi, Isukuba-gun, Ibaraki-ken, 305, Japan 

It is a great pleasure for me to open the ICFA Seminar on Future 

Perspectives in High Energy Physics. First of all, I would like to extend my 

cordial welcome to all of you, that is, the distinguished gathering of world-

prominent high energy physicists, accelerator scientists, laboratory 

directors and science policy officials. 

ICFA is the International Committee for Future Accelerators, set up by 

the IUPUP Commission on Particles and Fields in its meeting at Tbilisi on 

July 20, 1976. Over the past years, a series of informal East-West meetings 

to review future perspectives for high energy physics has been held by 

groups of senior high energy physicists from the Soviet Union and the Dubna 

member states, from the Western European countries, and from the United 

States of America. Now, I recall the seminar which was held at New Orleans 

in March, 1975 entitled "International Topical Seminar on Perspectives in 

High Energy Physics", similar to the title of this Seminar. 

On that occasion, Professor Yoshio Yamaguchi and myself were invited by the 

chairman of the Seminar, Professor V. Weisskopf as the first participants 

from a region other than the three traditional regions. Professor Weisskopf 

could not come to this Seminar but he will give us the keynote talk by 

video-tape presentation. The New Orleans Seminar was particularly encouraged 

by an exciting discovery just before the Seminar, that is, the discovery of 

J/tp particles in the fall of 1974. Although in the Seminar, the plans, ideas 

and designs regarding new high energy facilities in the different 
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parts of the world were presented, it was strongly argued that further 

extension of the energy frontier would require accelerators and associated 

facilities so large that they would fall beyond the reach of any individual 

nation or any individual region. The New Orleans atmosphere, filled with the 

historical American way of life and spirit, strongly activated the discussion 

on international or interregional collaboration for such a Very Big 

Accelerator plan. Then, a specific agreement at that seminar led to the 

establishment of the ICFA. Professor B. Gregory, who was a principal moving 

force behind the New Orleans initiation, was elected to serve as the first 

chairman of the ICFA. After his sudden death, Professor E. L. Goldwasser 

served as Acting Chairman for a short time. He iTeviewed details of the early 

history and activities of the ICFA at the 19th International Conference on 

High Energy Physics (1978) held in Tokyo, Japan. In the same year, Sir John 

Adams was chosen as the second ICFA chairman and, since then, he made many 

efforts to adjust the route of the ICFA until 1982, when the third and 

present Chairman, Professor V. L. Telegdi, was elected at the 21st High-

Energy Physics Conference at Paris. For a moment, I would like to stop here 

to express the deep sorrow we felt when we heard of Sir John Adams' decease 

on the 3rd of last March. He was not only a father of the present world 

high-energy accelerator laboratories, but also one the foster parents of the 

continuing international spirit in the world high-energy physics community, 

contributing to ICFA activities from its initiation. I asked a favor of Dr. 

W. 0. Lock to bring some of John Adams' pictures for this Seminar, and while 

showing his photograph on the screen, I would like to propose that all the 

participants pay one minute of silent tribute to him, with our profound grief 

and many thanks for his international-minded efforts. 

Now, in one part of the New Orleans Seminar, new accelerator plans for 

national or regional facilities were presented. Here I have a copy of 
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the presentation list at that time, and, during these nine years after the 

New Orleans Meeting, more than half of them have materiarized or are under 

construction, that is, UNK (Serpukhov), LEP (CERN), TRISTAN (KEK), PETRA 

(DESY), PEP (SLAC), VEPP-4 (Novsibirsk), and TEVATRON (Fermilab). In 

addition, SPS pp collider came into operation in 1982, and SLC at SLAC and 

HERA at DESY celebrated their ground breakings in November of last year and 

the beginning of last month, respectively. Last year, in the United States, 

after three years of discussions on the US future program, the SSC program 

was endosed by HEPAP, while a hadron collider plan in the LEP tunnel has been 

suggested in Europe. 

Last summer when I, myself, attended the 12th International High-Energy 

Accelerator Conference at Fermi Lab., Professor Telegdi and other ICFA 

members talked to me about the possibility of organizing this Seminar on 

"Future Perspectives in High Energy Physics" at KEK. As far as I understand, 

there were two reasons for this: (1) the ICFA memb realized that one of 

their tasks, to organize meetings for the exchange of informations on future 

plans for regional facilities and for the formation of advice on joint 

studies and uses, must be urgently fulfilled at this stage and (2) the fourth 

ICFA workshop on Advanced Accelerator Arts, for example, new ideas or new 

technologies, had already been planned to be held at KEK sometime this 

spring. 

We, of course, are very happy and honored to organize this Seminar at 

such a moment in world high-energy physics development. As the New Orleans 

Seminar was held at the moment just after J/ij) discoveries, this KEK Seminar 

is being held at the moment immediately after the W~, Zu discoveries. 

At the time of New Orleans, plans for fixed target or colliding facilities up 

to the TeV energy range were presented, while at the present moment, plans 

for energies in the 10 TeV range are under discussion. 
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Also, at both moments, in some sense similar plans were and are being 

presented from different regions, like PEP and PETRA, SSC and LHC (Juratron). 

We regret that our place, Tsukuba, is not as interesting as New Orleans, 

in a historical sense. It is, however, somewhat of a Japanese compromise 

between the modern age and traditional culture. In addition, I wish to point 

out that, since this Seminar is being held in a new region, ether than the 

three traditional regions, we can now define a fourth region, and invite a 

new group of participants, such as high-energy physics scientists from the 

Orient. 

On behalf of the host institutes as well as the host country, I would 

like to express our hope that all the distinguished attendants have a good 

time, excited by stimulating discussions at this Seminar, and that you enjoy 

your stay in this country. We, for our part, will do our best to make your 

stay comfortable during and after the Seminar. Thank you. 
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Opening Address at the 1984 ICFA Seminar 

V. L. Telegdi, ETH Zurich 

1 would like to start out by thanking our Japanese hosts, from the 

Director General through the Head of the local organizing committee down to 

the smiling waitresses in the cafeteria, for their gracious, patient and 

efficient way of handling every aspect of this foreign invasion — albeit 

provoked — of their territory. I know that such thanks are generally 

presented at only at the end of a conference, but we sense already now the 

unique atmosphere that pervades this Laboratory. Some of us have been 

here, or at least in Japan, before but most of us are bewildered strangers. 

We shall, I'm sure, all leave as friends. 

I believe that there are two opposing, or perhaps complementary, 

dominant desires in our hearts. The first is to expose oneself to 

altogether usual experiences, the second is to find oneself in entirely 

familiar situations. Travel and discovery are motivated by the first, 

returning to one's plan of origin by second. Visiting a laboratory such as 

this enables one to satisfy both desires. The accelerators, the detectors, 

the goals of the physicists are very similar to our own, whenever we may 

come from. The people, the natural setting, many little details of every 

day life are however quite different from those of our habitat. 

This meeting will certainly be a fruitful and hence happy gathering. 

It is unfortunately my duty to inject a sad note at its very outset. We 

should pay homage to the memory of John Adams, whose likeness is recalled 

to you by several photographs displayed just outside this auditorium, again 

through the delicate courtesy of our hosts. John Adams was the leader in 

the construction of both the PS and the SPS at CERN, a dynamic director of 

that laboratory, and a dedicated promoter of international collaboration. 

He was the preceding.chairman of ICFA; at the last ICFA meeting in which he 

participated he personally drafted the ground rules of an international 

"compact" to coordinate accelerator research and development. The rules of 

scientific bureaucracy and the delicate act of balancing the so~called 

"regions" have made me, his unworthy successor. 
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Some of you may have noticed that I did not refer to him as Sir John 

Adams. There are two reasons for this. First, as British as he was, Adams 

was never a stickler for form. Second, in case of truly great men, the 

glory is often enhanced by dropping the title. Only pedants refer to Sir 

Isaac Newton, or Sir William Rowan Hamilton, or even to Sir (later Lord) 

Ernest Rutherford. So be it. 

Now as the the purpose or purposes of this seminar: Note that, 

although we are kept busy from morning tile night, it is not a workshop. 

The root of "seminar" is the Latin "semen", meaning "seed" in English and 

Tane in Japanese. We want to sow the seeds for another decade of 

international collaboration or of at least coordination. The decision of 

the U.S. high-energy community to propose a very large proton collider to 

their government, the possibilities of a similar facility in the LEP 

tunnel, the plans around UNK in the Soviet Union all justify a renewed 

effort in that direction. The members of ICFA will listen to your wishes, 

mix with the people and make the best recommendations that seem practical. 

You all know what the acronym ICFA signifies. One can give it other 

meanings, as the transparency (1) shows. The l.h.s. says what it should 

stand for, the r.h.s. what it should absolutely not mean. For absolute 

clarity I have added the corresponding Japanese expressions. But 

interpreters can be dangerous — recall President Carter's speech in 

Warsaw, who, when he wanted to say, in Polish, "I have love for the Polish 

people" came out saying "I lust for the Polish people". I hope I have been 

more lucky. 

Finally, a word about the generation gap or, better the senility (I 

meant "seniority") mountain. The heads of delegations were asked to 

provide us mostly with people under 40. This is what they came up with 

(see transparency 2). Just remember that most of you will be outlived, at 

least professionally, by your decisions! 

May I now introduce our prerecorded keynote speaker, Viki Weisskopf. 

Thanks to international collaboration — same Japanese and US TV standards 

— it possible for us to listen to him on videotape. 
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KEYNOTE TALK, ICFA - MEETING, MAY 1984 

Victor F. Weisskopf 

I am very sorry that I cannot be here in person but only in bosons 

without my fermions. Let me say a few words about the last 30 years, which 

have been a veritable triumph for High Energy Physics, a march from success 

to success. I choose the 30-year period because it started with the 

transgression of the GeV limit. 

There are four important activities in our field: machine 

construction, instrumentation, experimentation, theoretical understanding. 

In the first, we proceeded from the early fixed target machines of a few 

GeV to the many hundreds of GeV regions for both fixed targets and 

colliders, and we are about to transgress the TeV limit. In spite of the 

greater energy loss, the electron machines are keeping pace with a factor 

10 behind. This success represents a jump by a factor of 10, every decade. 

We should be proud of our accelerator builders and designers. 

The great tradition of Lawrence, MacMillan, Veksler, Budker, Tuschek, 

Adams and Livingston is continued by many outstanding pioneers, but they do 

not get recognition and status they so amply deserve. They do not figure 

as co—authors in the publications of the discoveries which they have made 

possible; only a few of them have academic positions; hence, to the 

detriment of our field this activity does not attract enough young people. 

After all, in this period they provided us with innovative ideas such as 

strong focussing, separate magnets, colliding beam devices, stochastic 

cooling and superconducting magnets. Certainly the intellectual creativity 

is of the same level as the highly advertised theoretical achievements of 

that period. 

The future is full of great promises. There are projects in various 

forms of concreteness reaching into the next factor of ten: the Soviet UNK 

projects, the Tevatrons, the SSC, the hadrons in the LEP tunnel, the linear 

collider, and perhaps some new unconventional methods of acceleration. 

Now to the instrumentation. I only need to mention a few of the 

numerous innovations of the last 30 years: large bubble chambers and 

Cherenkov counters, electrostatic and RF separators, spark-, wire-, 
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streamer-, drift chambers, liquid argon ion chamber, neutrino horns and, 

last but certainly not least, the ubiquitous use of computers. The 

tentacles into the future are clearly visible: short life time techniques 

with solid state chips, imaging Cherenkov's B.G.O. glass. All that will be 

needed to exploit the TeV-machines. 

The list of experimental discoveries is impressive. I list only a 

partial selection: antimatter, associated production, violation of parity, 

the ft and the <f>-meson in the first decade; the hadron spectroscopy, the 

two neutrinos, C-P violation, the direct observation of quarks (deep 

inelastic scattering) in the second decade, the heavy quarks, the 

T-electron, the jets and the W and Z basons in the third. To speculate 

about future discoveries is futile. Anything unexpected may show up. One 

thing is almost sure: it will be much more and mostly quite different from 

what theory predicts. Recent observations at the CERN p-p collider 

suggest unexpected happenings already in the several 100 GeV region. 

Now to the theory, it was an unusually successful time for theoretical 

predictions, so successful that there is a danger of developing an 

overconfidence in the power of theory—of telling us what future 

accelerators will produce. Theory anticipated parity violation, predicted 

the ft , the charmed quark, the electro-weak connection and, last but not 

least, the existence and mass of the W and Z boson. Moreover, in this 

short period of 30 years several concepts and ideas were conceived that 

opened up large new horizons and led to a deeper understanding of the 

subnuclear world. Examples: the Yang-Mills field theory, the "eightfold 

way" leading to SU_ symmetry, the development of QCD with asymptotic 

freedom and confinement, and the electro-weak unifications. 

The tentacles into the future in theory are numerous, perhaps all too 

numerous. New ideas of unifications and generalizations are sprouting all 

over, G.U.T., SUSY, Supergravity, Technicolor, etc. Only experimentation 

will show which of these colorful theories will survive. We still are far 

from understanding where masses come from; the absence of monopoles and the 

refusal of the proton to decay threatens some of these new tentacles. 

What is most remarkable, however, is the new bond between Particle 

Physics and Cosmology. Indeed, what we produce and observe at the targets 

and intersection areas, has not been realized in bulk by nature since the 

first few instants of the universe. Some reason to be proud! Let us not 
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forget that all these triumphs were possible because of the constant 

financial support by the respective governments. We have not much reason 

to complain in view of the recent authorizations of such promising projects 

as the Tevatrons and SLC in USA., LEP, HERA, and the p-p collider in 

Western Europe, U.N.K. in the Soviet Union, all K.E.K. activities in Japan 

and the synchrotron facility in China. But we should not become too 

confident that such support will persist when the costs of future 

facilities will be much higher and the competition of other science much 

fiercer. 

The last 30 years have also witnessed a through internationalization 

of High Energy Physics. Up to the '50's the USA had a kind of monopoly on 

the highest energy machines. That did not prevent a number of important 

discoveries to be made elsewhere with cosmic rays. But from the 

mid-fifties on, laboratories with accelerators at the energy frontier 

appeared in Western Europe, in the Soviet Union, and in Japan, so that High 

Energy Physics became indeed a truly international enterprise. A special 

significance must be attributed to CERN since it was the first great 

laboratory in this field that is internationally owned, run and paid for, 

albeit only by Western European nations. As such it represents an 

innovation in the sociology of science of which the Western Europeans are 

justifiably proud. Together with an analogous international effort at 

Dubna, it spawned other Inter-European activities in astronomy, space 

science and molecular biology. 

The international world character of our field comes out more 

importantly in the exploitation of the nationally or regionally owned 

accelerators. All major accelerators around the world are used and 

exploited by groups of nationals of other countries or regions than the one 

which owns the machine. This international exploitation has become more 

important in the past decades because of the growth in size and cost of 

modern accelerators and of experimentation. It is no longer possible for 

one nation or region to have all types of machines necessary for the 

progress of the field. It is a financial necessity to have the different 

types of very high energy accelerators distributed over the regions of the 

globe. Duplications of facilities may be very useful for physics and 

convenient for the physicists, but we can afford them only for smaller 
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scale machines. Work in other countries is necessary if research is 

supposed to cover, the whole frontier as it should. 

It is therefore of utmost importance that international exploitation 

is maintained and facilitated as much as possible. The situation is not 

too bad today, but could be better. The foreign groups are of necessity 

disfavored citizens in a certain sense. They work far away from their home 

bases, they are up against technical difficulties in a foreign laboratory 

where they have to rely on in-house help and support. This is mitigated by 

the fact that they often bring along their own unique instrumentation and 

that there has been a reasonable reciprocity in the use of facilities. But 

problems do remain and may get more serious when there will be a scarcity 

of experimental areas, and the construction time of experiments becomes 

ever longer. This is to be expected with the new giant projects, where 

installations and instrumentations cost more than several accelerators of 

the old style. 

One way of avoiding the "disfavored citizen" syndrome would be the 

founding of a "world-facility" owned and operated by all interested nations 

on equal terms. A world machine was proposed and discussed since the 

inception of CERN. I myself, among many others, was a promoter of this 

idea. Experience suggests, however, that the political, managerial and 

financial problems of a world machine may be cumbersome and risky. At this 

stage High Energy Physics is probably still better served by national or 

regional machines, where those problems are less severe. 

Collaboration between a group of nations, like it is planned for HERA 

are of course highly desirable. Aft°.r all, that is what CERN is and its 

success proves its usefulness. Still, we should not abandon the thought of 

a world machine. Comes a time when the cost and effort of the next 

accelerator is so high that there may be no other way but world 

cooperation. Let us not forget the human significance of such a future 

venture. It may serve as a symbol of better relations between East and 

West, in the sense that CERN was symbol of Western European unity and 

cooperation. Indeed, this symbolic value was an important reason for its 

generous governmental support. 

Reliance on regional or national projects brings up the difficult 

question of "who should do what at the energy frontier", with all the 

awkward problems of world planning, of competition, duplication, location, 
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distribution, and desire to be at the frontline. We are now in the midst 

of these problems. There are a few fundamental principles involved here 

which are somewhat contradictory or, let me use the more appropriate term, 

complementary. What are they? 

Obviously, competition and desire to be at the frontline are good 

things. They are an essential part of the driving force of science. Pure 

love of knowledge, independent of who found it, ought to be but is not the 

only driving force. But, if High Energy Physics as a supernational human 

endeavour is to survive, those drives must be channeled and not be allowed 

to obstruct the developments in other regions. There is one important 

principle that we must not forget: a serious decline of High Energy 

activities in one region affects all other regions in due course. The 

support of our field is based on a very tenuous base; it is wonderful that 

governments do spend so much for a pure idealistic purpose (not so pure, it 

provides unique challenges to science and industry that pay off in other 

applications). But a decline in one region may induce the governments in 

another to stop the support: "Why should we consider something to be 

important if others do not?" 

Under these conditions it is important that different types of those 

large accelerators are distributed over the world and that each region has 

its specific machine or machines. Hence, it may be tempting to think of an 

international body that coordinates the constructions and distributes 

"rights" cto build this or that accelerator. However, there are problems 

with such a solution. Perhaps it would avoid some of the troubles coming 

from duplication and harmful competition, but it would stifle the 

initiatives and the forward drive of regional and national groups and may 

end up in counterproductive squabbles. 

But the world community of High Energy physicists should be strong 

enough to solve these problems without "regulative agencies." So far it 

went pretty well, simply by informal and semiformal discussions such as 

those at ICFA, by intelligent foresight, sympathy and actual help, 

technically and financially, for the endeavours of others. It has 

prevented most, if not all, unnecessary duplications in the past, it has 

led to a reasonable development where each region contributed in its own 

way to the progress of the field and had open doors for foreign groups. 
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The higher the cost of a single machine, the harder it will be to maintain 

the situation. Danger points are already visible today. 

The dangers are caused by a very positive fact: Every region is eager 

to extend the energy frontier and many such projects are on the drawing 

boards. The two most ambitious ones are the use of the LEP tunnel for 

hadron collisions up to 10 TeV per beam, and the plans for a 20 TeV per 

beam hadron collider in the USA, the SSC. These projects are still at a 

very early stage of research and development. The trouble comes from 

destructive interference effects on the attempts of getting governmental 

support. An early drive at CERN to attempt the highest possible hadron 

energies in the LEP tunnel would jeopardize the chances to get the SSC in 

the US; American efforts towards a SSC would make it much harder to get 

Western European Governments to finance the use of the LEP tunnel for 

hadron collisions, in addition to the exploitation of the lepton collisions 

by LEP I and LEP II. Clearly there are pmbieris on both sides: the USA 

needs a vigorous project of assured technical feasibility so as to not 

suffer a decline in its activities with the previously mentioned 

detrimental effects on World High Energy Physics; CERN would like to see a 

future in hadron collider physics which, after all, was pioneered by them. 

But that situation is conducive to negative human responses. 

Furthermore, it was a great idea to develop linear colliders at SLAC; 

they may be the answer to reach super-high electron energies. The research 

and development at SALC is certainly one of the promising innovative 

activities, in the interest of World :gh Energy Physics. It may be a 

legitimate spur to this largely accelerator-oriented program to perform 

e e experiments at the energy of the Z°. But it does not, to my mind, 

justify the expenditure of large sums on detectors, especially as the 

Europeans are putting such a massive effort into LEP and its facilities. 

This is again conducive to negative responses. 

Science is a human effort and any human activity carries along human 

difficulties, stuff for frictions and tensions. Our field is no exception. 

Because of our great successes in the past, both in science and in world 

cooperation, we have a special duty to maintain this spirit and to be 

sensitive to the effects on the other regions of our regional actions, 

projects and dreams. 
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The world community of High Energy Physics must get together in one 

way or another, and reach a solution of the problem of what should be done 

where, with the financial, intellectual and technical resources that we 

expect to be available. It must be the responsibility of the community to 

find the solution that is best for the progress of our field, best to 

maintain the enthusiasm of all participants, and best to attract many young 

people in the field. There is time enough to find a reasonable solution in 

the coming few years. All these projects are still on the drawing boards 

only, and we do not know enough today about the technical and political 

possibilities and about ways of cooperation. In all probability a 

realization of both projects at the highest energy is excluded within the 

next decade. 

But it is the duty of the community to come to a mutually acceptable 

solution. It is an issue of scientific responsibility versus scientific 

greed. But it is also an issue of wise policy towards the governments who 

pay the bills. We certainly will loose the support that we have received 

in the past if it appears that different parts of the world community are 

trying to out-pace each other and are no longer cooperating in the planning 

and construction of the future accelerators with mutual help and 

assistance. The danger is all the more acute since even under the best 

conditions, this support is not assured. 

The task is not easy. Most probably the region between 2 and 40 TeV 

will be full of unexpected phenomena. Certainly it would be desirable to 

have more than UNK and one other hadron facility in that energy region; if 

HERA will turn out interesting new results it would also be desirable to go 

to higher p-e energies which could be done in the LEP tunnel. But can we 

afford all this without ruining the field by expanding too fast and asking 

for too much? These are difficult problems whose solutions require 

foresight, political acumen and wisdom to a far greater extent than the 

dilemmas of the past. 

Looking at the situation from my own distant point of view, which is 

further away from the daily, monthly, and yearly struggles in which you all 

are immersed, I find our field full of strength from past successes and 

future promises. The problems and the clashes of interest stem from an 

overflow of ideas, projects and possibilities, from an "embarras de 

richesses" rather than from internal weakness We have reasons to be proud 
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of our world community in the past. Let us keep our standards of 

cooperation and mutual understanding. Only then will we be able to 

continue our great search of the innermost structure of nature. 
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STATUS OF THE BEPC 

Feng Bao-shu, Yu Zhong-giang 

Institute of High Energy Physics 

Academia Sinica, P.O. Box 918, Beijing 

We are much pleased to have this opportunity to present status of the 

BEPC. The original plan of China's first high energy accelerator was a 50 

GeV proton synchrotron. However, during the readjustment of our national 

economy, it was realized that development of high energy physics along the 

route of proton synchrotron with increasing higher energies is not 
+ 

consistent with our economy. So we switched over to the e collider. 

For us, in order to do significant fundamental high energy physics research 
+ 

with a rather limited investment, it is obvious that an e collider would 

be the best solution. 
+ 

According to the available financial support, we plan to build an e 

collider of 2 x 2.2/2.8 GeV at Beijing, on the site of our institute, 

called Beijing Electron Positron Collider (BEPC). As a first step in our 

experimental efforts, a general purpose magnetic detector of nearly 4TT 

solid angle will be built. The emphasis will be put on charmed meson and T 

heavy lepton physics. Later we will do some work on charmed baryons. 

Since we are focusing our attention to fine measurements in such a field 

which has been scanned, the luminosity of this collider is very important. 

The design goal of the luminosity of BEPC at 2.8 GeV per beam is about 1.7 
,-31 -2 -1 

x 10 cm sec 

Another justification of the BEPC project is that it can be used 

parasitically or dedicatedly as a synchrotron radiation light source. 

Finally, the injector linac of BEPC can also be used for stationary target 

experiments in high energy nuclear physics. 

General Layout 

The general layout of BEPC is shown in Fig. 1. It consists of four 

major systems, i.e., injector, storage ring, detector and synchrotron 
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radiation laboratory. The Injector is a linac that provides positron or 

electron beam of 1.1/1.4 GeV for half energy injection into the storage 

ring. The injector consists of three parts, i.e., a 30 MeV pre-injector to 

shape the beam to narrow bunches, a 120 MeV electron linac with a 

retractable tungsten target at its end, followed by pulsed focusing field 

and accelerating section for positron production, and a 1.1/1.4 GeV e~ 

linac for final accelerator.. The total length of the injector is about 200 

M. The main design parameters of the linac system are as follows: 

+ 
e~ energy: 1.1 - 1.4 GeV 

e beam current: 1-2A (for positron production) 

M).2A (for electron injection) 

Pulse duration: 2.5 ns 

Pulse repetition rate: variable (50 pps max) 

Operating frequence: 2856 MHz 

Number of klystron: 16 

RF power/klystron: 16 MW 

Number of accelerating tubes: 55 

In order to offer the adequate luminosity in the range of energies 

2.2 - 2.8 GeV, the storage ring has been designed to optimize the 

luminosity at 2.8 GeV. At that nominal energy the peak luminosity is 1.7 * 
31 -2 -1 

10 cm sec and RF system power is ̂ 200 KW, corresponding to 66 

mA circulating current per beam. It is of race track shape with two long 

straight sections and two arcs totalling 240 M in circumference (Fig. 2). 

There are two experimental areas with 5 M long interaction region. At the 

middle of the arcs, there are two straight sections of 5 M long for the 

e _ injection and feedback system. Four wiggler magnets are located at 

the missing bending magnet locations around the ring to keep the emittance 

constant so that luminosity varies as energy squared can be realized. 

About lattice option, a separated function F0DO lattice consisting of 

low beta insertions, dispersion suppressors, regular cells, and symmetry 

sections has been adopted as shown in Fig. 3. There are 40 dipoles and 60 

regular quadrupoles. Thê  typical beam aperture in the regular arc is 58 mm 

vertical and 120 mm horizontal. 
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For detector, we adopt a general purpose magnetic spectrometer at one 

of the interaction region as first step. The main parts of this 

spectrometer are drift chamber, time of flight counter, shower counter, 

moun identifier, a conventional magnetic solenoid, etc. The spectrometer 

should have good charged particle identification as well as good spatial 

and momentum resolution. It should have good detector efficiency, and good 

spatial and energy resolution for low energy photons. The layout of the 

spectrometer is shown in Fig. 4. 

Present Status 

The plan of BEPC project has been formally approved by our government. 

The BEPC would be put into operation in 1988. For the present, preliminary 

design has been finished and the detailed design is under way. A 30 MeV 

electron linac for preinjqctor was built in Sept. 1983. The main 

parameters of this preinjector are given as following: 

Energy: 29.8 MeV 

Output power of klystron: 14.A MW 

Pulse current: >340 mA 

Half width of energy spectrum: ±1.7 % 

Beam capture efficiency: 73 % 

Operating frequence: 2856 MHz 

Operating mode: 2ir/3 

We shall expand the energy of the preinjector to 90 MeV within this 

year. A section of storage ring vacuum system with 7 meter length and 2.5 

x 10 torr pressure has been tested. Two prototype quadrupole magnets 

have been made. Three power supplies of magnet system have been made. Two 

of them are for quadrupole magnet of beam transport system. The other is 

for quadrupole magnet of the storage ring. RF cavities and transmitters 

are under manufacturing. Models of various detectors are in the process of 

testing. Civil engineering construction is expected to start within this 

year. 
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H E R A 

B.H.Wiik 

Il.Institut flir Experimentalphysik, Univ. Hamburg, and 

Deutsches Elektronen-Synchrotron DESY, Hamburg. 

Introduction 

In this report I discuss the electron-proton colliding beam facility 

HERA, now under construction at DESY in Hamburg,and give an update of the 

status and the machine parameters. 

In 1979 a detailed feasibility study ' of the project was organized by 

the European Committee on Future Accelerators (ECFA) and this was followed 
2) 

by a technical design report ' prepared by DESY in collaboration with other 

institutions. This work resulted in a formal proposal to the German autho

rities to construct a large electron-proton colliding beam facility designed 

to collide 820 GeV protons with 30 GeV electrons in four interaction regions. 
3 4 

These studies have also been the basis for several ' workshops. The project 

was authorized by the German authorities in April of 1984 and actual con

struction started a month later. 

Besides Germany, institutions in Canada, France, Netherlands, Israel, 

Italy and the United Kingdom have expressed interest in joining the HERA 

project. The collaboration is modeled after the construction of large ex

perimental facilities; the collaborating institutions contribute machine 

components to be built in the home countries and manpower. 

Site and Buildings 

The layout of HERA is shown schematically in Fig. 1 and the main para

meters are listed in Table 1. 

The machine has a fourfold symmetry; four 360 m long straight sections 

are joined by four arcs with a geometric radius of 779.2 m yielding a total 

circumference of 6336 m. The tunnel containing the two rings is located 

some 10 - 30 m below the surface resulting in a negligible radiation level 

on the surface. The tunnel intersects the PETRA ring at a depth of 20 m 

and only short injection paths are needed to connect the two accelerators. 
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site and Buildings 

The layout of HERA is shown schematically in Fig. 1 and the main para-

meters are listed in Table 1. 

The machine has a fourfo1d symmetry; four 360 m 10ng straight sections 
ミ

are joined by four arcs with a geometric radius of 779.2 m yielding a total 

circumference of 6336 m. The tunnel containing the two rings is 10cated 

some 10・ 30m below the surface resulting in a negligible radiation level 

on the surface. The tunnel intersects the PETRA ring at a depth of 20 m 

and only short injection paths are needed to connect the two accelerators. 
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The installations to provide power, cooling and refrigeration for the acce

lerator will be located at the DESY site and the distribution to the four 

experimental halls will be either in trenches on the surface or through 

the tunnel. 

A tunnel diameter of 5.2 m is required in the straight sections and the 

bids revealed that it is cheaper to make the complete tunnel with an uniform 

diameter of 5.2 m rather than to reduce the diameter in the arcs to 3.2 m 

as proposed. Fig. 2 shows a cut through the tunnel in the arc with the proton 

accelerator mounted on top of the electron machine and with utilities in

stalled. 

The counter rotating beams are brought to collision in the middle of 

the four long straight sections by making them cross at an angle of 20 mrad. 

At each of these locations there will be a large 7 stories deep subterranean 

building containing the detector, control rooms for experiment and machine 

and all auxilliary equipment. These buildings provide the only access to 

the tunnel and components weighing up to 40 to can be brought directly into 

the experimental hall through a loading shaft 9 m x 6 m. The experimental 

halls are 25 m along the beam direction and 43 m wide (except hall West 

which is 35 m wide). The crossing point is 4.6 m above the floor and the 

halls are served by a 40 to crane. 

Bids for the tunnel and for the subterranean buildings were received 

on February 28 and the contract signed on April 24. The tunnel will be drilled 

in clockwise direction starting from hall South. Hall South is now being 

excavated such that the drilling can start early 1985. Installation of machine 

components can start in April 1986 in the tunnel section linking hall West 

and hall South. The civil engineering will be completed towards the end 

of 1977 according to the present schedule. 

Design Parameters 

The general parameters are listed in Table 1. The maximum energy of the 

electron beam is determined by the available RF power and the lower energy 

by the damping time. The electrons will be transversely polarized due to 
5} 

the Sokolov-Ternov effect '. The buildup time for the polarization is 
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20 min at 30 GeV electron energy and it scales as E~ . 

The maximum proton energy of 820 GeV is reached using superconducting 

magnets with an induction of 4.53 T. The proton orbit must be shortened 

with respect to the electron orL.it in order for electrons and protons to 

remain in phase. The necessity of moving the proton orbit limits the lowest 

collision energy to about 300 GeV. The lower limit on the proton injection 

energy is determined by persistant currents in the superconducting coils. 

The relative importance of these currents decreases with energy as they 

cause constant higher multipole fields disturbing the dipole field. We plan 

to compensate for the average persistent current effects using correction 

coils wound directly on to the beam pipe. In this case tracking calcula

tions ' show that a lifetime of several hours can be expected at the injection 

energy of 40 GeV. 

In a crossing angle geometry the luminosity is proportional to the pro

ton line density and this favour a high proton RF frequency. The proton 

RF frequency has been raised from 208 MHz in the proposal to 500 MHz, the 

frequency used for the DESY electron machine and also forseen for the elec

tron ring in HERA. The proton RF system is presently designed to produce 

a circumferential voltage of 20 MV. The maximum proton current of 163 mA 
13 

is divided into 210 bunches spaced 28.8 m apart each containing 1 • 10 

protons. 

The electron ring of HERA will - as a first stage - make use of the large 

RF system installed at PETRA. Sufficient RF will be left in PETRA to enable 

the accelerator to reach 14 GeV. The remaining system installed in HERA 

will enable a current of 16 mA (50 mA) at 30 GeV (27.5 GeV). The maximum 

forseen current of 58 mA in 210 bunches may be reached by either expanding 

the present system or by installing superconducting cavities. The latter 

option would lead to substantial saving in power cost. 

The first stages of booster accelerators are shown in Fig. 3. PETRA suit

able modified serves as the final stage both for electrons (positrons) and 

protons. 

The RF system remaining at PETRA limits the electron (positron) energy 

to 14 GeV. A special beam optic with rather weak focusing will permit 
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acceleration of protons in PETRA up to 40 GeV. The filling time of about 

20 min for positrons and protons are mainly determined by the estimated 

70 s cycle time of PETRA. 

Interaction Regions and Spin Rotators 

A possible collision geometry is shown in Fig. 4. The beams cross in 

the horizontal plane at an angle of 20 mrad leaving a distance of + 7.5 m 

around the interaction point free for the detectors. A horizontal crossing 

was chosen since the horizontal beam size is much larger than the vertical. 

A finite crossing angle makes it possible to design the two HERA rings without 

common elements such that the electron and the proton energy might be chosen 

independently and the synchrotron radiation is minimized by locating bending 

magnets far away from the interaction region. However, the allowable tune 

shift has been found to be reduced in a crossing geometry due to synchro

tron-betatron resonances '. At DORIS the crossing angle leads to a AQ-re-

duction by about a factor of 3. For a proton beam the reduction factor is 

expected to be even larger ' since the protons are not damped by synchrotron 

radiation. An alternative layout permitting head on collissions is presently 

being studied. 

The ability to collide electrons (positrons) of well defined helicity 

with protons provides a very important tool in the investigation of neutral 

and charged current interactions. This requires that the electron (positron) 

beam is transversely polarized in the arcs and that the transverse polari

zation is turned into a state of defined helicity before the collision and 

that its transverse polarization is restored upon entering the next arc. 

By emperically compensating ' ' those harmonics of the vertical orbit dis

tortions which are close to the number of spin precessions per revolution 

transverse polarizations close to the theoretical limit of 92.4% has been 

achieved ' routinely with PETRA. High transverse polarizations are therefore 

expected at HERA since the machines only differ by a factor 1.5 in energy. 

Furthermore, the depolarization due to beam-beam interactions have been 

found to be small for the AQ values listed above. The spin rotators will 

also produce depolarizing effects. 
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An optics solution for a spin rotator ' employing horizontal and vertical 

bends has been worked out in detail. About 80% polarization can be reached 

with this design. To change helicity, magnets must be physically moved and 
13) 

the rotator only work for a limited energy band. An alternative rotator ' 

consisting of a large superconducting solenoid and a horizontal bending 

magnet is also being investigated. This rotator seems in principle capable 

of yielding a high polarization, however, the details still remains to be 

worked out. 

Injection 

The layout of DESY II, the proton linac and DESY III is shown in Fig.3. 

DESY II ' - which will be used to accelerate single electron (positron) 

bunches, is a new 9 GeV electron synchrotron under construction in the same 

tunnel which also houses the present DESY I Synchrotron. DESY II will be 

completed in March 1985 and will become fully operational in March of 1986. 

151 

H ions from a new 50 MeV linac ' are stripped and injected for 10 re

volutions into DESY III where they are captured into 11 RF buckets with 

the final bunch spacing of 28.8 m. The protons are accelerated to 7.5 GeV 

and transferred in one go to PETRA. The procedure is repeated and the 22 

bunches in PETRA are accelerared to 40 GeV. At this energy the protons in 

PETRA are rotated by 90° in longitudinal phase space and injected into the 

500 MHz RF buckets in HERA. During the injection cycle the protons never 

cross transition. 

The 50 MeV proton linac is based on the CERN design but with some important 

changes. The CERN duoplasmatron is replaced by a magnetron source capable 

of delivering up to 35 mA of negative Hydrogen ions at 18 kV. The ions, 

focused by a system of solenoids, are injected directly into a Radio Frequency 

Quadrupol (RFQ) where they are longitudinally bunched and accelerated up 

to the 750 kV. The linac is under construction and will become operational 

in spring of 1987. 

The rebuilding of DESY I into DESY III ' includes a new all metal vacuum 

chamber, replacing the present electron cavities with a proton RF system, 
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Injection 
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bunches， ;s a new 9 GeV electron synchrotron under construction in the same 

tunnel wh;ch also houses the present DESY 1 Synchrotron. DESY 11 will be 

completed in March 1985 and will become fUlly operational in March of 1986. 

15) H ions from a new 50 MeV linac~~1 are stripped and injected for 10 re-

volutions into DESY 111 where they are captured into 11 RF buckets with 

the final bunch spacing of 28.8 m. The protons are accelerated to 7.5 GeV 

and transferred in one go to PETRA. The procedure is repeated and the 22 

bunches in PETRA are accelerared to 40 GeV. At th;s energy the protons in 

PETRA are rotated by 900 in longitudinal phase space and injected into the 

500 MHz RF buckets in HERA. During the injection cycle the protons never 

cross transition. 

The 50 MeV proton linac is based on the CERN design but with some important 

changes. The CERN duoplasmatron is replaced by a magnetron source capable 

of delivering up to 35 mA of negative Hydrogen ions at 18 kV. The ions， 

focused by a system of solenoids， are injected directly into a Radio Frequency 

Quadrupol (RFQ) where they are longitudinally bunched and accelerated up 
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16) The rebuilding of DESY 1 into DESY III~ul includes a new all metal vacuum 

chamber， replacing the present electron cav;ties with a proton RF system， 
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a new magnet powering system which will take protons up to 8 GeV in a 2s 

long savetooth cycle and a new monitoring and control system. The combined 

function magnets will be rearranged and augmented by 16 quadrupols such 

that the transition energy of the machine can be varied from 7.4 GeV at 

injection to 10.4 GeV at injection. 

For proton acceleration in PETRA ' the focusing will be rather weak 

corresponding to a transition energy of 5.9 GeV. The protons will pass through 

a special straight section arrangement in PETRA which by passes the remaining 

electron cavities. 

Electron ring components 

The dipole, quadrupole and sextupole magnets of the HERA electron ring 

will be mounted and aligned on a common strong back before being brought 

into the tunnel Compared to the proposal the electron half cell length has 

been increased to 11.769 m. The dipole has a length of 9.199 m and is ex

cited by a single Cu conductor. Prototypes of the various magnets are now 

under construction. 

- The critical energy and the power density of the synchrotron radiative 

are similar to the values now occuring in PETRA. It has been proposed to 

use a Cu-vacuum chamber which would contain most of the synchrotron radiation. 

Proton ring components 

For the proton ring superconducting dipole, quadrupole and correction 

magnets must be developed. 

The properties of the bending magnet (warm iron) and the quadrupoles 

are listed in Table 2. The vertical and horizontal correction magnets are 

designed for JBdl = 0.7 Tm. The quadrupole and sextupole correction magnets 

have an integrated induction of 0.54 Tm respectively 0.35 Tm at a radius 

of 2.5 cm. 
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Two types of bending magnets have so far been investigated, a warm iron 

magnet built at DESY and a cold iron magnet built at Brown-Boveri, Mannheim, 

in collaboration with DESY. Both magnets are of the cold bore type. A cross 

section of the two magnet types is shown in Fig. 5. 

The coils are wound using a helium transparent Rutherford type cable 

with the niobium titanium imbedded in a copper matrix in the ratio 1 to 1.8. 

The cable is wound using 24 strands of 0.83 mm diameter and each strand 

consists of 2340 superconducting filaments 10 um in diameter. The critical 

strand current before cabling is 265 A at 4.6 K in a field of 5.5 Tesla. 

The precision stamped collars, used to fix the coils, are made out of an 

aluminium alloy. Contrary to the behaviour of stainless steel, aluminum 

contracts more than the coil during cooldown such that the maximum clamp 

pressure occurs at liquid helium temperatures where it is needed, and where 

the tensil strength of the materials are higher. Collars made out of alumi

num have been put through more than 5000 excitation cycles at liquid helium 

temperature and then inspected for micro cracks. None were observed. These 

collars are fixed azimuthally using 6 m long stainless steel tie rods leading 

to a reproducible coil geometry without welds. It is also possible to dis

assemble the collared coil without destroing the collars. 

In the two shell structure higher multipoles up to and including the 

decapole can be made to vanish within fabrication tolerances. By introducing 

spacers in the inner and the outer coil the remaining 14 and 18 pole were 
-4 -4 , -1 

reduced from 14.9 • 10 and -13.9 • 10 to respectively - 1 • 10 and 
-4 

0.2 • 10 measured at a radius of 2.5 cm with respect to the dipole field. 

So far a total of 6 x 1 m long coils, 3 x 6 m long full size magnets and 

7 x 8 m long coils have been built and partly tested. 

The results ' can be summarized as follows: 

- the tooling is well suited for mass production 

- the magnets reach the short sample limit in few training steps 

- the field quality is acceptable 

- the critical field is about 15% above its nominal value. 
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Three full size cold iron magnets have been ordered from BBC, Mannheim, 

and the first magnet of this type is presently being tested. 

The magnets are cooled by one phase helium. At the end of each octant 

the one phase helium is expanded strough a Joule-Thompson value and the 

ensuing two phase helium is returned through the magnets in good thermal 

contact with the one phase helium. The temperature of the magnets is deter

mined by the pressure in the tv/o phase line. The heat shield is maintained 

between 40 K and 60 K by passing cold helium gas through the outer cryostat. 

The cryostat is supported inside the warm iron yoke by a set of four 

spring loaded bolts in seven planes. The bolts are made of fibre glass expoy 

tubes and stainless steel tubes. 

Based on the present experience, we propose to combine some of the ad-
19) vantages of the cold and warm iron magnets into a hybrid magnet '. A cross 

section of the hybrid magnet is shown in Fig. 6. It uses the collared coil 

developed for the warm iron magnet. The collared coil is nestled directly 

inside the cold iron. The hybrid magnet has the following characteristic 

design features: 

- passive quench protection using diodes (cold or warm) 

- the iron contributes 22% to the magnetic induction (4.5 T ->• 5.2 T) 

- a simple cryostat with a low heat loss 

- the induction increase nearly linearly with the current up to 6.5 T. 

Multipoles due to iron saturation are small. 

We also propose to increase the magnetic length from 6.08 m to 9.18 m. 

- i.e. a half cell consists of two instead of three bending magnets. The 

number of magnet interfaces is thus reduced. 

The first full size prototypes will be ready early 1985. The decision 

whether to use the warm iron magnet or the hybrid magnet will be taken in 

July 1985. 

20) 
Two full size quadrupole ' magnets have been built and tested at Saclay. 

They reached the design gradient without quenching and the field quality 

is acceptable. Two hybrid quadrupoles are now under construction. 
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The quadrupole and sextupole correction magnets ' are wound directly 

on the cold dipole beam pipe. Two 1 m long coils made by NIKHEF and by Holec, 

a Dutch company, have been successfully tested at DESY. The first 6 m long 

coil is presently being prepared for testing at DESY. A 0.7 m long superferric 

magnet installed into the quadrupole cryostat, will be used for beam steering. 

The first prototype of such a magnet has been built by NIKHEF and successfully 

tested at DESY. 

The refrigeration system must provide 13 kW at 4.6 K, 40 g/s of liquid 

Helium for cooling the leads and 40 kW at 50 K. In the proposal refrigerators 

were installed in each experimental hall cooling adjacent octants, with 

a centrally located compressor station. We now propose ' to also locate 

the refrigerators centrally and to pipe liquid helium to the four experimental 

halls were it is distributed to the octants. The refrigeration load listed 

above is divided on two refrigerators each providing 50X of the load. Full 

redundancy can be achieved by installing a third refrigerator. 

Time Schedule 

Some of the most important milestones for the HERA project are listed 

in Table 3. 
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21) The quadrupo1e and sextupo1e correction magnets~.J are wound direct1y 

on the co1d dipo1e beam pipe. Two 1 m 10ng coi1s made by NIKHEF and by Ho1ec~ 

a Dutch company， have been successfu11y tested at DESY. The first 6 m 10ng 

coil is present1y being prepared for testing at DESY. A 0.7 m 10n9 super‘ferric 

magnet installed into the quadrupole cryostat， wi11 be used for beam steering. 

The first prototype of such a magnet has been built by NIKHEF and successfu11y 

tested at DESY. 

The refrigeration system must provide 13 kW at 4.6 K， 40 g/s of 1iquid 
He1ium for coo1ing the 1eads and 40 kW at 50 K. In the proposa1 refrigerators 

were installed in each experimental hal1 coo1ing adjacent octants， with 
22) 

a centrally located compressor station. We now propose~~1 to a1so 10cate 

the refrigerators central1y and to pipe 1iquid he1ium to the four experimental 

hal1s were it is distributed to the octants. The refrigeration load listed 

above is divided on two refrigerators each providing 50% of the 1oad. Fu11 

redundancy can be achieved by insta11ing a third refrigerator. 

Time Schedule 

Some of the most important mi1estones for the HERA project are 1isted 

in Table 3. 
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Fig. 1 - Schematic Layout of HERA 

Fig. 2 - Cut through the tunnel in the arc 

Fig. 3 - The new 50 MeV proton linac is shown together with DESY III, 

the rebuilt DESY I. DESY II, a new 9 GeV electron synchrotron, 

is installed in the same tunnel 

Fig. 4 - HERA straight section design with the spin rotators located at 

the ends 

Fig. 5a - Cross section of the warm iron magnet 

5b - Cross section of the cold iron magnet 

Fig. 6 - Cross section of the hybrid magnet 
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Figure C~ptions 

Fig. 1 ・ SchematicLayout of HERA 

Fig. 2 Cut through the tunnel in the arc 

Fig. 3 ・ Thenew 50 MeV proton linac is shown together with DESY 111， 

the rebuilt DESY 1. DESY 11， a new 9 GeV electron synchrotron， 

is installed in the same tunnel 

Fig. 4 司 HERAstraight section design with the spin rotators located at 

the ends 

Fig. 5a - Cross section of the warm iron magnet 

5b - Cross section of the cold iron magnet 

Fig. 6 - Cross section of the hybrid magnet 

Table CaQtions 

Table 1 - General Parameters 

Table 2 ・ SuperconductingMagnet Parameters 

Table 3 ・ Milestones
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Table 1 - General parameters 

Energy range 

Circumference 

Number of interaction points 

Length of each straight section 

Free space for experiments 

Polarization time (30 GeV) 

Magnetic bending field 

Injection energy 

RF frequency 

Max. circumferential volts 

Circulating current 

Number of bunches 

Beta functions at 
interaction points 6x/8 

Beam size at interaction 
points 

Tune shift AQx/AQz 

Luminosity 

Required refrigeration 
power at 4.3 K 

Required refrigeration 
power at 40-60 K 

p.ring 

820 - 300 

4.53 

40 

499.667 

20 

163 

3.0/0.3 

6336 

4 

360 

15 

20 

210 

0.12(0.41)/0.027 

0.0006/0.0009 

13 / 40 

40 

0.4 x 

e-ring 

30 - 10 

0.1849 

14 

499.667 

290 

58 

3.0/0.15 

0.22 / 0.013 

0.008/0.014 

1032 

units 

GeV 

m 

m 

m 

min 

T 

GeV 

MHz 

MV 

m 

m 

mm 

cm" s" 

kW/(g/s 

kW 
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Table 1 . General parameters 

p.ring e-nn9 units 

Energy range 820・300 30 -10 GeV 

Circumference 6336 m 

Number of interaction points 4 

Length of each straight section 360 m 

Free space for experiments 15 m 

Polarization time (30 GeV) 20 mln 

Magnetic bending field 4.53 0.1849 T 

Injection energy 40 14 GeV 

RF frequency 499.667 499.667 MHz 

Max. circumferential volts 20 290 MV 

Circulating current 163 58 m 

Number of bunches 210 

Beta functions at 3.0/0.3 interaction points sx/sz 
3.0/0.15 m 

Beam size at interaction 0.12(0.41)/0.027 0.22 / 0.013 mm 
points 

Tune sh 1ft Ll Q/Ll Qz 0.0006/0.0009 0.008/0.014 

Luminosity 0.4 x 1032 -2・1cm -5 

Required refrigeration 13 / 40 kW/(g/5} power at 4.3 K 

Required refrigeration 
power at 40・60K 40 kW 
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Table 2 - Superconducting Magnet Parameters 

Parameters 

Number of magnets 

Magnetic length 

Induction 

Gradient 

Bore 

Nominal current 

Load factor (4.6 K) 

Stored energy 

Mass 

Dipole 

656 

6.08 

4.53 

56 

5582 

0.89 

560 

5750 

Quad 

304 

1.90 

91.2 

56 

5582 

0.86 

76 

448 
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Table 2 . Superconduc ti ng Magnet Parameters 

Parameters Dipole Quadrupole Units 

Number of magnets 656 304 

Magnetic length 6.08 1.90 m 

Induction 4.53 T 

Gradient 91.2 T/m 

Bore 56 56 mm 

Nominal current 5582 5582 A 

Load factor (4.6 K) 0.89 0.86 

Stored energy 560 76 kJ 

Mass 5750 448 kg 

-35 -



Table 3 - Milestones 

Authorization 

Start of civil engineering 

Start installation of machine components 

DESY II operational 

Superconducting Magnets, 
start of series production 

Electron injection: first quadrant 

Start commissioning of Proton Linac 

Delivery of the last magnet for e ring 

Civil engineering complete 

Start commissioning of DESY III 

Refrigeration plant operational 

Start commisioning of electron ring 

Proton injection: first quadrant 

Delivery of last superconducting magnet 

Start commissioning of proton ring 

Electron-Proton Physics 

April 1984 

May 1985 

April 1986 

April 1986 

July 1986 

February 1987 

April 1987 

October 1987 

December 1987 

December 1987 

January 1988 

March 1988 

April 1988 

October 1988 

June 1989 

early 1990 
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Table 3 ・ Milestones

Authorization 

Start of civil engineer‘ing 

Start instal1ation of machine components 

DESY 11 operational 

Superconducting Magnets， 
start of series production 

Electron injection: first quadrant 

Start commissioning of Proton Linac 

Delivery of the last magnet for e ring 

Civil engineering complete 

Start commissioning of DESY 111 

Refrigeration plant operational 

Start commisioning of electron ring 

Proton injection: first quadrant 

Delivery of last superconducting magnet 

Start commissioning of proton ring 

Electron-Proton Physics 
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Apri1 1984 

May 1985 

April 1986 

April 1986 

July 1986 

February 1987 

April 1987 

October 1987 

December 1987 

December 1987 

January 1988 

March 1988 

April 1988 

October 1988 

June 1989 

early 1990 
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FiQ. 1 -Schematic Layout of HERA ---
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TUnndmittg 

H E R A 

Bogenbereich 37410 

Fig. 2 - Cut through the tunnel in the arc 
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H E R A 

Bogenbereich 

国.2 - Cut through the tunnel in the arc 
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Fig. 3 - The new 50 t'ieV proton linac is shown together with DESY III, 
the rebuilt DESY I. DESY II, a new 9 GeV electron synchrotron, 
is installed in the same tunnel 
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巳旦ι3 - The new 50 MeV proton 11nac 1s shown togather with DESY 111， 
the rebuilt DESY 1. DESY 11， a nevl 9 GeV electron synchrotron， 
1s installed in the same tunnel 
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Fig- 5a - Cross section of tha warm iron magnet 
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Fig, 6 - Cross section of the hybrid magnet 
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LEP The Large Electron-Positron Pro-iect 

Herwig Schopper 

CERH 

1211 Geneva 23, Switzerland 

1. Introduction 

The definition of LEP is that it is an e e ring optimized for about 

100 GeV per beam. One will start with 50 GeV per beam, but the dipole 

magnets can take beams up to 125 GeV. With 100 GeV as the optimum energy one 

obtains a circumference of about 26.7 kilometres. The ring will be 80 to 125 

metres deep underground. The present accelerators, both the PS and the SPS, 

will be used as injectors. Initially four interaction regions will be 

equipped with experiments; four more could be opened up later. Note that 

both the radius of the ring and the cross-section of the tunnel were chosen 

to be as large as possible in order to have other options open for the use of 

the tunnel in the future. 

The cost of LEP is 910 million Swiss francs, at 1981 prices. The 

project was approved unanimously by the Member States in Oecember 1981, on 

the condition of a constant budget and constant staff during the construction 

period. Fig. 1 shows a map of LEP in relation to the present CERN site. It 

is quasi-tangential to the SPS so that the latter can serve as an injector 

with short transfer tunnels. There will be eight access areas, most of them 

with three access shafts (one for the machine, one for experiments and one 

for personnel) as indicated by the numbers, and the first four experiments 

will be installed at the even-numbered places. The rf accelerating cavities 

will be installed at points 2 and 6. Later it would be easy to open up 

interaction regions at points 1 and 5 whereas this would be a little more 

difficult at points 3 and 7 because, for various reasons, short access 

tunnels have to be built. 
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1. Introduction 

+ 
The de干initionof LEP is that it is an e"e ring optimized干orabout 

100 GeV per beam. One will start with 50 GeV per beam， but the dipole 

magnets can take beams up to 125 GeV. With 100 GeV as the optimum energy one 

obtains a circumference of about 26.7 kilometres. The ring will be 80 to 125 

metres deep underground. The present accelerators， both the PS and the SPS， 

will be used as injectors. Initially four interaction regions will be 

equipped with experiments; four more could be opened up later. Note that 

both the radius of the ring and the cross-section 0干 thetunnel were chosen 

to be as large司spossible in order to have other options open干orthe use 0干

the tunnel in the future. 

The cost 0干 LEPis 910 mil1ion Swiss francs， at 1981 prices. The 

project was approved unanimously by the Hember States in Oecember 1981， on 

the condition 0干 a constant budget and constant sta干干 during the construction 

period. Fig. 1 shows a map 0干 LEPin relation to the present CERN site. It 

is quasi-tangential to the SPS so that the latter can serve as an injector 

with short trans干ertunnels. There will be eight access areas， most of them 

with three access sha干ts (one干orthe machine， one for e~periments and one 

干orpersonnel) as indicated by the numbers， and the first four experiments 

wil1 be installed at the even-numbered places. The rf accelerating cavities 

will be installed at points 2 and 6. Later it would be easy to open up 

interaction regions at points 1 and 5 whereas this would be a little more 

dif干icultat points 3 and 1 because，千orvarious reasons， short access 

tunnels have to be built. 
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Fig. 2 shows an aerial photograph of the LEP site and Fig. 3 a 

simplified geological section across a diameter of the ring from the Jura to 

Geneva airport. Host of the LEP tunnel will be excavated in the molasse 

sandstone which is very good for tunnelling and in which the SPS was built. 

Unfortunately, the roof of this rock goes down towards the airport and there 

is moraine and gravel and sand above, which is bad for tunnelling. Hence in 

order to stay in the molasse the tunnel has to be rather deep underground. 

At the opposite end the limestone of the Jura rises, which could contain 

cracks filled with water with much rock above. There could be rather high 

water pressures which would be a nuisance when tunnelling, so that the aim 

was to have not more than 150 metres of rock above the tunnel. In order to 

achieve these different requirements LEP is designed to be built on an 

inclined plane, probably the first accelerator to be built in such a way. 

The slope is about 1.5Z which seems negligible but is not. For example, the 

water pressure difference from one side to the other of the ring would be 15 

atmospheres which has to be taken into account as well as the fact that some 

of the experiments will be on an inclined plane. 

The injection system is shown in Fig. 4. There are two linacs; one is 

a 200 HeV high-curret linac to produce electrons which will then produce 

positrons from a target; the second linac will accelerate both electrons and 

positrons to 600 MeV, and this is followed by an electron-positron 

accumulator (EPA). The electrons and positrons are then accelerated in the 

PS to 3.5 GeV and then transferred to the SPS to be accelerated to 20 GeV 

before finally being injected into LEP. The two linacs are being built in 

collaboration with LAL, Orsay, in France. 

For the injection system the idea is that LEP will be able to operate 

simultaneously while the SPS is doing fixed-target physics. Nevertheless 

when LEP comes into operation the pp collider will continue, probably for 

about 40Z of the time as at present, since in any case in the first few years 

there will be technical changes, upgrading and completion of LEP which is 

planned to be operated for about 4000 hours per year. Fig. 5 shows the 

details of the injection sequence where the upper graph gives the magnetic 

field of the SPS as a function of time, and the lower graph the electron and 

positron currents in the accumulator ring, also as a function of time. Of 
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Fig. 2 shows an aerial photograph of the LEP site and Fig. 3 a 

simpli干iedgeological section across a diameter 0干 thering from the Jura to 

Geneva airport. Host 0干 theLEP tunnel will be excavated in the molasse 

sandstone which is very good for tunne1ling and in which the SPS was bui1t. 

Unfortunately， the roof 0干 thi5rock goes down towards the airport and there 

is moraine and gravel and sand above. which is bad干ortunnelling. Hence in 

order to stay in the molasse the tunnel has to be rather deep underground. 

At the opposite end the limestone 0干 theJura rises. which could contain 

cracks干illedwith water with much rock above. There could be rather high 

water pressures which would be a nuisance when tunnelling. so that the aim 

was to have not more than 150 metres 0干 rockabove the tunnel. In order to 

achieve these dif干erentrequirements LEP is designed to be built on司n

inc1ined plane. probab1y the first accelerator to be built in such a way. 

The slope i5 about 1.5% which seems neg1igib1e but is not. For example. the 

water pressure di千干erence干romone side to the other 0干 the ring would be 15 

atmospheres which has to be taken into account as we11 a5 the fact that some 

o干 theexperiments will be on an inclined plane. 

The injection system is shown in Fig. 4. There are two linacsi one is 

a 200 HeV high-curret linac to produce electrons which will then produce 

positrons from a target: the second linac wi1l acce1erate both electrons and 

positrons to 600 MeV. and this is干ollowedby an electron-positron 

accumulator (EPA). The electrons and positrons are then accelerated in the 

PS to 3.5 GeV and then trans干erredto the SPS to be accelerated to 20 GeV 

before finally being injected into LEP. The two linacs are being built in 

col1aboration with LAL. Orsay. in France. 

For the injection system the idea is that LEP wi1l be ab1e to operate 

simultaneously whi1e the SPS is doing干ixed-targetphysics. Nevertheless 

when LEP comes into operation the pp co1lider wi1l continue. probably for 

about 40% 0干 thetime as at present. since in any case in the first few years 

there will be technica1 changes. upgrading and completion of LEP which is 

planned to be operated for about 4000 hours per year. Fig. 5 shows the 

details 0干 theinjection'sequence where the upper graph gives the magnetic 

fie1d of the SPS as a function of time. and the 10wer graph the electron and 

positron currents in the accumu1ator rin9. a1so as a干unction0干 time. 0干
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course, this applies only when injection is taking place into LEP; while LEP 

beams are circulating the SPS does not need to have such a complicated super-

cycle. 

2. Present status of the LEPMachine 

The ordering of components is within the scheduled timescale and budget 

envelope and contracts amounting to some 500 million Swiss francs (about half 

of the total cost of the project) have been adjudicated. 

Injector System 

The building to house the preinjector LIL (Linear Injector for LEP) is 

completed. Host of the components, including new pulsed klystrons, have been 

ordered, as have those for the electron-positron accumulator (EPA). 

Installation work will start in the autumn of 1981. The various 

modifications to the PS and SPS (kickers, septa, RF, wiggler, vacuum, 

transfer lines) are advancing well. 

Magnets 

The bending magnets cover three-quarters of the machine circumference. 

There are 3328 dipole cores, each about 5.76 m long, powered by sets of 

excitation bars, which are mounted on their poles. The vacuum chamber is 

mounted in the gao between the poles as shown in Pig. 6. The space between 

the magnet laminations is filled with a fine-grain sand and cement mortar 

which acts as a bonding agent. Because of the large radius of curvature 

of the LEP ring the main dipole field at 50 GeV is only 0.054 T. Because 

of this low field the dipoles are equipped with simple aluminium excitation 

bars instead of the traditional coils. These bars will be produced by 

continuous extrusion and installed in elements about 12 metres long insulated 

by fibre-glass and epoxy impregnated profiles. They will carry a current 

of about 2250 A at 50 GeV and will be cooled by circulation of demineralized 

water. Delivery of the dipoles will start in the autumn of 1984, while the 

excitation bars, which in total amount to about 1000 tons of aluminium, 

have been ordered. 
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エ旦担旦m:~単註盟

The building to house the preinjector LIL (Linear Injector for LEP) is 

comp1eted. Host of the components， including new pu1sed klystrons， have been 

ordered， as have those干orthe electron-positron accumulator (EPA). 

Installation work wi11 start in the autumn of 198品 Thevarious 

modifications to the PS and SPS (kickers， septa. RF， wiggler. vacuum. 

transfer 1ines) are advancing well. 

l1i旦且皐主主

The bending magnets cover three-quarters of the machine circumference. 

There are 3328 dipole cores， each about 5.16 m 10ng， powered by sets of 

8xcitation bars. which are mounted on their poles. The vacuum chamber is 

mounted in the gaQ between the poles as shown in fig. 6. The space between 

the magnet laminations is干illedwith a fine-grain sand and cement mortar 

which acts as a bonding agent. Because 0干 thelarge radius of curvature 

o干 theLEP ring the main dipole field at 50 GeV 1s only 0.054 T. Because 

of this 10w干ie1dthe dipo1es are equipped with simp1e a1uminium excitation 

bars instead of the traditional coi1s. These bars will be produced by 

continuous extrusion and instal1ed in e1ements about 12 metres 10ng insu1ated 

by干ibre-glassand epoxy impregnated pro干i1es. They wi1l carry a current 

of about 2250 A at 50 GeV and will be cooled by circulation 0干 demineralized

water. De1ivery of the dipo1es will start in the autumn 0干 1984，while the 

excitation bars. which in total amount to about 1000 tons 0干 alur4inium，

have been ordered. 
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Concerning the supply of the other magnets of the main ring lattice, 

four contracts have been placed - two for the two types of quadrupoles, one 

for the sextupoles, and one for the correctors. Whereas the sextupoles and 

the quadrupoles in the arcs will have coils made out of conventional hollow 

conductor, the coils of the quadrupoles for the dispersion suppressor and 

acceleration regions will be wound with anodized aluminium strip. Tenders 

have been invited far the dipoles in the injection regions, the busbar 

modules in the arcs, and the girders of the straight-section groups. Wide

spread interest has been raised by a preliminary enquiry for the supply of 

the super-conducting quadrupoles for the low-beta insertions. 

The construction of the instrumentation for systematic magnetic 

measurements upon delivery of the different magnets is well advanced. Based 

on the satisfactory performance of the prototype, the components of the auto

mated benches for quadrupole and sextupole measurements have been ordered. 

One of the sets of proximity detectors, which have been developed to allow 

the determination of the magnetic field pattern in the dipole core gaps 

without requiring their excitation, has already helped to define the profile 

of the laminations for the production prototypes. 

AscjeiUraUnq System 

To reach an energy of 50 GeV per beam 128 accelerating cavity storage 

units are required (see Figs. 7 and 8). The storage cavities on top of the 

acceleration cavities will reduce losses during the periods when no particle 

bunches are in the accelerating cavities. These cavities will be driven by 

16 MW of RF power via a power distribution system. The RF sources will be 

large klystrons which will feed a number of cavities simultaneously (see 

Fig. 9). Almost all of these various components have now been ordered and 

prototypes have been delivered. Preparations are under way for the assembly 

and testing of one complete RF unit consisting of 16 cavities, 2 klystrons 

and the corresponding waveguides and low-power drive and control systems. 
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Experimental-Are_fl.g, 

Fig. 11 shows the detail of an interaction region which is one of the 

more complicated ones since it has a large experiment and one rf station. 

There is an underground hall for the experiments and a shaft for lowering the 

apparatus for assembly in the so-called garage position, before being moved 

into the beam. There is a second shaft for the machine services and a small 

shaft for personnel access to the experiments. The galleries for the rf 

klystrons are also shown. 

3. Present Status of the Civil Engineering Work 

Two international consortia are responsible for the civil engineering 

work for the excavation of the tunnel for the main ring. One is working in 

the "plain" using two tunnelling machines to bore through the sandstone and 

molasse. The starting point will be point 8 (see Fig. 1) and one machine 

would work clockwise towards point 3 and the other anti-clockwise towards 

point 4. The second consortium is working in the Jura using conventional 

techniques (explosives). A reconnaissance gallery excavated earlier has been 

converted into an access tunnel and a large cavern has been provided for the 

tunnelling installations (see Fig. 12). 

Pits are now being dug at the eight points around the circumference. 

Fig. 13 shows the state of the work at point 8 as of October 1983. Oigging 

the pits often presents more difficulties than tunnelling in the sandstone. 

For example, for the pits on the airport side of the ring, which will be 80 

metres deep, it will be necessary to pass through two ground-water levels. 

To avoid interfering with the water tables two methods have been employed, 

viz. 1) a special system of screen walls - a concrete wall built around 

the pit before digging it to keep the water out - and 2) freezing the ground 

to be dug to prevent water from entering (see Fig. 14). 

The overall status of the civil engineering work as of May 1984 is 

illustrated in Fig. 15. 
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Vacuum 

Many tests have been carried out on 12 m long model vacuum chambers. The 

main aspects covered were the detection and repair of leaks; the systematic 

introduction of aluminium gaskets; bakeouts with superheated water; and 

full vacuum tests with prototype getter systems. The latter test included 

pumpdowns before and after the process of soldering the lead shielding to the 

chambers. All dipole chambers eventually attained a pressure in the low 

10 Torr range, which proved the satisfactory state of leak-tightness and 

cleanliness. 

Development work has been carried out on the application of lead shield

ing to the aluminium vacuum chamber and a press suitable for treating full-

length dipole chambers has been constructed. Host of the model chambers 

mentioned above have been successfully clad in this way. 

Contracts have been awarded recently for both the dipole and quadrupole 

type vacuum chambers. 

Many other items are in various stages of advancement, for example, beam 

instrumentation, injection insertions, electrostatic separators, power 

converters and electrical distribution, controls, cooling and ventilation 

etc. 

One major difficulty will be the infrastructure; there are only eight 

access shafts with 3.5 kilometres of tunnel between each of them. The 

solution adopted for the transport of both components and people is a 

monorail suspended from the ceiling of the tunnel (see Fig. 10). In order to 

speed up the installation in the tunnel, there will be various devices for 

transporting long items which will be preassembled at the surface as much as 

possible; for example, one unit of 14 metres length would be two bending 

dipoles with a common vacuum chamber. 
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It is planned to complete all the access shafts and the tunnel by the 

summer of 1967; during the intervening time there are 21 fixed contractual 

dates to be met by the consortia. Installation of services in the tunnel 

(power, light, etc) should start in spring 1986 and the installation of 

machine components in the autumn of 1966. First injection tests into an 

octant are planned for autumn 1987 and the first beam all around LEP for 

the end of 1988. 

4. Upgrading of the RF System 

Initially 128 copper accelerating cavities operating at 352 MHz will be 

installed at two straight sections at points 2 and 6. This will enable a 

beam energy of 55 GeV (max. luminosity) to be attained. For the upgrading 

of LEP in due course it is envisaged to use superconducting cavities which 

should yield accelerating fields of at least 5 MV per metre. If one added 

64 such cavities in the space still available at points 2 and 6 an energy of 

~ 70 GeV could be reached. If in addition a further 192 superconducting 

cavities were placed in straight sections at points 4 and 8 then 90 GeV 

could be attained. Finally, if all the copper cavities were replaced by 

superconducting cavities then the energy per beam would be 96 GeV. In fact, 

all of these numbers may be on the low side as recently accelerating fields 

of 8 MV per metre have been obtained. Fig. 16 shows a four cell 500 HHz 

cavity made of Niobium which has been built at CERN. 

5. LEP Fxoeriments 

The four detectors, which have been approved by a LEP Experiments 

Committee chaired by G. Wolf of OESY, have the following features. 

Two of them are universal detectors which differ in the following 

respects: OPAL is more or less an upgrading of the JADE detector at PETRA, 

has a warm coil and uses well proven techniques. ALEPH is also a universal 

detector but uses some novel techniques; in particular, it has a very large 

TPC. Then there are two specialized detectors. One is L3 which is 

specialized in calorimetry. It is planned to have a very powerful 

electromagntic calorimeter using the new material BGO, bismuth-germanium-
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oxide, a very fine-grain hadron calorimeter, and it can also measure very 

precisely the momenta of mucins. DELPHI is specialized in the identification 

of hadrons and uses the new technology of so-called Ring Imaging Cherenkov 

Counters. The largest detector will be that of L3. Because of its size it 

cannot be moved, but the magnet is installed permanently in the experimental 

cave (Fig. 17). 

Between 200-300 physicists are in each experiment. In view of the new 

technologies involved in making the components, teams had been requested 

first to build prototypes and the LEP Experiments Committee had laid down 

milestones that had to be passed before the experiment teams could go ahead 

with the construction of the whole detector. The Committee had conducted a 

survey of the experiments earlier in 1984 and most of the difficulties had 

been overcome and the preparations for all the experiments and hardware 

developments were on schedule. Experiment L3 will be installed at point 2 on 

the LEP ring since it requires a wide shaft and it was therefore more 

appropriate and cheaper to locate it in the experimental area closest to the 

surface. OPAL will be located at point 6. The other two experiments have 

yet to be assigned their locations. 

New negotiations are under way concerning the civil engineering work in 

order to ensure that all experimental halls are ready for installation at 

about the same time. 

One question raised by the experiments is the computing capacity 

required at CERN to deal with the enormous quantity of data that will be 

produced and the distribution of analysis between the experiments using 

microprocessors and emulators and CERN central computers. The computing 

requirements of the experiments were now being evaluated but it was already 

clear that CERN would have difficulty in finding the necessary resources. 

Collaboration with outside institutes would therefore be needed in order to 

apportion tasks and prevent duplication. 

In the spring of 1965 the LEP Experiments Committee will organize a 

workshop to discuss the latest developments in LEP physics. 
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Fi-8» ! Map of LEP in relation to present CERN site. 
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主主土 Map of LEP in relation to present CERN site. 
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Fig- 2 Aerial photograph of the LEP site. 
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旦呈ι2 Aerial photograph of the LEP site. 
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Fig- 3 Simplified geological section across a diameter of the LEP ring. 

- 53 -

cαjPE GEOLOGIQUE SIfv1PLIFIEE 
S仰'PLIFIEDGEOLOGICAL SECTlON 

800-一一一

700-一一一ー

600一一一ー一一

500-一一 PLAfNE 

400一一一一一

300-一一一
l L1KM J 

豆ι3 Simplified gealagical section across a diameter af the LEP ring. 

自 53-



100 Hz 
200 MeV e' 

600 MeV e* or e" 

600 MeV £r*\EPA 

SPS 
20 GeV 

- LSSl 

Fig. 4 Injection system for LEP. 

- 54 -

100 Hz 
Lll 

e→e+ converter 
600 MeV e+ or e 

PS 

3.5 GeV 

SPS 
20 GeV 

主主.4 Injection system for LEP. 

グ

-54 国

。
e 

TT 10 

L55 l 



5P5 B{t) A 50 GeV 

•4.75 s 

15s 

IofEPA) 

Linac 

Fig. 5 Details of the injection system. 

- 55 

SPS 8ft) 

ん(EPA)

司'e 
-ーーー--1

Lわac

ー-4.755一一+

ー・

e 
1-----11 t' 

755 

e 
e 

450 GeV 

• 

ー+e e 

旦~ Details of the injection system. 

-55 -

tt 



Cross section of the dipole magnet with the vacuum chamber 

Section de I'airnant dipole avec la chambre a vide 
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Fig. 6 LEP vacuum chamber and magnet arrangement. 
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旦ι 6 LEP vacuum chamber and magnet arrangement. 
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Fig. 7 Diagram of an accelerating cavity plus storage cavity. 
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Fig. 8 Photograph of an accelerating cavity and its storage cavity. 
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Fig . 9 Production prototype of an RF k lys t ron . 
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Fig- 10 Planned monorail system for the LEP tunnel. 
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旦~ Planned monorail system for the LEP tunnel. 
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Fig- 12 The cavern for tunnelling installations at the end of the previous 
reconnaissance gallery now converted into an access tunnel. 
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旦ι土2τhecavern for tunnelling installations at the end of the previous 
reconnaissance gal1ery now converted into an access tunnel. 
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Fig. 13 Photograph of pit 8 taken in October 1983. 
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旦~ .Photograph of pit 8 taken in October 1983. 
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Fig- 14 Photograph of the use of the "freezing of the ground" technique for 
the excavation of the shafts for LEP. 
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旦.8.!..J:丘 Photographof the use of the "freezing of the ground" technique for 
the excavation of the shafts for LEP. 
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Fig. 16 A four cell 500 MHz superconducting RF cavity made of Niobium, built 
at CERN. 
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主主止主 A four cell 500 MHz superconducti碍即 cavitymade of Niobium， built 
at CERN. 
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Fig. 17 Diagram of the L3 detector facility. 
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旦ι17 Diagr担 ofthe L3 detector facility. 
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STATUS OF THE FNAL TF.VATRON PROGRAM 

A. V. T o l l e s t r u p 
•k 

Fermi National Accelerator Laboratory 

I. The Tevatron 

The physics program at Fermilab is built around the 

Tevatron, a 1,000 GeV accelerator constructed from 

superconducting magnets. The recent successful commissioning of 

this ring has been a milestone in the development of 

accelerators. A successful physics run at 400 GeV was completed 

between October 1983 and January 1984, and recently the machine 

has started running for the fixed target physics program at 800 

GeV. A log of the important dates in this commissioning is shown 

in Table I. 

An extensive R&D program for superconducting magnets was 

carried out at Fermilab in the five years prior to the 

authorization. During the four years between authorization and 

the time the last magnet was installed, 77^ dipoles and 216 

superconducting quads were constructed as well as approximately 

1,000 superconducting correction coils. The major problem and 

accomplishment during the magnet construction was to achieve a 

high degree of quality control for the coil fabrication as well 

as for the fabrication of the cryogenic system. There are about 

2,600 vacuum connections and almost 4,000 refrigerator 

connections in the system. These connections had to be made 

under field conditions and with a high degree of reliability. 

Operated by Universities Res 
States Departrrent of Energy 
Operated by Universities Research Association under Contract with the United 
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A. V. Tollestrup 
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accelerators. A successful phys1cs run at 400 GeV was compleじed

beじween October 1983 and January 198持 and recen乞1y the mach1ne 

has started running for the fixed target physics program at 800 

GeV. A 10g of じhe importanむ daむe5 1n th1s commissioning is shown 

in Tab1e 1. 

An extens1ve R&D program for superconducting magnets was 

carr1ed out at Ferm11ab 1n the five years prior to the 

auじhorization. During the four years between authorization and 

the time the last magnet was 1nsta11ed， 77崎 dipo1es and 216 

superconducting quads were constructed as we11 as approximate1y 

1，000 superconducting correct1on c011s. The major problem and 

accomp11shment during the magnet oonstruction was to achieve a 

high degree of qua11ty control for the c011 fabr1cat10n as we11 

as for the fabrication of the cryogen1c system. There are about 

2，600 vacuum connect1on5 and a1most 4，000 refr1geraむor

connections 1n the system. These connections had to be made 

under f1e1d cond1t10ns and w1th a high degree of re1iab11ity. 

安Operatedby Universities Re民拡chAss∞iation under Contrac七with世leunited 
S七atesDepar包an七 ofEnergy 
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Tevatron Status: 

Table I 

Machine 

July 1979 

March 1983 

April 1983 

May 1983 

June 1983 

July 1983 

August 1983 

September 1983 

October 1983 

November 1983 

February 1981 

March 1981 

April 1984 

May 1981 

Authorize 

Last magnet installed 

Peak production 10/week, 776 D, 2^0 Q 

Finish leak check connection 

Cool down/power tests 

First turn/multiple turns 

512 GeV 
512 extracted 
512 stored 
700 accel. 

Beam to proton area 

400 GeV physics 

7 beams to experimental areas 

800 GeV tests 

800 GeV physics 

Low B test B0 
Fast extraction 

At B0 0 = 2 M 

The Tevatron consists of 774 dipoles and 216 quadrupoles 

which are all connected in series. The beam tube aperture is 3 

in. and is held at liquid helium temperature. A half-cell 

consists of four dipoles and one quadrupole. Each quadrupole 

cryostat also houses the small correction coils that are 

dispersed around the lattice. These coils have been wound in the 
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Machine 

Ju1y 1979 

March 1983 

Apr 11 1983 

May 1983 

June 1983 

Ju1y 1983 

August 1983 

Sepもernber 1983 

October 1983 

November 1983 

Febr・uary 198句

March 1984 

Apr11 198句

May 198持

Table I 

Author1ze 

La5t magnet installed 
Peak production 10/week， 776 D， 240 Q 

Fin1sh 1eak check connection 

Co01 down/power tests 

First turn/mu1tip1e turns 

512 GeV 

512 extracted 
512 stored 
700 accel. 

Beam to proton area 

400 GeV physics 

7 beams to experimenta1 areas 

800 GeV tests 

800 GeV phys1cs 

Low 8 test BO 
Fast extract10n 

苦

Aヒ 80 B 2 M 

The Tevatron consists of 174 d1po1es and 216 quadrupo1es 

which are a11 connected 1n series. The beam tube aperture 15 3 

1n. and Is he1d at 11qu1d he1ium temperature. A ha1f-ce11 

consists of four d1po1es and one quadrupole. Each quadrupole 

cryostat a1so houses the sma11 oorreot1on 00119 that are 

dispersed around the 1att1ce. These c011s have been wound 1n the 
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form of dipoles, quadrupoles, sextupoles, and octapoles, and the 

leads are brought out locally. In addition, beam position 

electrodes are also located in the quad cryostats. The safety 

leads for magnet quench protection and the He feed and power feed 

are located in these cryostats. 

The beam is injected into the Tevatron from the Main Ring at 

an energy of 150 GeV. The quench protection system is under the 

control of 25 microprocessors and is an active one, i.e., if a 

quench is detected, the appropriate sets of magnets are shorted 

and heaters are fired within the coil structure to raise the 

temperature to drive them normal. The energy from the field is 

absorbed by the heat capacity of the magnet winding. 

As can be seen from the above log of dates, the machine 

first ran at 100 GeV. During this time, much experience in beam 

extraction and machine operation was obtained. In February, 

tests of the machine at 800 GeV were made, and the 800 GeV 

physics program started in March. In the meantime, during the 

machine study periods, low beta tests at B0 have been made, and a 

B of 1 meter has been obtained. During studies the beam has 

also been stored at 800 GeV. 

At present the acceleration cycle is 65 seconds, and a 20 

second spill has been obtained which represents a 30 percent duty 

1 -s 
factor. The peak beam in the machine has been 10 protons. 

Fast extraction is more difficult for a superconducting 

accelerator as i large amount of energy can be dumped into the 

coils in a very short period of time if there is appreciable beam 
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an energy of 150 GeV. The quench protection system 1s under the 

contro1 of 25 microprocessors and is an active one， i.e.， if a 

quench is detected， the appropriate se乞s of magnets are shorted 

and hea乞ers are fired w1thin the coi1 structure to raise the 

temperature to drlve them normal. The energy from the field is 

absorbed by the heat capacity of the magnet winding. 

As can be seen from the above log of dates， the machine 

first ran at 400 GeV. During this time， much experience in beam 

extraction and machine operation was obtained. In February， 

tests of the machine at 800 GeV were made， and the 800 GeV 

physics program started in March. In むhe meantime， during the 

machine study periods， 10w beta tests at 80 have been made， and a 

普

s of 1 meter has been obtained. During 5乞udies the beam has 

also been stored at 800 GeV. 

At present じhe acceleration cycle is 65 seconds， and a 20 

second sp111 has been obtained which represents a 30 percent duty 

1 3 factor. The peak beam in the machine has been 10，j protons. 

Fast extract10n i5 more difficu1t for a superconducting 

acce1erator as ~ large amounじ of enerp，y can be dumped into the 

c011s 1n a very short per10d of time if there 1s appreciable beam 
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loss. At present at 800 GeV, fast extraction at the level of 2 x 

1 2 10 protons per pulse has been achieved. 

The accelerator is scheduled to shut down in the summer of 

198*1. During this period an 8 GeV extraction line from the 

booster to the accumulator will be installed. This will allow p 

source studies to take place independently of the Main Ring or 

the Tevatron. In addition, an overpass in the Main Ring will be 

installed at DO. This overpass is smaller than the one that is 

to be installed at BO in 1985, and its commissioning will give 

confidence and experience for solving the more difficult problem 

at BO. Also during this coming summer, the extraction system for 

120 GeV protons for p" production will be installed as well as the 

8 GeV p injection line into the Main Ring and the 150 GeV p~ 

transfer line between the Main Ring and Tevatron. 

Since the Tevatron represents the first superconducting 

accelerator ring, it is interesting to look at the statistics of 

its performance. At present, it is rather early to draw any firm 

conclusions since the running time has been rather short. 

However, the information that is presently available is shown in 

the following figures. Fig. 1 shows the percentage of scheduled 

HEP time that the machine ran during the 400 GeV running and 

during the 800 GeV running up through May. The graphs in Fig. 2 

and Fig. 3 show the percentage of scheduled downtime accounted 

for by the various accelerator subsystems. It is seen that the 

Tevatron is still the least reliable component of the 

accelerator. A breakdown of the lost time due to the Tevatron 

" 7 1 ~ 

loss. At present at 800 GeV， fast extraction at the level of 2 x 

12 
10'- protons per pulse has been achieved. 

The accelerator 1s scheduled to shut down in the SUmmer of 

198持. Ouring th1s period an 8 GeV extraction line from the 

booster to the accumulator will be installed. This wil1 allow p 

source stud1es むo take place independently of the Main Ring or 

乞he Tevatron. 工n addiもion，an overpass in the Main Ring will be 

instal1ed at 00. This overpass is smal1er than むhe one むhat is 

to be instal1ed a乞 80 in 1985， and its commissioning will g1ve 

conf1dence and exper1ence for solving the more difficult problem 

at 80. Also dur1ng thi5 coming summer， the extracむionsystem for 

120 GeV protons for p production will be lnstalle~ as well as 乞he

8 GeV p 1njection l1ne into the Ma1n Ring and the 150 GeV p 

transfer 11ne between the Ma1n Ring and Tevatron. 

S1nce the Tevatron represents じhe first superconducむ1ng

accelerator ring， it 15 interesting to look at むhe statistic5 of 

its performance. At present， it 1s rather early to draw any firm 

conclusions since the running time has been rather short. 

However， the informa乞ion that 1s presently available 1s shown in 

the following figures. Fig. 1 shows the percentage of scheduled 

HEP time that じhe machine ran during the 400 GeV runn1ng and 

during the 800 GeV running up through May. The graphs in Fig. 2 

and Fig. 3 show the percentage of scheduled downtime accoun乞ed

for by the varlous accelerator subsystem5. It Is seen that the 

Tevaじron 1s 5むill the least reliable component of the 

accelerator. A breakdown of the lost むime due to the Tevatron 
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components during the ^00 GeV run is shown in Fig. 1. It is seen 

that the refrigerator system, the power supplies, the quench 

protection system, and the controls account for the major portion 

of the downtime. It is expected that the reliability will 

improve considerably as more experience is obtained with the 

machine. 

II. TeV II; The Fixed Target Physics Program 

The Tevatron is now operating at 800 GeV with an extracted 

beam whose duty cycles are about 30 percent. The increased flux 

in secondary beams due to the higher energy of the incident 

protons plus the larger duty cycle are making a significant 

impact on the experimental program. 

At present there are over 30 approved fixed target 

experiments which include a beam dump prompt neutrino experiment, 

polarized proton experiments, muon scattering experiments, and 

photon experiments. A tagged wide band photon beam and a new 

muon beam are under construction, and other new beams are under 

design. 

Fig. 5 shows the layout of all the beams either existing, 

planned, or under construction. And Table II lists the presently 

approved experiments. It is apparent from this list that the 

experiments span the whole field of high energy physics. This 

encompasses beauty and charm production, QCD jet physics, and the 

whole gambit of manifestations of the weak interactions. In 

addition, heavy use is being made of the test beam by CDF, DO, 

and other groups developing new detector equipment. 
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experiments span the whole field of h1gh energy physics. This 
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III. TeV I 

The colliding beam program at Fermilab will study collisions 

between protons and antiprotons in the Tevatron at a center of 

mass energy of 2 TeV. An antiproton source is under 

construction, and an assembly hall and collision hall have been 

completed at straight section BO to house the CDF detector. A 

second collision region at straight section DO is being planned. 

Smaller experiments have been proposed for CO, EO, and FO. The 

experimental program is expected to commence in early 1986. 

The Source encompasses the principles used by the AA at CERN 

but modified and improved in the Fermilab design to greatly 

enhance the flux. Table III gives the design parameters, and 

Fig. 6 shows the layout. 

Table III 

•30 ? -1 Luminosity 10 cm sec 

Total No. p needed 2 x 10 

Accumulation rate 10 p/hour 
7 

p production by 120 GeV 8 x 1 0 / 2 sec cycle 
protons 

Transverse phase space e ,e 20 ir mm mr 
x y 

<5p/p a t 8 GeV 3 p e r c e n t 

p d e n s i t y in co re 10 / ev 

e , e 2 IT mm mr 
x' y 

30 The major points to notice are that a luminosity of 10 is 
planned and that the collection time for the antiprotons is 

initially four hours with a rejuvenation period of only two 
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The cOlliding beam program at Fermilab will study collisions 

between protons and antiprotons in the Tevatron at a center of 

mass energy of 2 TeV. An antiproton source 1s under 

construction， and an assembly hall and collision hall have been 

compleむedat straight section 80 to house the CDF detector. A 

second collision region at straight sectlon DO is being planned. 

Smaller experlments have been proposed for CO， EO， and FO. The 

experimental program 1s expected to commence in ear1y 1986. 

The Source encompasses the pr1nciples used by the AA a乞 CERN

but modified and improved in the Ferml1ab design to greaむ1y

enhance the f1ux・ Table 1I1 gives the design parameters， and 

Fig. 6 shows むhe layout. 

Luminosity 

Total No. p needed 

Accumulation rate 

p production by 120 GeV 
protons 

Tran s v e r s e p h a s e s p a c e e x，e y 

op/p at 8 GeV 

p density 1n core 

e • e x' -y 

Table I工工

30 __2 10 

2 x 10 11 

sec 

1 1 10"p/hour‘ 

8 X 107/2 sec cycle 

20 1T mm mr 

3 percent 

10
5/ev 

2 官 mmmr 

30 The major points to notice are that a luminosity of 10
J

- 15 

planned and that the collectlon t1me for the antiprotons 1s 

initially four hour5 with a rejuvenatlon perlod of only two 
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hours. In order to achieve this high collection rate, for p~'s, it 

has been necessary to construct two rings; (1) a debuncher, and 

(2) an accumulator ring. A short description of the operation of 

these rings follows: 

Protons at 120 GeV in the Main Ring are prepared by RF 

manipulation so that the bunches have a time spread of less than 

1 nanosecond. These tightly bunched protons are extracted in one 

turn and impinge upon the production target after being focussed 

7 
to a spot with a o of about .4 mm. Every 2 seconds 2 x 10 

antiprotons are collected with the help of a lithium lens and 

transported to the debuncher ring. In the debuncher an RF bucket 

rotation by 90 is performed which decreases the momentum spread 

of the beam to .2 percent and lengthens the time spread 

proportionately. The beam then undergoes transverse stochastic 

cooling to reduce its emittance from 20 IT to 7 IT . This process 

takes two seconds and is accomplished between the Main Ring 

cycles for p" production. 
0 

The p's are then extracted from the debuncher and injected 

into the accumulator where they undergo momentum stacking with 

simultaneous transverse cooling. Finally, a core cooling system 

takes over which operates at 2 to ^ GHz and achieves a density of 

greater than 10 p per electron volt. At this time 2 x 10 p 

can be removed from the core and injected into the Tevatron. The 

acceleration of these antiprotons with three similarly prepared 
30 bunches of protons to 1 TeV leads to a luminosity of 10J . The 

Source can replenish the stack every two hours. This is a very 
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brief description of the Source, ana more complete details can be 

found in the Fermilab Design Report. 

As of May 1981 the construction of the Source is well 

underway. The ring enclosure is essentially complete, the target 

hall is under construction, and all of the quadrupoles for the 

debuncher have been constructed. Components of the stochastic 

cooling system are being delivered and are meeting the 

specifications desired. The magnet system for the two rings 

should be complete before the end of 1981, and preliminary 

injection studies are planned for early 1985 Preliminary tests 

of pp collisions will take place in mid 1985. At this point the 

machine will be shut down for the construction of the collision 

and assembly halls at DO and for the overpass of the Main Ring at 

BO. It will be possible to continue development and study of the 

debuncher and accumulator rings by using protons from the booster 

during this construction period. 

Civil construction on the overpass and DO will be completed 

in 1986, and the colliding beam program will then commence. 

IV. Colliding Beam Physics Program 

A summary of the experiments proposed for collider operation 

is shown in Table IV. 
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debuncher and accumulaじOr r1ngs by using protons from the booster 

during th1s construcじ10n period. 

C1vil construct10n on 乞he overpass and 00 will be completed 

1n 1986， and the col11d1ng beam program w111 then commence. 
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Table IV 

Region Experiment 

BO CDF. Magnet 1.5 T; EM, had. calor; u toroids 

CO E-735. Quark gluon plasma 

DO DO detector. Liq. ar. uranium cal; mag. iron \i 

EO E-710. pp elastic and total cross section 

FO E-713- Highly ionizing particles 

E-723. Gravitational effects 

CDF is a 4 IT calorimetric detector with a 1.5 Tesla 

solenoidal tracking field around the collision region. DO is a k 

ir uranium liquid argon cr.lorimetric detector with muon momentum 

measurement in magnetized iron that surrounds the calorimeter. 

The experiment at DO, E-710, plans to measure the elastic 

scattering and total cross sections at center-of-mass energies 

between 300 and 2,000 GeV. Roman Pots will be used to measure 

the elastically scattered particles. At FO, E-713 will use 

plastic track detectors to search for highly ionizing particles 

with a charge of greater than 20 e. E-735 has been proposed for 

the CO collision region and is geared to look for evidence of 

quark plasma effects in high energy collisions. Experiment E-723 

plans to search for gravitational effects of highly realitivistic 

particles. 

Fig. 7 shows in perspective the CDF detector at BO. The 

hadron and electromagnetic calorimetry for this detector are 

arranged in the form of towers that divide phase space up into 

units of .1 in rapidity and 15° In phi for polar angles between 
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Experlment 旦主己主旦
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Tes1a 1 .5 a w1th deじectorcalorlmeむr1c官持a 1s COF 

持a 1s 00 reg1on. oolJ.ls1on むhearound field tracklng so1enolda1 

momentum muon w1乞hdeむectorc".10r 1metr i c argon 11qu1d uranium 官

ca1orlmeter. じhesurrounds that lron magnetlzed 1n measurement 
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2° and 178°. In all cases this spacial resolution is sufficient 

so that several towers span a typical QCD jet. Toroids measure 

muons between 2 and 15 , and a tracking system at the back of 

the hadron calorimeter measures them between H5 and 135 . The 

central region has a magnetic field of 1.5 'T generated by 

superconducting solenoid which is 3 meters in diameter and 5 

meters long and where tracking is done by means of a drift 

chamber. The vertex region is covered by a vertex TPC which will 

be supplemented later by a silicon strip detector. 

The status of the CDF detector is as follows: About 1/1 of 

the electromagnetic and hadron calorimeter modules for the 

central region have been constructed and calibrated. The magnet 

yoke is under assembly at Fermilab, and the superconducting coil, 

constructed at Hitachi, has undergone preliminary tests at 60 

percent of its final current. The calorimetry for the end plug 

is about one-fourth complete, and preliminary calibration tests 

are being run on these modules. Two test beams at Fermilab are 

being used to calibrate and study those calorimeters. The design 

for the central tracking chamber is now complete, and the end 

plates for these chamber have been ordered. It is expected that 

for the p tests scheduled for June 1985, that we will be able to 

test all components of the detector except for the central 

tracking chamber which cannot then be inserted due to 

interference with the Main Ring beam pipe. The complete detector 

and its data acquisition system will be ready for preliminary 

tests in 1986 and for a major physics run in the latter half of 

that year. 

- 77 -

suff1c1ent 1s 1"es01 ut 1'on spacia1 thls cases a11 In 178 0
• and 0 2 

measure Toroids j et. QCD typ1cal a span towers several that so 

of back the at system 乞racklnga and 150， and 
。

2 between muons 

The 1350. and 持5。between them measures ca10rimeter hadron the 

by generated /T 1.5 of f1e1d magnetic a has reg10n central 

5 and diame乞er1n meters 3 15 which s01enoid supe1"conducting 

d1"lrt a of means by done 15 tracking where and 10ng mete1"s 

will which TPC vertex a by covef"ed 1s reg10n vertex The chamber. 

detector. strip si11con a by latef" supp1emented be 

of 11均About follows: a5 1s deむectorCDF the of status The 

the fof" modules calor1meter hadron and e1ectromagnet1c the 

magnet The ca1ibrated. and cons乞ructedbeen have region centra1 

coi1， superconduct1ng the and Ferm11ab， at assembly under 1s yoke 

60 .at te5ts pre1iminary undergone has Hitachi， at conctructed 

plug end the for calorimetry The current. final its of percenじ

tests calibration preliminary and complete， one-fourth about is 

are Fermilab at beams test Tw。modules. these つnrun being are 

design The ca10rimeters. むhりses乞udyand ca11brate to u5ed being 

end the and complete， now 1s chamber むrack1ngcentral the for 

that expected 15 Zじordered. been have chamber these for plates 

t 。able be wi11 we むhaじ1985， June for scheduled tests p the for 

central the for except deむectorthe of componen乞sall test 

to due 1nserted be then cannot which chamber tracking 

de包ectorcomplete The p1pe. beam R1ng Main the with 1nterference 

preliminary for ready be will system acqu1sit10n data its and 

of ha1f latter the in run physics 

-77 -

major a for and 1986 

year. 

1n tests 

that 

9
j
i
-
-臥
;
み

i
l
i
-
-
j
s



Fig. 8 shows a perspective drawing of the DO detector. It 

will consist of a large liquid argon uranium calorimeter covering 

essentially 4 IT. The inside volume of the calorimeter contains a 

central tracking chamber and a transition radiation electron 

identifier. The outside of the calorimeter is surrounded by 

magnetized iron and a muon detection system. The building that 

houses this detector will be completed in 1986, and the detector 

itself should be operational in 1988. 

V. Summary 

The Tevatron is providing a learning ground for the 

application of superconductivity to high energy physics. It has 

necessitated the wide spread dissemination of cryogenic knowledge 

to the operations personnel, and they are developing techniques 

for running a large scale superconducting accelerator. The 

preliminary results with the stability and ease of operation of 

the machine are very encouraging. By 1988 the Tevatron will be 

exploiting an extended fixed target program as well as a 

colliding beam program at a center-of-mass energy of 2 TeV. It 

is supplying the necessary knowledge to place the next large 

accelerator on a firm foundation. 
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Table I I 

LIST OF CURRENTLY APPROVED FIXED TARGET EXPERIMENTS 

E-400 (HISS): CHARM PRODUCTION BY NEUTRONS 
E-557 (MALAMUD): HADRON JETS WITH THE MPS 
E-605 (EROWN): LEPTQNS AND HADRONS HftR THE KINEMATIC LIMITS 
E-609 (SELOVE): HIGH Pj HADRONIC JETS 
E-615 (McDOtlALD): FORWARD DI-flUON 

•E-621 (THOMSON): MEASUREMENT OF * l + _ 0 

•E-632 (MORRISON): 15 FT. KITH N E / H 2 
•E-635 (MO): AXION SEARCH 
•E-636 (PLESS): BEAM DUMP WITH 32* BUBBLE CHAMBER 
•E-610 (LOKEN): MUON SCATTERING WITH BERKELEY/PRINCETON 

MULTIMUON SPECTROMETER 
•E-646 (BALTAY): BEAM DUMP WITH 15 FT. BUBBLE CHAMBER 
•E-649 (TAYLOR): NEUTRINO EXPERIMENT WITH DICHROMATIC BEAM (LAB C) 
•E-652 (SCIULLI) : NEUTRINO EXPERIMENT WITH DICHROMATIC BEAM (LAB E) 
•E-653 (REAY): HADRONIC PRODUCTION OF CHARM AND BEAUTY 

(HYBRID EMULSION SPECTROMETER) 
•E-665 (KIRK): OPEN GEOMETRY MUON SCATTERING EXPERIMENT . 
•E-672 (DZIERBA): HIGH PT JETS AND HIGH MASS DI-MUONS 
•E-683 (CORMELL): PH0TOPR0DUCTION OF JETS 
•E-687 (BUTLER): PH0TOPR0DUCTION OF CHARM AND BEAUTY 
•E-690 (KNAPP): CHARM AND BEAUTY PRODUCTION 
• E - 6 9 1 (NASH): CHARM PRODUCTION BY TAGGED PHOTONS 
•E-704 (YOKOSAWA): POLARIZED BEAM EXPERIMENTS 
•E-705 (COX): CHARMONIUM AND DIRECT PHOTON • 
•E-706 (SLATTERY): DIRECT PHOTON 
•E-711 (LEVINTHAL): HADRONIC CONSTITUENT SCATTERING 

E-715 (COOPER): £ P-DECAY 
• T - 7 2 1 (BUCHHOLZ): CP VIOLATION 
•E -731 (WINSTEUI): PRECISION MEASUREMENT OF | T 1 O 0 A I + - I 
•E-733 (BROCK): NEUTRINO EXPERIMENT WITH QUAD TRIPLET BEAM (LAB C) 
•E-713 (REUCROFT): CHARM PRODUCTION WITH LEBC 
• E - 7 W (MERRITT): NEUTRINO EXPERIMBIT WITH QUAD TRIPLET BEAM (LAB E) 
•E-7' l5 (KITAGAKI): NEUTRINO EXPERIMENT WITH HIGH RESOLUTION 

BUBBLE CHAMBER (ENGINEERING RUN FOR E-636) 

•TEVATRON EXPERIMENTS 

1 / 1 9 / 8 1 
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LIST OF CURRENTLY APPR即日 FIXEDTARGET臥陀RIME肝S

E-~OO OI1SS): 
E-557 (MALAMUD>: 
E・605(BROI州):
E-609 (SELOVE): 
ら615(門cDOUALD);
* E-621 <THOMSOIn: 
*E-632 (MORRISOfn: 
・E-635(MO): 
*E・636(PLESS): 
・ E-6~0 (lO旺N>:

CHARM PRODUCTION BY NEUTRONS 
HADRON JETS WITH THE MPS 
LEPTONS側DHADRONS NEAR THE悶NEMATICLlMITS 
川GHPr HADRONIC JETS 
FORWARD D I -MUON 
慌時四回印TOF 1')+・0

15円.WITH NE/H2 
AXION SEARCH 
B日MDUMP WITH 32-BUBBLE CHAMBER 
附ONSCATTERING WITH BERKELEY/PRINCETON 
MUlTIMUOH SPECTROMETER 
BENl DU伊川TH15 FT. BUBBぼ印刷BER
NEUTRINO日陀RIMENT別THDI印ROMATICB日M(LAB C> 
NEUTRINO日PERIMENTWITH DI印ROMATIC~EAM (LAB E) 
H叩RONICPRODUCTION OF CHARM AND BEAUTY 
(HYBRID EMUlSIOH SPECTRO門目ER)

・E・665(KIRK): OPEN GEOMETRY削ONSCATTERJNG日PERIH印T
*E・672(DZIERBA): HIGH PT JETS AND HIGH MASS DI-MUONS 
*E・683(CORMELL): PHOTOPRODUCTION OF JETS 
*E・687(即TlER>: PHOTOPRODUCTlON OF CHARM AtID BEAUTY 
*E-690 (剛APP): CHARM AND BEAUTY PRODUCTiON 
*E・691CNASH): CHARM PRODUCTI ON BY TA民団 PHOTONS
*E-704 (YOKOSAWA): POLARIZED BEAM EXPERIMENTS 
*E-705 (COX): CHAm10tlIUM AND DIRECT PHOTON . 
*E-706 (S凶πERY): DIRECT FHOTON 
*E・711(LEVINTHAL): HADRONIC CONSTITUENT SCATTERING 
E・715(COOPER): ~ I3-DECAY 
*T-721 (BUCHHOLZ): CP VIOLATION 
*E-731 (WIHSTEHD: PRECISIOH MEASUREMEtU OF I可。0/1')+ーl
*E-733 (BROCK): NEUTRINO EXPERIMErn削THQUAD TRIPLET BEAM (LAB C) 
・E・7日 (REUCROFT): CHAru1 PRODUCTION WITH lEBC 
*E・7帆 (MERRITT): NEUTRIl/O EXPERHl日ITWITH QUAD TRIPLET BEAM (LAB E) 
*E・7/15(KITAGAKI>: NEUTRINO日PERIME肝削THHIGH RESOLUTION 

BUBBLE CHAMBER <EMGIHEERIMG RU!l FOR E・636)

*E・646(BALTAY): 
・E・649<TAYLOR): 
・E・652(SCIUlU): 
・E・653(庇AY>:

*TEVATRON EXPERIMENTS 
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Tevatron Component Downtime 400 GeV 
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Fig. 4 
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TEVATRON EXPERIMENTS 
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TRISTAN at KEK, Japan 

Satoshi Ozaki 

National Laboratory for High Energy Physics (KEK) 

Oho machi, Tsukuba, Ibaraki, Japan 

(Report to be submitted to the ICFA Seminar on Future Perspectives in 

High Energy Physics) 

Abstract 

1) The construction of TRISTAN began in the fall of 1981. 

2) The present plan aims at obtaining e+e- collisions at about 60 GeV 

in the total energy, 

3) With superconducting RF cavities, on which an extensive development 

work is in progress, the maximum total energy can be substantially 

increased. 

4) The design goal for the luminosity is 1 x 1031cnr2sec-1 at 60 GeV. 

The optimal design luminosity peaks at 27 GeV with a value of 

7 x lOSIem^sec-1 and fall off to 2 x 1o31cm-2sec-1. 

5) The construction of the Main Ring is in progress almost on schedule 

with target date of the first collision in the fall of 1986. 

6) The Accumulation Ring has been in operation since November 1983. 

The TRISTAN project was presented initially at the International 

Symposium on High Energy Physics'1 and the US/Japan Seminar on High 

Energy Accelerator Science2, both of which were held in 1973. The 

acronym "TRISTAN" stood for, then, "Tri-Ring Intersecting Storage 
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Accelerators in Nippon". The original plan called for a construction of 

a ring tunnel with the circumference 6 to 7 time that of present 12 GeV 

Proton Synchrotron (approximately 2 km). Two intersecting 

superconducting rings installed in it could provide protons and/or 

antiprotons of about 175 GeV in energy. An addition of a room 

temperature ring could provide electrons of 20 GeV in energy. Taking an 

advantage of a multi-ring structure, the original TRISTAN proposal would 

aim at super high energy colliding beam experiments of different 

configurations, such a3 pp, ep, e+e~ and p-bar p. In 1980, the plan was 

extended to higher energies. At the same time, however, it was also 

decided to go ahead with the electron ring, leaving the hadron ring as a 

future possibility. 

The current TRISTAN project was approved by the Government of Japan 

in 1981, and had been under construction since November of the same year 

at KEK (National Laboratory for High Energy Physics). The laboratory is 

in the Tsukuba Science City, located about 70 km north of Tokyo, or 

about 50 km north-west of New Tokyo International Airport. The present 

objective of the project is to obtain e+e- collisions with about 60 GeV 

in the center-of-mass energy. The circumference of the main electron 

ring is approximately 3 km, which is the largest possible ring that can 

be fitted in the laboratory site (about 2km x 1 km). 

The lay-out of the TRISTAN e+e" collider complex is shown in Figure 

1. It consists of four accelerators. First, electrons are accelerated 

to 2.5 GeV using the electron LINAC, an injector to the KEK Photon 

Factory which is in operation since 1982. Positrons are produced by a 

high current electron beam from a separate 200 MeV LINAC under 

construction. Positrons from the pair-production process are fed to an 

appropriate stage of the 2.5 GeV LINAC after a pre-acceleration to 200 

MeV, and accelerated to 2.5 GeV as are for electron. The electrons 

(positrons) are injected into the Accumulation Ring where they are 

stacked to obtain sufficiently high current. After an acceleration to 

approximately 8 GeV in this ring, bunches of electrons (positrons) are 
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transferred to the Main Ring. Finally, two bunches of positrons and 

two bunches of electrons, thus transferred to the Main Ring, are 

accelerated to and held at about 30 GeV for the colliding beam 

experiments. 

The Accumulation Ring is a storage accelerator of 377 m in 

circumference. The accumulation rate will be about 15 mA/3ec for 

electrons and 0.15 mA/sec for positrons provided that the LINAC delivers 

an electron and positron beam with the peak current of 0.5 A and 5 mA, 

respectively. 

A short dumping time of this ring at the injection energy 

(S 50 msec) enable us to obtain a high intensity beams. Incidentally, 

the Accumulation Ring can also run in the storage mode with the maximum 

energy of 6.5 GeV and can be used for e+e" colliding beam experiments at 

the total energy of 13 GeV and also for a synchrotron radiation research 
31 -2 -1 

program. An optimum luminosity of approximately 1 x 10 cm sec . 

The Accumulation Ring is complete and the first operation with 

beams took place in October 1983. Electrons were accelerated to 1.2 

GeV, only limited by the RF power available on November 18, on the eve 

of the two years anniversary from its ground breaking ceremony. 

Principal design parameters of the TRISTAN Main Electron Ring are 

given in Table 1, along with those for the Accumulation Ring. The Main 

Electron Ring (see Fig. 1) consists of four long straight sections, each 

with 19^ m in length, connected by four arcs of 347 m in average radius 

of curvature. Two electron bunches and two positron bunches 

circulating in the opposite direction make collisions with each other at 

the middle of the four straight sections. The main ring will have 272 

dipole magnets and 392 quadrupole magnets. Although the nominal energy 

of each ring is 30 GeV , the magnets are designed to work at a 

substantially higher energies. 
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There will be four experimental mini-beta insertions each with 5 m 

magnet free section for detectors. In order to obtain as high a 

luminosity as possible it is highly desirable to make the horizontal and 

vertical betatron function, (3 £, 3 £) as low as possible. The present 

design gives the lowest value of (B £, 3 £) = (1.12 m, 0.07 m), provided 

that the last quadrupole at the experimental insertion is located as 

close as 2.5 m from the collision point, leaving only 5 m of space for 

installation of a colliding beam detector. Here, a plan is being made 

to deploy a pair of superconducting quadrupole magnets as the last 

focussing element. The optimal design luminosity peaks at ̂  27 GeV with 

a value of ̂  7 x 1031cnr2sec-1 and falls off to ̂  2 x 1031cm -2sec-1 at 

30 GeV. 

As is well-known, an electron beam in a storage ring looses an 

energy by synchrotron radiation at a rate of 8.85 x 101* E(GeV)VR eV 

per turn, which becomes enormous at TRISTAN energy. The beam energy and 

intensity attainable are ultimately limited by the maximum accelerating 

potential installed or RF power available for the ring. In the design 

of the Main Electron Ring, an RF power of about 25 MW into the ordinary 

room temperature cavities of 320 m in total length is planned, yielding 

an accelerating potential of about 400 MV per turn. This should satisfy 

the requirement to achieve a design goal of the collision luminosity and 

energy, of ̂  1 x 10J cm sec at' s = 60 GeV, respectively. Two 

types of RF cavities; the disk and washer (DAW) type and the 

alternating-periodic structure (APS) type had been investigated for the 

Main Ring. Those confluent type cavities were chosen since they have a 

good stability against perturbations in the multi-cell structure. 

Although we have built and operated a DAW system in the Accumulation 

Ring, we are opting for an APS structure for the Main Ring due to a lack 

of a special merit of complex DAW structure. A new high power klystron 

with a continuous RF power of 1 MW at 500 MHz with an efficiency of 

about 65% is being developed for the present RF system. 

A superconducting RF cavity, on which an extensive development 
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work is in progress at KEK will provide a way to remove the energy limit 

placed by the RF power. An accelerating field of about 5 MV/m has been 

obtained with a 3 cell test module in the Accumulation Ring environment. 

A replacement of on half of the total room temperature RF cavities with 

superconducting cavities with an accelerating field of about 5 MV/m can 

upgraded the attainable collision energy to / s = </* 70 GeV , from purely 

RF power point of view. 

To suppress serious beam instabilities which may result from the 

beam-cavity interactions in such a long RF section of the ring, the 

beta-functions at the RF cavity section will be kept as small as 

possible. Option of deploying a powerful higher harmonic RF system is 

available to control the length of beam bunchs. 

Several technical innovations are being introduced in thp vacuum 

system. Vacuum pipes, corrugated bellows and gate valveJ used in the 

accelerator are all made of aluminum alloy. The main ion pump is a 

distributed built-in type of a new structure which works in the field of 

the ring dipole magnet. By insulating the cathode from the vacuum pipe, 

we have found that the Penning discharge current can be measured at 
-9 

pressures as low as 10 Torr. This has ensured that the ion pump 

itself can be used as a built-in ultra-high vacuum gauge. 

The floor of the ring tunnel is placed at 11 m below the grade 

level, where a layer of hard soil was found. The ring tunnel, 

therefore, will be build with out piling foundation. The civil 

construction for the Main Electron Ring is in good progress. One 

quarter of the tunnel section is almost completed. Incidentally, the 

cross section of the tunnel measures I D x 6 m allowing additional 

devices to be added later. The tunnel in other part are being dug, 

including the south section which goes under the existing buildings. 

Sizable fraction of the Main Electron Ring magnets are on-hand now 

waiting for installation. 
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There will be four experimental halls on the Main Ring of TRISTAN. 

Due to the fact that the accelerator beam level is approximately 10 

meters below the" ground level, floor of the experimental halls is at 

15.5 m below the grade and build on an extensive piling foundation. The 

beam level is approximately 6.5 m high for the detector installation. 

The construction of the first two halls to house TOPAZ detector and 

VENUS detector, named " TSUKUBA" and "FUJI" respectively began in 1983 

with the target date of completion in late 1981. The construction of 

the third and forth experimental halls named "NIKKO" and "OHO" began in 

March 1984. All together, we are proceeding with goal of starting 

physics research program at TRISTAN in late 1986. 

Since the maximum total energy of the TRISTAN e+e" collider is 

below that corresponds to the ZQ mass, the research activity at this 

collider will be directed toward the physics below the ZQ production. 

This include, of course, a search for the top quark states i.e., 

toponium states which are yet to be discovered and the invert!gation of 

their spectroscopy. Since the mass of the toponium is expected to be 

heavy, its decay rate to the Higgs scalar through a gamma emission is 

expected to be high Or 1?) and may provide us with the best searching 

ground for the scalar. The branching ratios for various weak decays of 

toponium are essential for the determination of Kobayashi-Maskawa mixing. 

A search for a heavy sequential charged lepton will be another exciting 

subject of the study, as its discovery may suggest the existence of the 

forth generation of quarks and leptons. 

Further study of jet phenomena at higher energies, leading to a study 

of QCD, will be of interest. In the TRISTAN energy range, the foward-

backward asymmetry of lepton production due to the interference of electro

magnetic and weak interactions will become as large as k5%, giving the 

chance to investigate the effect of ZQ. Since the TRISTAN cover an 

uncharted new higher energy domain in the e+e~ collision, a search for a 

new and unexpected phenomena will certainly be the one of our research 

goals. All together, the TRISTAN project anticipates a rich field of the 
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research in the elementary particle study. 

TRISTAN Program Advisory Committee (TPAC) which includes two eminent 

physicists from abroad in its members had its third and fourth meeting on 

March 17-19th and on November 8-10th, 1983, respectively. In these 

meetings, the committee gave a recommendation to approve three major 

experimental undertakings, i.e. the proposals submitted by the TOPAZ* 

Collaboration and the VENUS** Collaboration, mostly national teams, and the 

third proposal by the AMY+ collaboration from US based teams. The decision 

on the forth experiment including a proposal for HRS++ collaboration is 

pending. The decision on the forth experiment was postponed to the future 

date in order to maintain the flexibility in the TRISTAN physics program 

for the optimum experimental output. 

* Spokesman:Prof. T. Kamae, Faculty of Science, Tokyo Univ. 

** Spokesman:Prof. Y. Nagashima, Faculty of Science, Osaka Univ. 

+ Spokesman:Prof. S. Olsen,^the Univ. of Rochester. 

++ Spokesman:Dr. M. Derrick, Argonne National Laboratory. 
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experimental undertak1ngs， 1.e. the proposa1s submitted by the TOPAZ. 
Collabora七ionand 乞heVENUS膏膏 Collabora乞10n，most1y national teams， and 乞he
third proposa1 by the AMY+ collabor‘ation from US based teams. The decision 

on the for色hexperiment including a proposal for HRS++ co11aboration is 

pend1ng. The decislon on the forth exper・imentwas postponed七othe future 

date 1n order to maintain the flexibility in七heTR1STAN physics program 

for the op色imumexperimental outpu乞.

• Spokesman:Prof. T. Kamae， Facul乞yof Sc1ence， Tokyo Univ. 
笹轟 Spokesman:Prof. Y. Nagashima， Faculty of Science， Osaka Univ. 
+ Spokesman:Prof. S. 01sen，、theUnlv. of Rochester. 

++ Spokesman:Dr. M. Derrick， Argonne Na七iona1Laboratory. 

References 

1 • T. Nlshlkawa， Rroc. of Int. SymP. on Hlgh Energy Physic~， (Tokyo， 
1973)， p. 157. 

2. T. Nlshikawa， Rroc. U. S.・JapanSeminar on High Energy Acce~era七or

豆弘主盟主， (KEK， 1973)， p. 209 

Y. Klmura， Rroc. X1-th 1nt. Conf. on High Energy Accelerator~ ， 

(CERN， 1980)， p. 持'4.T. Nishikawa， f['oc. XX-乞h1n七.Conf. on Hip:h 

Energy Physic~， (Madison， 1980)， p. 859 

j

j

j

 

-92 -



Circumference (m) 

Average radius of curved section (m) 

Bending radius (m) 

Long straight sections (m) 

Total length of RF sections (m) 

Total length Ace. RF cavities (m) 

RF frequency (MHz) 

Revolution frequency (kHz) 

Ma::imum stored beam energy (GeV) 

RF peak voltage (MV) 

Injection energy (GeV) 

Experimental insertion (m) 
—2 1 

Max. design luminosity (cm s ) 

Betatron function at colliding point 

(e£/B£, m) 
Beam size at coll. point (o£/o"y, mm) 

in Ring 

3018 

346.7 

246.5 

194.4 (x4) 

509.4 

318 

508.6 

99-3 

30 

400 

6 - 8 

5 (x4) 

8 x 1031 

1.12/0.07 

0.434/0.027 

Accumulation Ring 

19. 

377 
47.7 

23.2 

.5 (x2)+19.1 (x2) 

38.1 

29.6 

508.6 

795 
6 

10 

2.5 - 3 

5 (x2) 

2 x 1031 

. 2.0/0.1 

0.71/0.036 

Table 1: General parameters of TRISTAN Main Electron Ring and Accumulation 

Ring 
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Accumu1a乞ionsing 

377 

47.7 

Main Ring 

3018 

346.7 

Circumference (m) 

Average radius of curved sect10n (m) 

23.2 

19.5 (x2)+19.1 

246.5 Bending rad1us (m) 

(x2) 194.4 (x4) Long stra1ght sec乞10ns(m) 

38.1 509.4 

318 

Tota1 length of sF sections (m) 

(m) 29.6 Total length Acc. RF cavities 

508.6 

795 

6 

508.6 

99.3 

RF frequency (MHz) 

Revolu乞ionfrequency (kHz) 

Ma::1mum sむoredbeam energy (GeV) 

10 

30 

400 RF peak voltage (MV) 

Injec色ionenergy (GeV) 2.5圃 3

5 (x2) 
31 2 x 10 

6圃 8

5 (x4) 

8 x 1031 
Experimental insertion (m) 

-2_-1 Max. design luminosi乞y(cm-C;s-I) 

、2.0/0.1

0.71ノ0.036

1.12/0.07 

0.434ノ0.027

Betatron function at co11id1ng point 

(~/呼， m) 

Beam size at c011. point (a~ノσ; ， m)

General parameters of TsISTAN Main Electron R1ng and Accumulation 
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Fig. 1 Lay out of the TRISTAN e+e- collider complex. 

- 94 -

⑪ 
Exp. Hall TsuKuba 
筑波 [TOPAZJ

Main Ring 

TRISTAN 
Accmulation 
Ring 

200 MeV High Curr. 
e LINAC¥ 喝 Y

:: e+ source ¥~へ

Lay out of the TRISTAN e+e-collider complex. 

-94 -

Fig. 1 

B

J

v

r

、
よ

L
f
t
う

h
q
i

今
作
守
出
噂
可
抗

3



IHEP ACCELERATING AND STORAGE COMPLEX (UNK) 

K.P.Myznikov, L.D.Soloviev, V.A.Yarba 

Institute for High Energy Physics, 
Serpukhov, Moscow region, USSR 

1. CHARACTERISTICS 

The project of IHEP accelerating and storage complex envisages a feasibility 
of operation in the following modes 

1) acceleration of protons to 3 TeV for fixed-target experiments; 
2) proton-proton colliding beams of energies 400x3000 GeV which will give 

a c.m.s. energy of 2.2 TeV; 
3) further increase of energy in pp-collisions up to 6 TeV in the c.m.s. 
Figure 1 shows the cross-sectional view of the UNK ring tunnel. It will 

comprise a 600 GeV booster (stage 1) with conventional magnets and a super
conducting ring to accelerate protons up to an energy of 3 TeV (stage II). 
There is a reserve space left in the tunnel with a view to accomodate there 
in the future another superconducting storage ring (stage III). This will 
make it possible to arrange collisions at the maximum energy. 

The UNK magnetic structure/2/ will allow to operate in all these modes. 
The structure is presented in fig.2. Stages II and III will lie in the same 
horizontal plane. They will alternate going from one inner wall of the tunnel 
to the outer one and vice versa. The orbits of stages II and III will inter
sect in four matched straight sections (SS 2, 3, 5, 6). Each will be 490 m 
long and will have no equipment. All these straight sections are intended for 
colliding beam experiments only. The beams of stages I and II will also col
lide there. 

The injection and extraction straight sections, SSI and SS4, are 800 m long 
each and will house all the technological systems of the accelerator. Three 
extraction modes are foreseen: single-turn, slow resonance during about 
30 sec and fast resonance of 10 pulses at 3-sec intervals with 6«1033 protons 
in the pulse, each having the duration of about 1 msec. In the case of reso
nance extraction, 3QJJ =110 nonlinear resonance will be used. With the chosen 
ratio of the maximum values for the amplitude functions in the extraction sec
tion and the accelerator structure, which is about 6, the extraction effici
ency will be 99%. Section SS4 will have enough room left for the equipment 
protecting the superconducting magnets from irradiation during beam extraction. 

The basic parameters of stages I and II of UNK are enlisted in Table 1. 
The present 70 GeV accelerator (U-70) whose intensity is planned to be up

graded to S'101 ppp will be used as an injector. The UNK circumference is 
14 times that of the U-70 which will allow to stack in it a proton beam of an 
intensity of 6-1014 ppp. With such an intensity, the luminosity to be attained 
in colliding mode will be 1032 cm-2 sec-1. 

Figure 3 shows the operational scheme of UNK. An accelerated proton beam 
will be prebunched in U-70 by an RF field at 200 MHz frequency equal to the 
UNK accelerating RF. Proton intensity will be stacked by 12 successive pulses 
injected from U-70 into stage I of UNK within 71;5 sec. On stacking, the beam 
will be accelerated in stage I and transferred into stage II by single-turn 
injection. The cycle of stage II consists of 20 sec acceleration, 38 sec flat
top, and 20 sec field fall. For consideration of economy, in the initial peri-
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(UNK) IHEP ACCELERATING AND STORAGE COMPLEX 

V.A.Yarba 

1ns七itutefor High Energy Phys1cs， 
Serpukhov， Moscow region. USSR 

L.D.So10viev， K.P.Myznikov， 

The project of 1HEP accelerating and storage complex envisages afeasibility 
of operat1on 1n the f0110w1ng modes 11/: 

1) accelel'ation of protons to 3 TeV for fixed-target experirnentsj 
2) proton-proton co1工1d1ngbeams of energ1es 400x3000 GeV which wi11 give 

a c.m.s. energy of 2.2 TeVj 
3) further 1ncrease of energy 1n pp・，c011isionsup to 6 TeV in the c.m.s. 
Figure 1 shows the cross-sectional view of the UNK ring tunne1. 1t wi11 

comprise a 600 GeV booster (stage 1) with conventiona1 magnets and a super-
conducting r1ng to acce1erate p1'otons up to an energy of 3 TeV (stage 11). 
The1'e 1s a rese1've space 1eft in the tunnel with a view to accomodate the1'e 
1n the future anothe1' supe1'conducting sto1'age ring (stage Ill). This wil1 
make it possible to a1'1'ange c~llisions at the maximum ene1'gy 

The UNK magnetic st1'uctu1'e/2/ wi11 allow to operate in a11 these modes. 
The st1'uctu1'e is presented in fig.2. Stages 11 and 111 w111 1ie in the same 
ho1'izontal plane. They wi11 alte1'nate going f1'om one inner wa11 of the tunne1 
to the outer one and vice ve1'sa. The o1'bits of stages 11 and 111 wi11 inte1'-

sect in four matched straight sect10ns (SS 2， 3， 5， 6). Each wi11 be 490 m 
long and will have no equipment. A11 these st1'a1ght sections a1'e intended fo1' 

co11iding beam experiments on1y. The beams of stages 1 and 11 wi11 a1so co1-
lide the1'e. 

The injection and ext1'action st1'aight sections， SSl and SS4， a1'e 800 m 10ng 
each and wi11 house a11 the techno10gica1 systems of the acce1erator. Three 
ext1'action modes are foreseen: sing1e-turn， s10w resonance during about 
30 sec and fast resonance of 10 pu1ses at 3-sec interva1s with 6・1013protons 
1n the pulse， each having the duration of about 1 msec. ln the case of reso-
nance extraction， 3も~ = 110 non1inea1' 1'esonance wi11 be used. With the chosen 
1'atio of the maximum va1ues for the amplitude functions in the extraction sec-
tion and the acce1e1'ato1' st1'ucture， which 1s about 6， the ext1'action effic1-
ency wi11 be 99%. Section SS4 wi11 have enough 1'oom 1eft fo1' the equipment 
p1'otecting the supe1'conducting magnets f1'om irradiation du1'ing beam extraction. 

The basic pa1'amete1's of stages 1 and 11 of UNK a1'e en1isted in Tab1e 1. 
The present ?Q GeV acce1erato1' (U-70) whose intensity is p1anned to be up-

13 g1'aded tc， 5 ・ 10~~ ppp wi11 be used as an injecto1'. The UNK circumference 1s 
14 times that of the U-70 which wi11 a110w to stack in it a proton beam of an 
intensity of 6・l014ppp. With such an intensity， the 1¥ 
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od of UNK construction the field rise and fall time in the superconducting sta
ge will be increased to 40 sec. In this case the mean intensity will be 
5«1012 p/sec. 

2. STATUS 

Presently, the major systems of UNK are under development and technological 
and energy supply buildings are being designed and constructed. 

Superconducting Magnets 

Above 20 shortened 1-m dipoles and some quadrupoles have been manufactured. 
They are used to study the problems of training, dynamic losses, field quality 
(edge field included), cooling conditions for various distributions of helium 
flow in the coil, etc./3/. On the basis of experience gained on short samples, 
a few 6-m full-scale magnets have been manufactured (fig. 4). The training 
curves of such a magnet are presented in fig.5.Their coils have been manufac
tured from a keystoned cable transposed from 23 strands, 0.85 mm in diameter. 
Each strand has 2970 Ni-Ti filaments, lO^m in diameter, in a copper matrix. 
The nominal field, 5T, was attained after a few quenches. There is a reserve 
in critical current necessary under the conditions of irradiation-induced 
heat releases in the coils. The results of magnetic measurements corroborate 
a good mechanical rigidity of the construction. Figs. 6 and 7 present the re
sults of measuring even and odd nonlinearities at a distance of 35 mm from the 
aperture centre versus the current. The field harmonics remain constant with
in the whole operating range of the field and their values are close to those 
calculated. 

The dynamic losses measured in trapezoidal cycles of change in current at 
100 A/sec ramp rate and 6 kA amplitude (the real cycle of UNK) were 750 J, 
550 J being hysteresis losses. 

This design of the magnet has been chosen as the basis for further develop
ment. A full-scale dipole model has been manufactured and assembled with a 
force-circulating cryostat and magnet shield (fig. 8). It has been tested at 
a circulating test facility. The bore field, 5 T,was attained without training. 

Cryogenic System 

/A/ 

The basic parameters of the cryogenic system for UNK are given in 
Table 2. 

At present the experimental modules of refrigerators and liquefiers are 
being developed and tested, the entire cryogenic complex for UNK is being 
designed. 

Magnet of Stage I 

The dipoles of stage I are broken into two groups, 1084 in each, with a 
useful area of 70x60 mm2 (type A) and 91x42 mm2 (type B). The efficient length 
of each dipole is 5800 mm. Besides, 8 dipoles of type B shortened to 1854 mm 
will be used to transfer a beam from one wall of the tunnel to another. 

Now a few full-scale dipole models of type A (fig. 9) are manufactured. 
The magnetic measurements showed that they had fairly satisfactory characte-
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ristics; the value of field inhomogeneity in the aperture did not exceed 
2-10-4. 

Accelerating System 

Work on full-scale simulation of the UNK acceleration system' ^ was conti
nued. Its basic characteristics are given in Table 3. 

An experimental module of the accelerating system consisting of two caviti
es and a wave-guide hybrid divider (see fig. 10) has been manufactured. Its 
tests showed a good agreement between the measured and calculated characteris
tics. The measured Q-quality of cavities was 53»30 and the shunt impedance 
was 10 MOhm. A system designed to damp parasitic higher-order oscillations has 
been tested. It proved to be efficient and yielded good results. 

Technological Buildings 

Figure 11 shows the layout of the major buildings for UNK. By now work on 
the choice of the optimal tunnel layout has been terminated with regard for 
the results of geological study. The accelerator will be located in stable 
limestones at a depth 15-60 m below the surface. To inject a beam in both 
directions, two 3.5 m in diameter tunnels are envisaged. The power supply 
and control systems for technological equipment will be housed in surface 
buildings. They are connected with the underground tunnel by vertical shafts. 
The cryogenic refrigerators will be put in the underground buildings adja
cent to each vertical shaft. Twelve surface buildings will be distributed 
uniformly over the ring. Buildings 1/14 and 1/15 will be used for power sup
plies of injection and extraction systems, building 1/13 will house the RF 
accelerating system. 

The construction of the southern part of the ring tunnel has begun. In 
the region of buildings 1/1, 1/12 and 2/2 vertical shafts 30 m deep have 
been built and tunneling has begun (figs. 12 and 13). Access roads to the 
northern part of the ring have been built, the working areas are under con
struction. 

The construction of the 3 TeV accelerator is planned to be finished in 
1992-1993. 
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Parameter Unit Stage I Stage II 

Circumference 
Maximum energy 
Injection energy 
Transition energy 
Maximum field 
Injection field 
Number of technological sections 
Technological section length 
Number of sections for colliding 
beams 
Length of sections for 
colliding beams 
Total number of dipoles 
Dipole length 
Total number of quadrupoles 
Quadrupole length 
Gradient/field ratio 

m 
GeV 
GeV 
GeV 
T 
T 

m 

20771. 
600 
70 
42 

r-l 

0. 
2 

800 

8 

116 • 

20771.8 
3000 

400f600 
42 
5 

0.67*1 
2 

800 

-1 

490 
!176 

5.8 
454 
3.7 

16 

•190 
2176 

5.8 
438 
3.7 
16 

Table 1. The Basic Parameters of Stage I and Stage II of UNK. 

Parameter Unit Power Amount 

Heat load on the level of 4 K 
Heat load on the level of 80 K 
Helium liquifier 
Satellite refrigerator 
Compressors 
Power consumed 

kw 
kw 
1/h 
kw 
kg/h 
Mw 

50 
110 

1000 
2.1 

500 
40 

6 
24 
40 

Table 2. The Basic Parameters of Cryogenic System for UNK 

Parameter Unit Stage I Stage II 

Acceleration time 
Acceleration voltage frequency 
Total amplitude of RF voltage 
Maximum energy gain per turn 
Maximum power transferred to a beam 
Number of modules in the accelerating 
system 
Maximum RF power supplied to a module 
Mean power consumed 

sec 
MHz 
MV 
MeV 
Mw 

Mw 
Mw 

11 
200 
8 
2.1 
3.4 

8 
0.8 
4.4 

40 
200 
31 
6 
9.6 

14 
0.8 
6.1 

Table 3. Characteristics of the UNK Accelerating System. 
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II 

Circumference 
Maximum energy 
lnjection energy 
Transition energy 
Maximwn field 
Injection主ield
Number of technological sections 
Technological section length 
Number of sections for cOlliding 
beams 
Length of sections for 
cOlliding beams 
Total number of dipoles 
Dipole length 
Total number of quadrupoles 
Quadrupole length 
Gradient/field ratio 

Stage 

20771.8 
3000 

400f600 
42 

5 
0.67+1 

2 

800 

4 

.190 

2176 
5.8 

438 

3.7 
16 

20771.8 
600 
70 
42 
1 
0.116 
2 

800 

z 

490 
2176 

5.8 
454 

3.7 

16 

4 

Stage Unit 

m 
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T 

T 

m 

m 

m 
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m 
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Stage 11 of UNK. The Basic Parameters of Stage 1 and Table 1. 
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Power 

50 

110 
1000 

2.1 
500 
40 

Unit 

kW 

kW 

l/h 
kw 
kg!h 
Mw 

4 K 

80 K 

level of 
level of 

Parameter 

Heat load on the 
Heat load on the 
Helium liquifier 
Satellite refrigerator 
Compress.ors 
Power consumed 

The Basic Parameters of Cryogenic System for UNK Table 2. 

Stage I1 

40 
200 
11 
6 

9.6 

14 
0.8 
6.1 

Stage 1 

11 
200 

8 

2.1 
3.4 

8 
0.8 
4.4 

sec 
MHZ 
Mv 
MeV 
Mw 

Mw 
Mw 

Parameter 

Acceleration time 
Acceleration voltage frequency 
Total amplitude of RF voltage 
Maximum energy gain per turn 
Maximum power transferred to a beam 
Number of modules 1n the accelerating 
system 
Maximum RF power supplied to a module 
Mean power consumed 

Characteristics of the UNK A~celerating System. 
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Fig. 1. The location of the equipment in the UNK tunnel. 
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Introduction 

You have already heard from Valentin Zakharov [1] about some of the ideas 

currently discussed by theorists, and some of the motivations they offer for 

expecting new physics in the range of-mass -up to OQ) TeV» In this talk I plan 

to go into more detail about rates, signatures and backgrounds for these new 

physics possibilities. Most of my remarks concern hadron-hadron (hh) colliders, 

but I will also enter a plea on behalf of e+e~ colliders. Most of the discus

sion on hh collider phenomenology is based on vork done with Graciela Gelmini 

and Henrik Kowalski in preparation for the recent Lausaunne workshop on a 

possible Large. Hadron Collider in the LEP tunnel. Our work is described more 

completely in the Proceedings of that meeting, and you are referred there [2] 

for more details of the topics discussed here [3]. 

Section 2 of this talk contains some general comments on rates and final 

state distributions for new particle production in hh collisions. In particu

lar, the average physics reaches of colliders with different centre-of-mass 

energies E , luminosities L and beams (pp or pp). are compared. Section 3 
cm 

contains case studies of some of the possible new physics discussed by 

Zakharov, -mainly Hiĝ gs bosons and supersymmetric particles, but also with, a 
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few remarks about technicolor [A]. Section 4 summarizes these studies of new 

particle production at large hh colliders. Finally, Section 5 pleads the clean-

liness of e e colliders [5] compared to hadron-hadron colliders, gives a guess 

as to the appropriate conversion factors between E in e+e~ and hh collisions 

[6], urges the complementarity of e+e~ and hh colliders, and argues that a ratio

nal mix of world accelerators would include both species. 

2. General Comments on Rates and Distributions. 

Cross-sections for new heavy particle, production in -hh colliders have the 

general Drell-"Yan [ 7} form 

cr(x) = fdTy(T) CJ(x) 
J ab ab (1) 

where a is the subprocess cross-section for partons of species a and b to 
3D 

2 2 
collide to form the new state X (e.g., d (qq+gg)), T = m /E and <£ a b is the 

A. 
differential luminosity for collisions of partons of types a and b: 

* a b(T) = /dxa/dkb a(xa) b(xb) 6(xaXb-T) (2) 

with x and x, the fractions of the beam energies carried by the partons a and 

b respectively. Formulae (1) and (2) with the parton distributions scaled up 

[8j from present energies using the Altarelli-Parisi equations [9 ] may be ap

proximately correct to within a factor of 2 for the production of particles 

with r̂  > OCLO""2) E , say > 0(100) GeV for hh colliders with Ecm=0.0 to 40 

TeV. Some typical parton-parton luminosity functions [8] for pp and pp 

collisions are shown in Fig. 1: they jdo not vary by very much, in the range 

10 TeV <E <40 TeV. One generally expects a "geometric" form for the 
cm 
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subprocess cross-sections: 

1 
6 (X) = - 2 x 

"x 
0(1) for strong processes (3a) 

0(10-1*) for electroweak processes (3b) 

Fig. 2 shows some of the parton-parton luminosity functions of Fig. 1 multiplied 

by the geometric strong cross-section factor (3a). The next generation of hh 

colliders is expected [10] to have luminosities L in the range of I=1032 cm-2 

sec-1 (pp?) to 1033 cm-2 sec_a(pp?), corresponding to an integrated luminosity 

of 1039 (lO*10) cm-2 in a theoretical "year" of 107 seconds. We consider an 

"observable" cross-section to be one with £ 0(103) events in such a "year", 

corresponding to a cross-section o 5 10 36 cm2 (pp?) to 10 - 3 7 cm2(pp?), indi

cated by the dashed and dotted horizontal lines respectively in Fig. 2. We 

see that the physics reach of hh colliders with E =10 to 40 TeV extends out to v J cm 

several TeV for strongly interacting particles, and 0(1) TeV for electroweak 

particles whose cross-sections (3b) are expected to be 0(10-1*) smaller. 

In more detail, we find [2] that between E =10 and 40 TeV the attainable 
cm 

masses of strongly interacting particles produced by uu collisions increases as 

m (strong) a E 0(Jj) (4) 
X cm 

In the range of luminosities between 1032 and 1033 cm-2 sec-1 we find that 

m x (strong) a # 0 ( 0 ' 2 ) (5) 

while when comparing production by uu annilhilation in pp and pp collisions 

mx (strong) pp a ^ (fi) 

mx (strong) |pp 

Combining equations (5) and (6) we see that the physics reaches via uu 

• - 112 -
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annihilation in pp collisions at L=1032 cm-2 sec-1 and pp collisions at L=1033 

cm-2 sec-1 are comparable, as can indeed be seen directly in Fig. 2. However, a 

higher luminosity pp collider has other advantages, notably for electroweak pro

duction mechanisms whose subprocess cross-sections are generally smaller (3b) and hence 

probe smaller values of T where the pp and the pp parton-parton luminosity 

functions ^P(T) are very similar (see Fig. 1). Moreover, the parton-parton 

luminosities for gluon-gluon collisions are the same in pp and pp, so their 

rates will always be larger in higher luminosity pp collisions. Therefore pp 

colliders are to be preferred. 

It is a general consequence of the known parton distributions that "inter

esting" new heavy states tend to be produced centrally, typically with rapidi

ties |y| $ 2. Later we will see examples of this general rule in Higgs produc

tion and in the jet decays of gluinos [2]. In contrast, "boring" old light 

states tend to be produced forward, for example the rapidity distribution for 

W~ production extends [3] out to |y| $ 5 as seen in Fig. 3, implying that 2/3 

of the W~ decay within 5° of the beam-pipe. These remarks on final state dis

tributions are summarized in the "Angle of Archaeology" [2] shown in Fig. 4. 

At any given hh collider, today's physics comes out at large angles to the 

beams, yesterday's physics at smaller angles, last week's physics at even smaller 

angles, etc., until palaeozooic physics such as elastic scattering is invisibly 

close to the beams. Physicists interested in different epochs can co-exist at 

different angles. 

3. Case Studies of New Particle Production. 

3.1 Higgs Production. 

Several mechanisms for Higgs production are usually considered, starting 

with gluon-gluon fusion gg-»H through virtual quark loops as in Fig. 5a [11]. 
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The subprocess cross-section 5 for this process is sensitive to the assumed 

heavy quark mass. If one only includes the t quark, 5 a (m /TILJ1* for m <<mu« 

Curves [2] for m =35 GeV and 100 GeV are shown in Figs. 6a and 6b respectively. 

We see that if m =35 GeV the cross-section falls below the limit of "observa

bility" of 0(1/10) pb for m„> 400 (600)(800) GeV at E =10(20)(40) TeV. The 

H cm 

reaction gg->-H has the disadvantage of not possessing any final state signature 

beyond the Higgs decay products, which are predominately tt for 2m <m^<2nv. and 

predominately W"HJ~ and Z°Z° for heavier Higgses. 

- * r 

In contrast, the qq-»W -»W+H reaction L12] illustrated in Fig. 5b contains a 

spectator W in the final state, yielding ttW configurations if 2m <m^<2m^, and 

WWW if m>2n^. However, the cross-section is smaller than for the gg->-H reactions, 

as can be seen in Fig. 7. The cross-section falls below the "observable" limit of 

1/10 pb for mR>220(280)(360) GeV at Ecm= 10(20)(40) TeV. 

Another reaction mechanism with a final state event signature is qq or 

gg-*-ttH as illustrated in Fig. 5c. A new complete calculation [13] gives the 

results shown in Fig. 8. For example o(ttH) = 3pb for m =35 GeV and m^= 120 
GeV at E =20 TeV. Also shown in Fig 8 is a parallel background calculation [13], 

cm 

to which we return shortly. 

The final reaction considered [14] is WW-*H, illustrated in Fig. 5d. This 

may be the most promising mechanism for mH>0(400) GeV, and gives "observable" 

cross-sections above 1/10 pb for all m^ in the expected range up to 1 TeV for 

E 5 20 TeV, as seen in Fig. 9. Unfortunately, like gg->H it does not have a 

clear signature to tag Higgs production events. 

How observable is the Higgs? We expect [15] Higgs bosons with masses 

0<m„< 0(100) GeV to have been detected at LEP before any large hh collider comes 

into operation. If 0(100)<m^ <0(200) GeV, we expect H-t-tt decay to dominate, 

and there to be an enormous background for gg->H or WW-»-H from simple gg or qq-HEt 
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Ecm之 20TeV， as seen in Fig. 9. Unfortunately， like gg→H it does not have a 

clear signature to tag Higgs production events. 

How observab1e is the Higgs? We expect [15] Higgs bosons with masses 
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O<~< 0(100) GeV to have been detected at LEP before any 1arge hh co11ider comes 

into operation. 工f0(100)<~ <0(200) GeV， we expect H~tt decay to dom1nate， 

and there to be an enormous background for gg~H or WW~H from simp1e gg or扇舟t
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production, and for ttH production from gg or qq-+tt Et production [13] as seen 

in Fig. 8. However, the background to qq-*W+H from qq-»-ttW seems [13] to be not 

much larger than the signal, and it may be possible to detect the Higgs via 

this reaction. If 0(200)<nu<0(400) GeV, we expect [16] H->W+W~ and Z'Z" decays 

to dominate, and the Higgs to have a total decay width much les& than its mass. 

Unfortunately, the background reaction [17] qq+W W~~ or Z°Z°, whose total cross-

section is shown in Fig. 1Q and whose da/dmO^W") distribution is shown in Fig, 

11, is larger than gg+H or WW-»-H in this mass range unless angular cuts are made. 

More optimistically, according to preliminary calculations, we do not expect 

large backgrounds to W+H from WWW production, or to tt+H from ttWW production. 

If 0(400)<m<0(.1000) GeV we expect [16] the Higgs boson to be broad wrth 

T(H-*W W_+Z0Z°)£ 1/10 nv,. As seen in Figs.. 7 and 8 we expect unobservably small 

cross-sections for W+H or tt+H production. Moreover, aCgg-^Hl < aCWW+H). unless 

m c is large. The broadness of the Higgs makes it difficult to detect WW+H, 

- + - + -

unless we can suppress the qq-*W W background due to the W W cross-section at large 

m(W+W~) (Fig. 11) using the sharp forward-backward peaking in the angular distri

bution (Fig. 12). Recall that the cross-section for WW-+H falls relatively 

slowly for large m^ (Fig. 9), and that the spin-zero Higgs has an isotropic 

decay angular distribution. 

Although complete background studies are. not yet completed [18]., it is 

clear that finding a Higgs boson at an hh. collider will not be easy. 

3-2 Supersyirane.try Production. 

Let us concentrate on the production of strongly integrating squarks q 

and gluinos g, since they have the largest cross-sections [19] in hh collisions. 

As seen in Fig, 13, one calculates O (j;g)_ to be "observable", i.e», above 

1/10 pb, for m~ £'1 (1*6).(2*4). TeV at E = 10C20)C40) TeV. In most supersymmetric 

models [A] the g should decay into normal hadrons and a lighter photino, 
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from ttWW production. or to主t+Hlarge backgrounds to W+H from WWW production. 
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probably ĝ -qqy. The photino, being neutral and weakly interacting, escapes 

from the apparatus much as a neutrino, thereby providing a large missing p 

miss 
signature: p =0(m~/_) as seen in Fig. 14. Figure 15 shows that the 

T g 3 

total gg cross-section is not greatly reduced if one restricts to final states 

with 

p!JiSS>4o: a = 0-7 /ET (7) 

Where E is the total transverse energy in the event. The quantity a in 

miss 
equation (.7) is a guess at the resolution in p based on experience with 

the UA1 detector. We see in Fig. (16a) that the rapidity distribution for 

q or q jets from g+qqy is quite central,with 

<y2?> = 1*1 (8) 

The average opening angle between jets is about 90°, and the p of the smallest 
T 

p jet, whose distribution is shown in Fig. 16b, averages 140 GeV if m~ = 1 TeV. 
T S 

-*— TDXSS 

Thus gg events giving 4-jet final states with large p are quite different 

from conventional hfi collider events. 

Figure 17 shows [19] that o(qq) should he "observable" with a> YQ pb for 

m~ <0«9 (1*4)(2*0) TeV for E = 10(20)(40) TeV. Once again there is a large 

missing p signature, even if q**qg followed hy g^qqY- Shown in Fig. 18 is the 

p signature for q-»-qY decay: p_ = 0(nu./2) , which is even more impressive. 
I r q 

We see in Fig, 19a that the rapidity distribution of jets from qq production 

followed by q-*-qg, g"*"qq Y decay is quite central: 

h 
<;y2? - 1«2 (9) 

while the average of the mimimum jet p„ distribution shown in Fig. 19b is 

about 90 GeV. The average angular distribution between the jets from 
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Where ET is the total transverse energy in tne event. The quantityσin 

miss 
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The average opening ang1e between jets is aoout 900， and the p_ of the sma11est 
T 

P jet，whose distribution is shown in Fig.16b，averages 140 GeV 1f Ins =1Tev. 
T 

miss 
Thus gg events giving 4づetfina1 states with large PT~~~ are quite different 

from conventional hfi collider events. 
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whi1e tne average of the mimimum jet P
T 

distrib.ution shown in Fig. 19b is 

aboot 90 GeV. The ayerage angular distribution between the jets from 
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the q-*qg, g-*qqY decay chain is about 60°. It seems on the basis of these 

calculations that the final states containing 6 jets (.q-*"qg,g~vqqY) o r 2 jets 

(q-»-qY) with large missing p should also be quite distinctive. 

A possible source of physics Background is heavy qq production, e.g., 

cc, bb" or tt, followed by semileptonic decay: Q+LVq in which the final state 

charged lepton is not seen. To escape detection, a decay muon would probably 

U e 

need pi, <5 GeV while a decay electron would need p„ <50 GeV unless it hid inside 

a jet. Such events give a p 'vector which is almost parallel to one of the 

final state jets, with its momentum transverse to the jet axis PTT <in /2(m /2=20 

GeV?). By contrast, sparticle pair production gives a p_ vector whose distri

bution is almost isotropic in the azimuthal angle 0, as seen in Fig. 20. It 

therefore seems likely that this physics background can be eliminated by a 

suitable cut in p_T.. There is also the instrumental background due to imper

fect calorimeter energy resolution (7).. However, the UAl collaboration [20] has al

ready shown that it is possible to pick out and work with a small event sample 
miss 

having p T <40 (7). This should be even easier at higher energies, sxnce 

ET= 0(m~) in equation (7) implies 

mi \ms) do) 

while one expects p™XSS = 0(mo/3 orm;/2 ). 

It should be relatively easy to detect strongly interacting sparticles weigh

ing up to 0(1) TeV at a large hh collider. 

3.3 Technicolor 

Shown in Fig. 21 are cross-sections for the production of neutral color 

octet technipions ? g of mass = 250 GeV L 21], color octet technivectors V* and 

Vg of mass s 900 GeV[20]s an(j t n e techniquark continuum Q Q , calculated [2] 
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while one expects pm1ss z O (m~/3or m~/2) T ~'g~. q 

工tshou1d be relatively easy to detect strongly interacting spartic1es weigh-

ing up to 0(1) TeV at a large hh co1lider. 

3.3 Technicoエor

Shown in Fig. 21 are cross-sections for the production of neutra1 color 

o 叫ett叫均ionsp 8 of mass :: 250 GeV L刈.co1or octet 

V~ of rnass :: 900 GeV[20J， and the t叫向uarkcontinuum QTQT' calcu1ated [2J 
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for two guesses at the effective techniquark mass. We see that all the rates 

are large for E 5 10 TeV. Detectable signatures might incldue Pe-*-tt and cm o 

VD->-g+(Y or Z°), V~-*g+W~. There is a large background to PQ-»-tt from conventional 

gg-*-tt[23]. Assuming an experimental resolution of ±5% in the tt invariant mass, 

we find [2] 

<Kgg-* Po-^tt) 
° - I (ii) 

o(gg->-lt) 3 v ' 

This ratio can be improved [2] by making angular cuts, for example if one selects 

events with polar angle 0: 10—TT/2| < TT/4, then the signal-to-background ratio 

(11) becomes ltol. 

In view of the large cross-section shown in Fig. 21, it seems possible to 

detect technicolor at a larg£ hh collider. 

4. "Observability" of New Particles at hh Colliders. 

On the basis of the case studies in section 3, we can pick out some im

portant signatures one should be able to detect at a large hh collider. 

(tt) pairs: These are useful in searches for Higgs bosons and for technipions. 

Multiple W~. Z°: These are important for heavy Higgs searches, and perhaps 

for technicolor searches. In view of the low rates for Higgs production, one 

would not like to pay the price of a leptonic decay branching ratio factor of 

a few percent for each W* or Z°, and it would be desirable to have some ef

ficiency for picking up W* or Z° -*• dijets. It may be enough to be able to 

detect these in events where another W- or Z° leptonic decay is used as a 

tag. 

Missing p : Good resolution in p is essential for supersymmetric particle 
T T 

miss 
searches. Fortunately, the expected p signature may be easier to detect 
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百1isratio can be improved [2] by making angu1ar cuts， for example if one selects 

events with po1ar ang1e 9:θー官/2¥<n/4， then the signal-to-backgroun 

(11) becomes 1 to 1. 

1n view of the 1arge cross-section shown in Fig. 21， it seems possib1e to 

detect technico1or at a lar~hh co11ider. 

4. "Observabi1ity" of New Partic1es at hh Co11iders. 

On the basis of the case studies in section 3， we can pick out some im-

portant signatures one should be able to detect at a large hh co11ider. 

〈tt)pairs: These are useful in searches for Higgs bosons and for technipions. 

Hu1tiule W:t. Z。~ These are important for heavy Higgs searches， and perhaps 

for technicolor searches. 工nview of the low rates for Higgs production， one 

would not like to pay the price of a 1eptonic decay branching ratio factor of 

a few percent for each W土 orZD， and it would be desirable to have some ef-

ficiency for picking up W:t or ZO -+ dijets. 工tmay be enough to be able to 

detect these in events where another W:t or ZO leptonic decay is used as a 

tag. 

~~ssing PT: Good resolution in P~ is essential for supersymmetric particle 
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miss 
searches. Fortunately， the expected PT--~ signature may be easier to detect 
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at higher energies, since p a m_, whereas the resolution a a nu.. 
T g S 

Multijet mass bumps: Good multijet mass resolution is a necessity for the (tt), 

W~ and Z° searches whose necessity has already been mentioned. 

Y+jet mass bumps: Good resolution here would be useful for technicolor searches 

as discussed in subsection 3.3, and also in limits for excited quarks (24) 

(not discussed here). 

Chargedleptons e, u,x,...: Good efficiency for detecting these is clearly a 

sine qua non for many of the other searches discussed above. It is also desir

able as a veto for hunts for supersymmetry via missing p . 

How difficult would it be to find at an hh collider the "expected" new 

particles discussed here? A preliminary conclusion is that supevsymmetTy 

would be relatively easy, technicolor would be possible, and a conventional 

Biggs boson would be relatively difficult, though not impossible. 

The physics reaches of different possible hh colliders are summarized in 

Tables 1, 2 and 3. Table 1 indicates with what colliders one could be sure of 

producing an "observable" number of Higgses in all the mass range up to 1 TeV. 

Table 2 summarizes the physics reaches for gluinos (squarks) as functions 
of E and L. 

cm 

Finally, Table 3 summarizes the "observability" of the cross-sections for 

technipion and technivector production for different E and L. 
cm 

Needless to say, the selection of new physics discussed here is purely a 

reflection of personal prejudice. Others are free to consider the observa

bility of their own favorite particles at different hh colliders. Others are 

also free to decide how much they are prepared to pay in time and/or money for 

the higher energy and/or luminosity hh colliders listed in the Tables. 

5. Comparison between e e~ and hh colliders. 

Such a comparison [6] can only be based on subjective criteria which are 
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different for different physicists. It is as well to state one's basic assump

tions as axioms which one does not attempt to derive. My first axiom is: 

Axiom 1; e+e collisons are cleaner than hh collisions. 

I believe this to be true because the E is better determined for e e~ 
cm 

collision than for parton-parton scattering in hh collisions, and because there 

are no "minimum-bias" or multiple interaction backgrounds in e e Also, it is 

in my judgement very difficult to detect a heavy new electroweakly interact

ing particle such as a slepton in hh collisions,though it easy in e+e~ colli

sions. Many physicists would accept axiom 1, but then ask pointedly: what 
+ — 

E in e e corresponds to what E in hh? My answer [61 is in Table 4. I have 
cm cm J l J 

taken an arbitrary "basket" of different "interesting" physics processes, cal

culated the equivalent E in e e~ required to obtain the same reach in mass 

as at a given hh collider, displayed the corresponding E (e e )/E (hh) 

ratio, and finally taken the geometric m^'n of all the calculated ratios. I 

conclude that, on the average, 

E (hh) = 10 TeV «+ E (e+e") = 2 TeV 
cm C m

 + _ (12) 
E (hh) = 40 TeV *+ E (e e~) = 4 TeV 

cm ' nm ' cm cm 

The different ratios in the bottom line of Table 4, and the resultant rela-

-f- _ 
tively slow increase in E (e e ) (12), relect the previous claim (4) that 

cm 
the effective physics reach in hh collisions rises like E , while the 

cm 
-j- _ 

physics reach in e e collisions rises like E . A second pointed question 
cm 

is: when could an e+e~ collide with E = 2 to 4 TeV be built? Would it be 
cm 

slower than an hh collider with E — 10 to 40 TeV, or could it be on a simi-
cm 

lar time-scale? Answers. [ 5 ] will be provided tomorrow by Richter and by 

Skrinsky. In the discussions of the next few days, I urge that another axiom 
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be accepted. 

Axiom 2: Large hh and e e colliders are complementary. 

Because of this axiom, I do not advocate that all the next generation of 

large colliders be e e . It would be nice also to have an hh collider, 

although my axiom 1 would indicate that for comparable E (12), e e~ 
cm 

colliders do better physics. It would probably be wiser to have a mix of large 

colliders in the 1990's: one e e with E £ 2 TeV, and one hh with 
cm 

E
ctn - 10 TeV, plus other accelerators if we are very lucky. 
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+ -坐主旦三 Largehh and e'e colliders are complementary. 

Because of this axiom， 1 do not advocate that a11 the next generation of 

+-
1arge co11iders be e'e It wou1d be nice a1so to have an hh collider. 

a1though my axiom 1 would indicate that for comparab1e E (12)， e+e-
cm 

colliders do better physics. It would probably be wiser to have a mix of large 

+ -co11iders in the 19901 s: one e' e with E ~ 2 TeV. and one hh with 
cm 

ECt112E 10Tev，plus other accelerators if we are veryIucky. 
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Figure Captions 

1. Effective parton-parton luminosity functions t2] plotted in terms of 

Note the similarity of the luminosities in pp and pp collisions 

for /r"~- 0-1 corresponding to m -̂r̂ c E 
X 10 cm 

2. Some of the parton-parton luminosity functions of Fig. 1 multiplied [2] 
2 

by a geometric cross-section factor 1/m [3l. The horizontal 

dashed (dotted) lines correspond to a = 1 (1/10) pb above which 

cross sections should be observable with a hadron-hadron luminosity 

of 1032(1033) cm"2 sec"1 

3. Rapidity distribution [3] for pp -*- W + + X at E =40 TeV. 

4. The angle of archaeology: today's physics emerges at wide angles, 

yesterday's physics emerges closer to the beam-pipe, last week's even 

closer, etc. 

5. (a) Virtual quark loop diagram [11 ] for gg •*• H; 

_ * 

(b) Diagram [12 ] for qq •*• W •*• W + H; 

(c) Diagrams ["15] for gg -*-tt + H and qq ->-tt + H; 

(d) Diagram [14] for qq -*• qqWW -»- qqH. 

6. Cross-sections [2] for gg -»• H through t quark loops with m = 35 GeV, 
70 GeV and 100 GeV. 

7. Cross-sections [2] for W + H production. 

8. Cross-sections [ 2,13] for tt + H production, together with (tttt) 

backgrounds calculated for m = 35, 70 GeV. 

9. Cross-sections [ 2,14 ] for H production by WW fusion. 

10. Total-cross sections [2] for W W production by qq collisions 

at hh colliders. 
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Figure Captions 

1. Effective parton田 partonluminosity functions [2] plotted in terms of 

~. Note the similarity of the luminosities in pp and pp colli山 ns

for .;:r:;; 0・1 corresponding to m 三よ E
X 10 

2. Some of the parton-parton luminosity functions of Fig. 1 multiplied [2) 

2 
by a geometric cross-section factor l/m~ [3]. The horizontal x 
dashed (dotted) lines correspond to σ1  (1/10) pb above which 

cross sections should be observable with a hadron-hadron luminosity 

32，._33， -2 -1 of 10--(10--) cm -sec 

+ 3・ RapiditydistribUticn:31for pp+W+X at ECI且=40τeV. 

4. The angle of archaeology: today's physics emerges at wide angles， 

yesterday's physics emerges closer to the beam-pipe， last week's even 

closer， etc. 

5. (a) Virtual quark loop diagram [11] for gg + H; 

ーー * (b) Diagram [12] for qq + W + W + H; 

(c) Diagrams [15) for gg +tt + H and qq +tt + H; 

(d) Diagram [14) for qq + qqWW + qqH. 

6. Cross-sections [2] for gg + H through t quark loops with mt = 35 GeV， 

70 GeV and 100 GeV. 

7. Cross-sections [2] for W + H production. 

8. Cross-sections [ 2，13] for tt + H production， together with (tttt) 

backgrounds calculated for mt = 35， 70 GeV. 

9. Cross-sections [ 2，14 ] for H production by WW fusion. 

~_.-
10. Total-cross sections [2] for W'W production by qq collisions 

at hh colliders. 
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11. Invariant mass distributions t2] da/dm(W W~) for W w~ production. 

12. Angular distributions [17] for W W pair production, in the centre-of-mass 

of the pair. 

13. Cross-sections [2] for gluino pair production [19] at hh colliders. 

14. Missing p signature [2] for gg production followed by g -> qqy decay. 

15. Effect on the total cross-sections of Fig. 13 of restricting [2] to 

miss 
events with missing p : p > 4a with a given by Eq. (7). 

16. (a) Rapidity distribution [2] for q and q jets from g •+ qqy decay, 

for E =20 TeV, m- = 1 TeV; 
cm g 

(b) distribution [2] in p of the smallest jet pT, for the same choices 
T L 

of E and m~. 
cm g 

17. Cross-sections [2] for qq pair production at hh colliders. 

18. Missing p signature [2] for qq production followed by q -»• qY decay. 

19. (a) Rapidity distribution [2] of jets from qq production followed by 

q ->• qg, *g -*• qqv decay, assuming m- = 1 TeV, m- = 0.7 TeV, and 

(b) distribution [2] in p of the smallest p T jet, for the same choice 

of parameters. 

20. Distributions [2] in the projection of the missing ? T vector transverse to 

the closest observed jet from gg* production followed by g + qqy 

decay. 

21. Cross-sections [2] for neutral color octet technipion P°, 

neutral color octet technicolor V°, charged color octet technivector 

V~ and technicolor continuum production. 
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11.工nvariantmass distributions [2] dσ/dzn〈W+w-)forw+w-production-

+---12. Angular distributions [17] for W'W-pair production， in the centre-of-mass 

of the pair. 

13. Cross-sections [2] for gluino pair production [19] at hh colliders. 

14. Missing PT signature [2] for gg production followed by g 4 qq子 decay.

15. Effect on the total cross-sections of Fig. 13 of restricting [2] to 

miss 
events with missing PT: PT-~~ > 4cr with σgiven by Eq. (7). 

16. (a) Rapidity distribution [2J for q and q jets from g 4 qq子 decay，

for E = 20 TeV. m-= 1 TeV: 
cm g 

(b) distribution [2] in p of the smallest jet P
T
， for the same choices 

T 

of E and m-. 
cm g 

17. Cross-sections [2] for qq pair production at hh colliders. 

18・MissingPT signature [2J for qq production followed by q 4 qy decay. 

19. (a) Rapidity distribution [2J of jets from qq production followed by 

ミ4 q言， .g 4 qq子decay，assuming m~ = 1 TeV， m~ 0.7 TeV， and 
q 白

(b) distribution [2] in PT of the smal1est P
T 

jet， for the same choice 

of parameters. 

20. Distributions [2] in the projection of the missing PT vector transverse to 

the closest observed jet from gg production followed by g + q奇子

decay. 

21. Cross-sections [2] for neutral co1or octet technipion Pa' 

neutral 叫 oroctet technicolor Va' charged color octet tech山 eωr

v;and 
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L(cm sec ) 

1032(p??) 

1033(pp?) 

E (TeV) 
cm 

10 

X 

X 

20 

X 

/ 

40 

/ 

/ 

TABLE 1: "Observable"production of Higgses up to 1 TeV 

in mass 

L(cm sec ) 

io32(p??) 

io33(PP?) 

E , masses (TeV) 
cm 

10 

0-6(0-6) 

0-9(0-9) 

20 

1-1(0-9) 

1-6(1-4) 

40 

1-8(1-3) 

2-4(2-0) 

TABLE 2: "Observable" masses for gluinos (squarks) 
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E__ (TeV) 
cm 

L(cm2 ー1sec ~) 

10 20 40 

l032('PPi) x x J 

10
33 

(ppi) x J J 

TABLE 1: "Observable"production of Higgses up tCl 1 TeV 

in mass 

E__. masses (TeV) 
cm 

14(cm2 
-1 sec ~) 

10 20 40 

10
32 

(ppi) 0'6(0・6) 1'1 (0・9) 1'8(1・3)

10
33

(pp?) 0'9(0・9) 1・6(1・4)2・4(2・0)

TABLE 2: "Observab1e" masses for gluinos (squarks) 
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L(cm s e c ) 

1032(p??) 

1 0 3 3 ( P P ? ) 

E (TeV) 
cm 

10 

/ 

/ 

20 

/ 

/ 

40 

/ 

/ 

TABLE 3: Technicolor "Observability" 
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E__(TeV) 
cm 

由 2
L(cm -1 sec ~) 

10 20 40 

l032(pp?) J J J 

1033(pp?) J J J 

. 一一一ー一一

TABLE 3: Technico1or "Observabi1ity" 
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Process -

Jet pairs 

+ -

heavy (s)lepton 

heavy Z° 

heavy W~ 

techni eta 

gluino 

heavy quark 

geometric mean 
.. 

E h h = 10 TeV 
cm 

0'44 

0-09 

0-09 

0-23 

0-5 

0-2 

0-24 

0-14 

0-2 

E h h - 40 TeV 
cm 

0-28 

0«03 

0*03 

0-15 

0-35 

0*08 

0*12 

0*07 

0-1 

(Ratios E (e e~)/E (hh) for selected reactions) 
cm cm 

TABLE 4: Comparison of E for e e and hh colliders r cm 

- 127 -

Process. E hch m =1O TeV E
hh 

= 40 TeV 
cm 

Jet pairs o ・44 0・28

+ー o ・-09 0.03 1.1 1.1 

beavy (s)lepton 0-09 0-03 

beavy Z。 0・23 0-15 

beavy W士 0-5 0.35 

techni eta 0-2 0.08 

gluino 0-24 0.12 

beavy quark 0.14 0-07 

geometric mean 0-2 0-1 

(Rat10S E--(e+e-〉/E 〈hh〉forse1ected reactions) 
crn. crn 

TABLE 4: 
+-

Comparisonof ECIn for e e and hh C0111ders 
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On Detector Related Machine and Instrumentation Issues 

Tord EkelOf 

University of Uppsala 

Uppsala, Sweden 

1. Introduction 

The purpose of the Panel Discussion ot, Detector Related Machine and 

Instrumentation Issues was to evaluate the feasability of experiments and to 

discuss the assets and limitations of different experimental techniques at 

future large hadron colliders and also, to some extent, e e colliders. As 

the audience could be expected to already be convinced of the scientific 

merits of such experiments, the effort was directed towards formulating advice 

and making recommendations about how to design and realize the experiments. 

A first important task was to evaluate what kind of development work on 

detectors and instrumentation, including computers, will be needed to meet the 

demanding requirements of the very high energies and luminosities considered. 

Development work of this type can in many cases be carried out at universities 

and national laboratories and advice in these matters should therefore be of 

interest to these institutions. 

A second important question relates to the machine parameters. What 

requirements on bunch spacing, luminosity, machine background etc would come 

from the experiments? Conclusions on these matters should result in requests 

to the machine builders. 

One of the primary purposes of ICFA is to promote interregional colla

boration on future accelerators. Clearly, on detectors there is already 

very extended interregional collaboration as almost every large experiment 

nowadays comprises physicists participating from more than one region. 

Perhaps, however, some advice could be given on how to promote further inter

regional cooperation, including also industry, on the development of new 

detectors and instrumentation. 
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2. Panel presentations and discussions 

Each of the panel members was asked to give an introductory presentation 

of the following topics: 

G. Kane The three most revealing future experiments 

U. Amaldi Calorimetry for jets and total energy 

R. Schwitters Tracking and momentum 

G. Wolf Identification of e, u and other particles 

M. Breidenbach Trigger and data acquisition 

S. Orito Building large detectors in cooperation with industry. 

Summaries of these presentations, prepared either by the speaker or 

myself, are given in appendices 1 to 6. 

After these presentations followed a general discussion involving the 

audience. 

V. Telegdi pointed out that the difficulty of precise alignment of 

track-chambers over large distances was an important point to be added to the 

list of problems concerning large track-chambers as reviewed by Schwitters. 

Telegdi furthermore asked Orito how the collaboration with industry was 

organized in practice, in particular with regard to how the cost of a certain 

type of development could be evaluated before the work was done. S. Orito and 

Takahashi answered by saying that usually industry did not take out any profit 

in the R & D stadge of the work, this often being balanced by the fact that 

the collaborating particle physics groups contributed to the development with 

test work on prototypes, e.g. radiation dose tests of BGO material and 

semiconductors. 

B. Richter expressed doubts as to whether the future hadron colliders 

could be used to measure the rare decay-modes of the B as advertised by Kane, 

not due to lack of cross-section but because of the large background. He 
6 8 

pointed out that the ISR had probably produced 10 -10 times more charm 

than the present e e storage rings and yet charm had not been discovered 

at the ISR. As to microvertex detectors he underlined the necessity for such 

a detector to be close to the interaction point. The error in transverse 
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position must be much less than 100 um for the measurement to be of use for 

identification purposes, probably implying that such identification would only 

be possible in the central region at future colliders. With regard to colla

boration with non-particle-physics groups, he pointed out the large potential 

of collaborating with other university departments like those for electronics, 

computation and material sclencies. With reference to the difficulties caused 

by the high rates, he asked whether for the production of a certain mass 

state, a decrease in luminosity could be compensated by an increase in energy. 

In answer to this question Kane said that well above the threshold for the 

mass state in question the increase in cross-section was only logarithimlc 

with energy and therefore such a trade-off could not be made. Regarding the 

rare decays at colliders, Kane said that while some scepticism is appropriate, 

two studies at workshops have already concluded that the physics could probably 

be done. Wolf pointed out that at the highest luminosity and energy one would 

be looking for very large p jets which could be studied with detectors that 

would be blind for the low-energy back-ground. As such large p events could 

be expected to be very rare, the highest possible luminosity would be required. 

C. Rubbia also expressed doubts with regards to the usefulness of lumino-
33 —2 -1 

sities as high as 10 cm s • As basis for these doubts he referred 

to his own experience with the UA1 experiment at the SPS collider at much 

lower energy and luminosity and where at present a detector upgrade programme 

is under way to meet the planned increase in luminosity. As an example of the 

difficulties to be expected at the future colliders he pointed out that 
33 -2 -1 

radiation-hardened electronics being able to stand 10 cm s must be 
32 -2 -1 

much more expensive than electronics that can stand 10 cm s He 

stated that the events at a hadron collider are far less clear than at an 

e e collider and that the requirements put on a detector for hadron-
+ -

hadron collisions are much more demanding than those on an e e detector. 
32 33 —2 —1 

In particular he expected the step from 10 to 10 cm s in 

luminosity at a hadron collider to represent a very substantial increase in 

experimental difficulty. From this point of view, if the physics that could 
32 -2 -1 

be made at a 10 cm s pp collider would be equivalent to that which 
33 -2 -1 

could be made at a 10 cm s pp collider, he would certainly choose 

the former. Quite generally he expected that from the point of view of 

luminosity the detectors will be the limiting element, not the accelerators. 
32 -2 -1 

J. Ellis responded that the equivalence between pp collisions at 10 cm s 
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33 -2 -1 
luminosity and pp collisions at 10 cm s was only valid when considering 

production of new strongly interacting particles but not when considering 

e.g. electroweak interactions. Schwitters commented that at a DPF workshop 

last year in Berkeley the increase in cost for the detector when going from 
32 33 —2 —1 

10 to 10 cm s in luminosity had been estimated to be a factor 3 to 4 

for the detector hardware and an order of magnitude for the data handling. 

M. Koshiba remarked that the number of events quoted in the discussions were 

always valid for only one year of running. Since the investment cost of the 

future colliders is very high, the machine would certainly have to run for at 

least ten years. Taking this fact into account would imply that one could 
32 33 -2 -1 

work at 10 rather than at 10 cm s • J. Sandweiss pointed out that not 

all experiments will aim at measuring the average event but rather be of the 

kind earlier indicated by Wolf, i.e. experiments that detect only large p 

jets and are blind for most of the events. 

Sandweiss furthermore asked whether it would be useful to have polarized 

beams to discriminate against some of the background. Kane answered that for 

production of weak interaction particles like Z and W this is the case, but 

not in most other cases like e.g. for the production of the spin-zero Higgs• 

Ellis remarked that the panel presentations had not at all discussed 

experiments at a future e e machine as had been advertised. The chairman 

asked the panel members to point out what in their conclusions would be 
+ — 

different in the case of an e e experiment. Breidenbach said that all 

trigger and data acquisition questions became trivial at an e e machine as 

compared to a hadron machine. Wolf said that the demands on accuracy remained 

the same in the two cases but that due to the lower intensities, vertex 

detectors would have much less problems with radiation damage. Amaldi said 
+ -

that calibration would be easier at an e e machine, that there would be no 

problems to go to small angles, but that otherwise there was little difference. 

Orito pointed out that at a 1 TeV e e collider with a luminosity of 
32 —2 —1 10 cm s there would only be a few events per hour, a very comfortable 

rate from the point of data handling. Furthermore, to study objects of a few 

100 GeV/c2 mass certainly the detection conditions would be much cleaner at 
+ -

an e e machine than with a hadron machine. With a 10 TeV hadron collider, on 

the other hand, it should be possible to study objects of very high mass like 

5 TeV/c*. 
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H. Schopper said that earlier it had been argued that the great interest 

of hadron machines, as compared to e e machines, was that they provide gluon-

gluon collisions at large ratec He noted that iw the present discussion more 
+ -

had been said about W W collisions than about gluon-giuon collisions. Kane 

responded that for Higgs production up to a certain Higgs mass hadron colliders 

are much more efficient due to the gluon collisions. Ke also said that of the 

three experiments he had presented in his introduciijr, the first two would be 

possible at both e e and hadron colliders, whereas tl.c ^hird experiment could 

only be made at a hadron machine, a^ain due to J- ic r-rtut.ius of glucm-gluon 

collisions. 

K. Tittel asked Schwitters if he thought that it was really possible or 

even desirable to measure the direction and momentum all 500 or so tracks in 

an event using a track chamber and magnet. Schwitters agreed that indeed the 

task seemed formidable and concluded that the kind of complete event recon

struction that is being made today would most probably not be possible at a 

future hadron collider. 

J. Sacton asked if it would be important to determine the charge, of the 

leptons and, if so, how to measure the charge of the electron. Schwitters 

answered that charge determination would be important but that it would be 

very difficult to measure the charge of electrons. Wolf said that charge 

determination would be useful for events which contain several leptons where 

as for events with single leptons charge determination would be less important. 

3. Conclusions and recommendations 

Below I will summarize what appears to me to be the essential conclusions 

of the panel discussion and formulate a few recommendations in the spirit 

given in the introduction. 

In the discussion on detectors at the future large hadron colliders much 

emphasis was given to calorimetric measurements, muon measurements and micro-

vertex detection. Calorimeters with the properties required are certainly 

feasible, although substantial development work will be needed. They represent 

the primary tool at any large future hadron collider. Also rauc-n measurements 

are feasible, although by no means trivially, and of great importance. The 
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value of a good minivertex detector is indisputable although here the technical 

problems that have to be solved are such that a solution cannot be guaranteed. 

Both the feasabllity and to some extent also the value of complete tracking 

and momentum measurement of all charged tracks seems questionable, at least at 
33 -2 —1 

a luminosity of 10 cm s 

It was suggested that at the very high energies under consideration a 

good calorimeter should have the same absorber material in the hadronic and 

electromagnetic parts, with as equal response to hadrons ar.d electromagnetic 

particles as possible (e.g. Uranium), have n.-j amplification of the primary 

charge (ionization chamber operation) and be- provided wit'u £es£ beam calibra

tion facilities (in siti: if possible) up to the highest energies, all in order 

to optimise the energy-measurement accuracy. High granularity ('V/IO channels) 

and small Moliere radius (~1 cm) will be required for optimal localization 

of the jets and leptons. A good muon identification and measurement capability 

will require very thick magnetized iron walls (5m) and large surface (several 

1000 m 2 ) , high precision (o = 300 pm) drift chambers. A good microvertex 

detector should have high resolution (a = 10 ym), good double track resolution 

(100 urn) and high radiation dose resistivity (10 Rads). An overriding require

ment is that the detectors should be able to stand a bunch collision rate of 

one every 10 ns, which requires short pulses (clipping) and short drift distan

ces in the detectors (less than 5 mm) and high redundancy in the measurements. 

There is a need for inexpensive and radiation-hardened front-end electronics 

for all detectors. As to data acquisition and analysis the use of a sequence 

of successive trigger levels with a large number of emulators (of the order of 

100) in the last stage and the use of optical discs for data storage would be 

needed at the highest luminosities. 

It is clear that the development of the instrumentation techniques 

mentioned here constitutes a prerequisite for the efficient use of a future 

large hadron collider. It will be an important task for the universities and 

national laboratories to carry out this development work, in particular because 

the laboratory that would host a large hadron collider probably would have to 

focus most of its efforts on machine development and construction and would 

have very limited resources available for detector development and construc

tion. In view of the large scale and large numbers of many of the detector 

devices considered, collaboration with industry must be established for this 
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work to a much larger extent than what has been the case till now. Collabora

tion with other departments at our universities, like those for electronics, 

computing and material sciences, should also be sought when working on 

specialized development problems. 

It should be noted that when considering detectors for a future lar'̂ e 

e e collider, some of the technical problems mentioned are drastically 

simplifed, in particular those related to the high collision rate like signal 

pile-up, radiation damage and fast data processing. Many problems remain 

however, in particular those related to the large size of the detector and to 

the high measurement accuracy. 

Although several reservations were made in the discussion and a number of 

technical questions remain unanswered, I believe that the large hadron collider 

should be built such that the highest possible luminosity, even above the value 
33 —2 -1 

of 10 cm s , could indeed be reached. Data taking at peak luminosity 

with specialized detectors would allow to search for rare events with very 

energetic jets that would stand out above the "noise" of minimum bias events, 

also when several of these would overlap with the trigger event. Exactly at 

what luminosity more complete measurements with full event reconstruction 

could be made seems difficult to say with confidence today, but it would 
32 33 —2 —1 

probably fall somewhere between 10 and 10 cm s • For such measurement 

there should be only one interaction per bunch-crossing on average. As radia

tion damage caused by the bunch-crossing radiation already represents a 

precarious problem, it is crucial that the machine radiation at injection and 

abortion be kept at an absolute minimum. 

All these perspectives are extremely challenging and very exciting from 

the physics point of view. I believe the pannel discussion showed that 

experimentation at the future colliders is indeed possible and also that the 

realization of experiments will be largely stimulated if a spirit of inter

regional cooperation will prevail in our work. 

In conclusion I recommend that ICFA set up a more permanent working panel 

on Future Instrumentation Innovation and Development to give advice and 

stimulate interregional cooperation on these matters and to report progress at 

future ICFA meetings-
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Appendix 1 

The Three Most Revealing Future Experiments 

G.L. Kane 

University of Michigan 

Ann Arbor, USA 

I have been asked by the organizer of this session to speculate on the 

subject of my title. Given the charge of this panel, I will concentrate on 

questions of feasibility and demands on machines and detectors. I will use 

results from U.S. PSSC studies, and from F. Paige and ISAJET. I propose the 

following three experiments for our consideration. 

1« We need to study WW scattering (W includes \T, Z .) 

The central problem we face is to understand why and how SU(2) x U(l) is 

broken, and how to interprete the Higgs mechanism. Then are three useful ways 

to produce W's: 

(a) e e or qq •*• WW. 

The non-Abelian WWW vertex occurs here. One way new physics could show up is 

by affecting this vertex, and presumable the size of the WW cross section. 

This gives a small cross section, a - 10 cm2, evaluated at M^, = 1 TeV, 

/s = 20 TeV. For a luminosity L = 10 /cm2sec, one can reach M ^ = 1600 GeV at 

•s = 10 TeV, 2300 GeV at 20 TeV, and 3200 GeV for /s = 40 TeV. For L = 
31 

10 /cm2 sec the achievable M ^ decreases by about 1/3. 

(b) gg + H° * WW 

This is the usual way to produce a Higgs H°; the cross section is very 

small, with a * 10~39 cm2 for VL. = 1 TeV. Further, rR + = 1/2 M5
R TeV 

gets large so once M > 400-800 GeV, depending on cuts, the WW pairs from H° 

cannot be separated from background. 

(c) The third process is only recently considered (Kane, Cahn 

and Dawson): 

- 159 -

Appendix 1 

The Three Most Revealing Future Experiments 

G.L. Kane 

University of Michigan 

Ann Arbor， USA 

1 have been asked by the organizer of this session to speculate on the 

subject of my title. Given the charge of this panel，工 wi11concentrate on 

questions of feasibJlity and demands on machines and detectors. 工wi11use 

results from U.S. PSSC studies， and froru F. Paige and ISAJET. 1 propose the 

following three experiments for our consideration. 

1. We need to study WW scattering (W includes d，z0.〉

The central problem we face is to understand why and how SU(2) x U(l) is 

broken， and how to interprete the Higgs mechanism. Then are three usefu1 ways 

to produce W' s : 

--( a) e' e or qq ... WW. 

The non-Abelian WWW vertex occurs here. One way new physics cou1d show up is 

by affecting this vertex， and presumab1e the size of the WW cross section. 
-36 

This gives a sma11 cross section，ι= 10 --cm2， eva1uated at M..1T.. = 1 TeV， 
'::33. 

Is = 20 TeV. For a luminosity L 10........./cm2sec， one can reach M..1T.. = 1600 GeV at 
Is 10 TeV， 2300 GeV at 20 TeV， and 3200 GeV for /s 40 TeV. For L 

31. . 
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-39 

sma11， withσb ，. 10-
J
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H 
cannot be separated from background. 
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It is now known (Kane, Repko, Rolnick; Dawson) how to calculate in the 

"effective W" approximation if s >> M 2 » M* . One can use any model for 
WW W 

WW + WW as shown above and calculate approximately the resulting cross section. 
For WW scattering via an H° this gives a - a* ln(s/M*)/16 M* which 

c 2 W W 
dominates when M ^ > 600 GeV. 

To actually study WW scattering one must be able to see cross sections as 

small as the above, and overcome large background. The main signatures known 

today are (1) the "background" W's peak forward and backward, while those from 

new physics could peak at 90°, (2) the Z°/W~ ratio is about 1/7 for process 

a, 1/2 for Higgs decay, and could be different for other models, (3) the ratio 

of longitudinally to transversely polarized W's probably increases for new 

physics, (4) there could be copius production of extra W's (Chanowavitz + 

Gaillard). 

Backgrounds are serious. To distinguish a W from a jet is not trivial 

(Paige, Sculli). By studying M., n ,, z, and core distributions one can 
J ch 

probably discriminate by a factor 30-100, but that is not good enough. At 

40 TeV the background cross sections are 

°.«<P.P > 5 0 0 G e V> e 4xl0~ 3 2 cm2, a , (p_ > 500) « 7xlO _ 3 5 cm* , for W + iv. 
J J J- wj l 

Further, jets and W's radiate W's so the Standard Model background for 
multiple W production will be large. 

2. One reason to build a very high energy machine is to find a few 

anomalous events at the highest energies, signaling something new. Although 
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-32 .~-35 
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one does not know what to look for, models are suggestive. It is important to 

be able to identify isolated i. (1 = e, u, T ) , Y'S, jets (j), missing trans

verse momentum ($T) and missing energy (j£). For example, if events were 
+ + 

ever observed with signatures f jjpT, I jp^, jjjp^, jjp^, jt>r at the 

right rates it could signal the discovery of associated production of 

supersymraetric partners. Since jets can overlap or radiate gluons, good energy 

and angle resolution are needed. Missing energy is important. For example, 

to distinguish events where $ is due to one v, from those with £ 2 

missing particles ( v + v , v + Y» Y + Y> etc) one must be able to determine 

whether $ could originate with a single particle with M2 = E2-p* = 0. 

Techniques for measuring total E have been discussed. 

3. Our third experiment is quite different but very important. The 

reason for the existence of several flavors is still a complete mystery. 

There are no good ideas "t present to explain flavors, and fermion masses. It 

may be that data on transitions among heavier flavors will be needed to make 

progress, and that can be obtained at a high energy hadron collider, with the 

necessary sensitivity to study rare decays and CP violation . Once s >> M2 , 
13 12 10 10 w 

there are over 10 c-quarks, <v> 10 b-quarks, <v 5x10 t-quarks, > 10 T'S, 
q + 7 33 

and > 10 VT to study in 10 sec at a collider with L = 10 /cm2sec. TVJ 
31 

studies have shown that with b-quarks one can use at least L = 10 , and J. 
32 

believe one can use 10 before real limits are reached. Then one can 
a 

obta in i> 10 B° for s tudy. In general the b ' s are produced f l a t in 
r a p i d i t y , with a forward peak in angle . The P_ d i s t r i b u t i o n peaks a t ^ M . 

T B 

Studies so far have concentrated on central region B's, but there is also a 

"beam" near the forward direction. One can hope to study B°-Bl) mixing, CP 

violation, and rare decays such as B° + ne, TU, irue,...; T + ue,...; 

x + lijju, uee, •••; D° •*• ue, irue, .... 

To do this one must overcome the familiar problem with charm at hadron 

machines. It will be necessary to have a good vertex detector, at least on 

one side. One can reconstruct fittable modes on the other. Tracking is not 

too bad since there are < 2 charged particles per unit of Ay = 1, A4> = 45 . 

One must also learn to distinguish c, b, x by combining decay pT's, 

multiplicity, partial reconstruction, and other techniques, and to untangle 

sequential decays such as t + btv, b + civ, T + Ivv, .... 
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Final remarks. Much has been left out because of lack of space• 

Interested readers can contact me. To do experiments on new physics at very 

high energies it will be necessary to have machines that can run at high L, 

though they may not need to for every experiment. We should not build a new 

and perhaps final high energy facility which could not find new phenomena if 

they were present at the rates expected in gauge theories. It will not be 

easy to learn how to do experiments at such L; new detectors, such as one that 

surrounds the interaction region with a solenoid that traps all particles with 

p < 1 GeV, must be considered. Cherenkov and transitions radiation 

devices that simply do not see some particles could be used. Physics at the 

new machines will detect hard l~, Y» jets, p\„, J5 and long-lived 

quarks rather than IT'S, K'S, etc. 
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Appendix 2 

Calorimetry for Jets and Total Energy 

U. Amaldi 

CERN, Geneva, Switzerland 

edited by T. Ekel6f 

Calorimeters will be an essential tool at the future high energy 

colliders. One reason for this is that the energy dependence of their basic 

properties is favourable; the length of a calorimeter only increases as the 

logarithm of the energy E and the resolution improves as R//S+K. The 

important role that calorimetry now is taking can be illustrated by the 

history of event visualization. In the 1960's this visualization was made 

with bubble chambers, in the 1970's with wire chambers and imaging chambers 

and in the 1980's with the by now well-known lego-plots of calorimeteric 

energy as function of 0 and $. In future we can hope to have such lego-

plots showing the energy and direction of Z's, W's and Higgs (See Fig. 1). 

Such plots can only be obtained from calorimeters. In particular they cannot 

be obtained from a track detector in magnetic field as neutral particles 

cannot be detected in such a system. Other disadvantages are that the size of 

a magnetic spectrometer increases like /E* and that the measurements in the 

track detector are much disturbed by the multitude of curling tracks. 

Calorimeters are energy degraders. For electrons the degradation is very 

efficient because the energy is much larger than the critical energy in the 

calorimeter material. For this reason the energy resolution is quite good, 

about a /E = (5-10%)//E. Unfortunately, even at the very large energies 
E 

we are dealing with here, this is not true for muons due to their substantial 

rest-mass. 

For partons the first degradation is due to confinement. This gives a 

very rapid degradation which is illustrated in Fig. 2 showing for a gluon jet 

of P_ = 0.5 TeV the fraction of energy carried by particles, the z of which 

are above the value of the abscissa value. As much as half of the energy is 
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carried by particles of energy less than 25 GeV; the fact that, already in the 

first degradation many particles are produced, reduces the fluctuations and is 

favourable from the point of view of energy resolution. Unfortunately, as 

shown in Fig. 3, this energy is sent out in a cone of large opening angle, 

typically of the order 1 radian. As a consequence, when there are several jets 

in an event, they will have a tendancy to merge with a worsening of the energy 

resolution as a result. 

The second degradation of the parton energy occurs in the calorimeter 

matter through hadronic interactions. This degradation is not very efficient 

due to the moderate inelasticity of 0-5 in these interactions (leading particle 

effect). A even more severe problem is however the conversion of neutral 

pions to electromagnetic showers through the decay v° -*• 2 y> This is severe 

since the response of most calorimeters is quite different for hadronic and 

electromagnetic energy. Typical values of the ratio of the pulse-height for 

an electron and that for a hadron of the same energy is 1.4 in iron and 1.2 in 

lighter material like Aluminium. It is by now a proven fact that due to 

nuclear fission this ratio is very close to 1.0 for uranium. The consequence 

for the energy resolution of this effect appears clearly in Fig. 4, which 

shows the intrinsic energy resolution a_/E as function of energy for iron, 

aluminium and uranium. The curves can roughly be parametrized as 

,£»^ (0.4-0.5) . (R(eAQ -1) 
W jet" ~y% + 5 

where the range 0.4-0.5 is spanned when the mean atomic number is increased 

from A 2i 20 to A ^ 200 and R(e/ir)is the ratio of electromagnetic to 

hadronic pulse-height. Using uranium the error at large energies is minimized 

due to the equal response to electrons and hadrons. Another strategy to 

minimize o_/E is to try to distinguish the depositions in the calorimeter 
E 

of the electromagnetic and the hadronic energy and then weight the two contri

butions differently in the analysis. 

Potentially it is therefore possible to measure calorimetric energy with 

1% accuracy at high energy, provided that also the systematic error in all the 

10 -10 calorimetric channels in a typical detector are on the same level. 

To achieve this it is probably necessary to use calorimeters with charge 

detectors that have no amplification, like liquid-argon or warm-liquid 
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ionization chambers or silicon detectors. Furthermore the same degrader 

material should be used in the electromagnetic and hadronic parts of the 

detector to increase the uniformity of the hadronic response. Finally it is 

essential to provide continous precise calibration facilities. For this 

reason it would be valuable if machine physicists would look into the 

possibilities, either to run the future hadron colliders as high luminosity 

e e rings to produce abundantly Z 's (and higher mass Z's if they 

exist) or to channel to the interaction regions proton and electron beams to 

calibrate the calorimeters. In the first case the Z° decays into e e~ 

and qq in large numbers would be used for calibration purposes. 

As to the rate of events that can be handeled with calorimeters, it has 

been shown that at large angles one or even two events overlapping on the 

trigger event can be tolerated. Therefore it seems feasible to operate at an 

average of 1 event per crossing even when the time between bunches is as short 

as 10 ns or 20 ns. 

Finally, efforts should also be made to measure the longitudinal energy 

better than what is today done in e.g. UA1 and UA2. As the stored beams do 

not fill the full apperture of the vacuum tube, one could have movable 

sections containing calorimeters that would be driven in close to the 

circulating beams after acceleration, thus possibly enabling some energy 

balance to be made also longitudinally. Such calorimeters would, of course, 

have to be able to stand very high fluxes. 
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Appendix 3 

Tracking and Momentum 

R.F. Schwitters 

Harvard University/Cambridge, USA and 

Fermilab, Batavia, FNAL 

These brief remarks are intended to indicate some of the issues involving 

charged particle tracking in collider detector experiments at future very high 

energy hadron colliders- They are not a review of tracking detectors nor do 

they cover special requirements for future electron-positron colliders. 

The physics requirements that motivate particular choices of tracking 

detectors can be classified broadly into three categories: 1) determination of 

the overall event topology including charged multiplicity and vertex location, 

2) measurement of single charged particle momenta in conjunction with magnetic 

fields, and 3) detection of secondary verticies as a method of particle identi

fication of states within certain ranges of lifetimes. Another possible cate

gory would be identification of relativistic particles by energy los« measure

ments in a tracking system. Given the very high energies and multiplicities 

of charged tracks expected in future hadron collider experiments, it seems 

unlikely that energy-loss measurements will play a major role in many future 

collider detectors. 

The three different categories of physics needs place different demands 

on the performance of tracking detectors. For example, the determination of 

event topology makes only modest demands on position resolution (*v 1mm), but 

requires large solid angle coverage, the ability to handle a high multiplicity 

of tracks, and must be of low mass to minimize photon conversions. The 

required position resolution is set by the density of tracks and the desire to 

match tracks with electromagnetic shower counter information for photon-

electron identification. Traditionally, these requirements have been relative

ly easy to achieve with atmospheric pressure drift chambers in various con

figurations having dimensions of order one meter or less. In magnetic detec

tors, event topology is usually determined by the momentum tracking chamber. 
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Despite the additional complexity of the magnet coil, flux return yoke, 

and elaborate charged particle tracking systems, momentum measurements have 

been highly desireable aspects of many collider detectors. They allow the 

measurement of individual particle momenta which can be used to compute 

multiparticle invariant masses, the determination of the sign of electric 

charge, the determination of muon energies, and the improved separation of 

electrons from hadrons. Typical tracking systems employ drift chambers with 

position resolutions of order 0.1 mm over track lengths of 1-2 m« As in the 

case of event topology, momentum measurement systems must be able to handle a 

large multiplicity of charged prongs, cover a large solid angle, and be of low 

mass to minimize multiple scattering and conversions. The fractional momentum 

resolution (arising from measurement error alone) scales as: 

12- « Ps 

T BL2 

where s is the position resolution of the tracking system, B is the magnetic 

field strength, and L is the scale size of the tracking system perpendicular to 

the magnetic field. Some of the compromises that come into the design of a 

system include: 1) the desire to minimize s versus cost, number of channels, 

and thickness of the tracking detectors, 2) the desire to increase B versus 

coil design problems, magnetic forces, size of return yoke, and magnetic 

effects on electron drift in the tracking chambers, and 3) the desire to in

crease L versus the overall size of the experiment and the attendant syste

matic errors in positioning large tracking chambers. The magnet design also 

impacts on the interaction region design of the accelerator. 

A relatively new development in tracking detectors for high energy 

colliding beams experiments is the use of ultra high precision position 

detectors for observing the short flight paths of weakly decaying heavy quark 

of lepton systems. These detectors employ solid state or high pressure gas 

techniques that are capable of position resolutions of order 0.01 mm. It is 

important to place these elements as close to the collision point as possible. 

The design problems associated with these secondary vertex detectors include: 

1) confusion from other prongs in the event, 2) the relative thickness of 

these detectors and their associated cables and electronics, 3) radiation 

damage from being near the beams, A) costs and complexity, including the 

amount of data to be recorded and reconstructed. 
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The two major changes in going from present day collider detectors to the 

next generation of hadron colliders are the "kinematic" effects of the higher 

energy collsions and the necessity of operating the machines at substantially 

higher luminosity in order to observe the rare events of interest. Both of 

these will have a major impact on the designs of tracking systems. 

Scaling from current energies indicates that a 1 TeV object will be 

produced at 20 TeV over a comparable range of angles or rapidities as W or Z 

bosons produced at 2 TeV. This means, for example, that conventional magnetic 

field configurations will be relatively inefficient for covering objects as 

light as 1 TeV or less! W and Z bosons will be produced down to about 1/2 

degree. Thus long dipoles or split field magnets would appear to have a big 

advantage over solenoids. The next problem for momentum measuring systems is 

that the particles of greatest interest will most likely have considerably 

higher momenta on average, making the measurement much more difficult. This 

will require even larger tracking systems operating in even higher magnetic 

fields, a costly and difficult proposition. 

In addition to the larger range of angles and larger average momenta of 

particles of interest, the events will also become more complicated as the 

average numbe:. of particles per unit rapidity in the beam jets increases to 

something like 5 and the density of tracks in the parton jets increases to 

10-20. This means that the tracking systems will simply have to cope with 

more particles and the chances of confusion and overlap will increase. 

The luminosity-event rate problem is extremely serious for all aspects of 

collider detector design. For example, at the modest luminosity of 
32 —2 -1 

10 cm s •, one event will occur on average every 100 ns. Such an 

event could easily have 100 charged prongs within a typical tracking volume. 

In a conventional drift chamber, the ionization electrons from one event will 

have drifted only 5 mm by the time the next event occurs! Improved multi-hit 

electronics and careful electrode design for drift chambers will certainly 

lead to workable systems, but at the expense of probably an order of magnitude 

growth in electronics channels and data per event. If one wants to use solid 

state vertex detectors, then there will be the additional problem of radiation 

damage. Going another order of magnitude higher in luminosity seems to be 

extremely difficult if not impossible. 
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These considerations lead me^to expect that tracking systems will become 

relatively less important compared to calorimete • systems for detectors at 

future hadron colliders. Nevertheless, the event topology requirements will 

certainly be very important and some experiments will need momentum measure

ments and secondary vertex detection. Thus, development work on tracking 

systems needs to be done now to prepare for the next generation. The most 

important area would be to attack the tracking information explosion problem. 

The idea here is to develop tracking processors at an early stage in the data 

stream to minimize the amount of information that has to be carreid around with 

each event and recoastructed off line- Another general area where studies are 

needed is the interface between accelerator and detector design. For tracking 

systems, this will involve studies of new analysis magnet configurations, the 

possibility of using machine magnets for analysis of small angl? tracks, and 

background studies-
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Appendix k 

Identification of e, ]X and Other Particles 

G. Wolf 

DESY, Hamburn, Germany 

Experimentation in the TeV region will strive to identify quarks, gluons, 

leptons rather than pions, kaons or protons. Table 1 lists possible methods 

for their detection. 

Table 1: Identification of basic constituents 

Type 

u,d,s 

c 

b 

•»-> 

gluon 

z,w 
Y»e 

y 
T 

V 

Method 
? 

c -*• Jlvx , decay vertex, D* •*• TT+D 

b •*• Jlvx, decay vertex 

t -*• Jlvx, decay vertex 
? 

1° •*• ! l , W + Av, Z,W + qq 

segmented shower counter + tracking + TRD 

magnetized iron 

possibly at large pT: T •*• 3 charged + decay vertex 

Miss Miss Pj + mass 

Quarks: No viable scheme is known for the recognition of jets from u,d or 

s quarks. For the heavy quarks c,b,t several methods can be used; detection 

of the lepton (s) from the semileptonic decay (Q •*• fevq)»of the decay vertex, 

and of particular simple hadronic decay modes of c,b or t hadrons. 

Because of the comparatively small c mass the lepton from c •+ Ivq decay 

has a small transverse momentum relative to the direction of the c quark 

(<pT> ~ M /4) and will have to be detected amidst all other jet fragments. 

That appears to be difficult. In the case of b decay detection of the lepton 

might be feasible and for t decay the lepton detection should be straight

forward. 
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Qu旦rk三~ No viable scheme is known for the recognition of jets from u，d or 

s quarks. For the heavy quarks c，b，t several methods can be used; detection 

of the 1 epton (s) from the semi 1 eptoni c decay ( Q +仰q)，ofthe decay vertex， 
and of particular simple hadronic decay modes of c，b or t hadrons. 

Because of the comparatively smal1 c mass the lepton from c + R.vq decay 

has a 5mall transverse momentum relative to the direction of the c quark 

(<PT> -Mc/4) and wil1 have to be detected amidst all other jet fragments. 

That appears to be difficult. In the case of b decay detection of the lepton 

might be feasible and for t decay the lepton detection should be straight-

forward. 
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The observation of the decay vertex of c and b (and t ?) hadrons might 

well be the most e f f i c i en t way for c,b (or t ) i den t i f i ca t i on . The average 

impact parameter of a track from c(b) decay with a l i fe t ime T i s <6> = e x . 

A vertex detector with a posit ion resolution of -10 ym at rad i i of 10 and 

20 cm w i l l measure 6 of a single track with an accuracy of <40 ym. This should 

be su f f i c ien t to observe c(b) decays, v iz : CT ~ 120 ym, 270 ym, 420 ym for 

D°, D and b-hadrons, respectively. While a s i l i con s t r i p device of the 1 

availab"^ today can provide the required posit ion accuracy i t is doubtful 

that i t cc 

or higher. 

D°, D and b-hadrons, respectively. While a s i l i con s t r i p device of the type 

doubtful 
32 -2 -1 that i t could be operated at a pp co l l ider at luminosities of 10 cm s 

An example of quark iden t i f i ca t ion by a speci f ic hadronic decay mode is 
* + 1) 

the D -»• TT D decay ' which has become a. standard way of tagging c-quarks in 

e e annih i la t ion ' and which might also be used in the TeV range. Detection 

of the D* •*• TT D ->• TT+KTT . . . decay does not require TT or K iden t i f i ca t ion but 

needs good momentum and angular resolut ion. I t rests on the small Q value 

for the decay D*+ ->- TT+D (Q = 5 MeV). 

VI,Z: The UA1, UA2 experiments have demonstrated that detection of W and Z 

through the i r leptonic decays is straightforward at the SPS co l l i de r . At a 

multi-TeV co l l ider th is is presumably s t i l l true for Z 0 , s ; whether i t holds 

also for W's is doubtful when addit ional neutrinos or other undetectable 

part ic les are produced together with the W (e .g . pp -»- W W x ) . 

Another route to W,Z-detection is through the i r qq decay and a measure-

met of the j e t - j e t mass d i s t r i bu t i on . The usefulness of th is scheme depends 

on the j e t - j e t mass resolution and hence on the precision of the calorimeter 

as well as on the background leve l . For a good calorimeter one can expect 

oM/M = 10 % for M = V\y. 

Y,e: Photons and electrons can be ident i f ied in the standard way using an 

electromagnetic shower counter (EM) together with a charged par t ic le tracker 

in f ron t . I f additional background suppression is required for electrons, a 

transit ion detector (TRD) can be added. 
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through their leptonic decays is straightforwa吋 atthe SPS collider. At a 

multi-TeV collider this is presumably still true for ZO's; whether it holds 

also for W's is doubtful when additional neutrinos or other undetectable 

particles are produced together with the W (e.g. pp + W W x). 

1+灼 1+灼

Another route to W，Z-detection is through their qq decay and a measure-

met of the jet-jet mass distribution. The usefulness of this scheme depends 

on the jet-jet mass resolution and hence on the precision of the calorimeter 

as well as on the background level. For a good calorimeter one can expect 

σM/M ~ 10 % for M = MW. 

工z旦~ Photons and electrons can be identified in the standard way using an 

electromagnetic shower counter (EM) together with a charged particle tracker 

in front. If additional background suppression is required for electrons， a 

transi tion detector (TRD) can be added. 
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The EM presently employed at the SPS collider are certainly able to 

detect electrons and photons produced at large p T. In order to spot e(y) 

also amongst the multitude of particles in a Tev jet one should develop EM's 

with shorter radiation length (X ) leading to a smaller Moliere radius (90 % 

of the energy of an electromagnetic shower is localized within a radius of 

RM = 21 MeV/E. - t ) . Table 2 compares the properties of a BGO counter (which 

has the shortest X amongst the current crystal EM) with those of a uranium 

counter using silicon read-out. 

Table 2: Comparison of a BGO counter with a uranium-silicon counter 

(sandwich of 0.3 cm U, 0.1 cm silicon). 

1 XQ (cm) 

RM (cm) 

a/E 

a/E at 1 TeV 

number of channels 
(at a radius of 2 m) 

BGO 

1.1 

2.4 

2,6 % + 0.5 % 

ft 
0.5 % 

0.9-105 

U + silicon 

0.4 

1.3 

20 %
 + 1 % 

1.2 % 

3-105 

The U-Si version has an RM of ~1.3 cm which is roughly a factor of two 

smaller compared to that of BGO. However, before a large scale U-Si counter 

can be employed at a TeV collider a number of technical problems related 

to the use of silicon have to be solved: 

- radiation resistance 
- reduce price of silicon 

2 
(presently > 3 sfr/cm ; a 4TT EM at a radius of 1.5 m with 25 readout layers 
needs -2-107 cm2 of Si) 

- develop integrated read-out electronics 
- reduce pulse length (presently >500 nsec; drift diode type operation ' 

might lead to a substantial shortening of the pulse). 

Incidentally, the reduced shower size in the EM will help also in 
separating closely spaced je ts . The argument goes as follows. Quark jets 
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The EM presently employed at the SPS collider are certainly able to 

detect electrons and photons produced at 1arge PT. In order to spot e(y) 

a1so arnongst the multitude of partic1es ;n a TeV jet one should deve10p EM's 

w;th shorter radiation length (Xo) 1eading to a smaller Moliere radius (90 % 

of the energy of an electromagnetic sh側 eris 10calized within a radius of 

RM = 21 MeV/E
krit

). Tab1e 2 compares the properties of a BGO counter (which 

has the :hortest Xo amongst the current crysta1 EM) with those of a uranium 

counter us;ng sil;con read-out. 

Tab1e 2: Comparison of a BGO counter with a uranium-si1icon counter 

(sandwich of 0.3 cm U， 0.1 cm si1icon). 

BGO U + si1icon 

). X
o 

(cm) 1.1 0.4 

RM (cm) 2.4 1.3 

σIE 2.6 % + 0.5 % 20 % + 1 % 
，ぞ IE 

。IEat 1 TeV 0.5 % 1.2% 

number of channels 0.9・105 3・10
5

(at a radius of 2 m) 

The U-Si version has an RM of -1.3 cm which is roughly a factor of two 

sma11er compared to that of 8GO. H側 ever‘， before a 1arge scale U-Si counter 

can be emp10yed at a TeV co11ider a number of technica1 problems related 

to the use of silicon have to be solved: 

-radiation resistance 

圃 reduceprice of si1icon 
2 

(present1y ~ 3 sfr/cm~; a 4~ EM at a radius of 1.5 m with 25 readout 1ayers 
7 ~_2 、needs 帽 2・10'cm'" of Si) 

-deve10p integrated read-out e1ectronics 
3) -reduce pulse length (presently >500 nsec; drift diode type operation 

might lead to a substantial shortening of the pulse). 

Incidental1y， the reduced shower s;ze in the EM will he1p also in 
separating closely spaced jets. The argument goes as fol1ows. Quark jets 
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typical ly have a hot core: a large fract ion of the j e t energy is concentrated 

in a narrow cone around the quark d i rect ion. The energy i n the core is carried 

by hadrons ami photons (mostly from ir° decay). Thus the center of the j e t can 

be localized in the hadron calorimeter (HAD) and in the EM. However, the size 

of an electromagnetic shower ( for a single part ic le) is much smaller than 

the shower of a hadron in HAD. To give an example: in the best case of a pure 

Uranium calorimeter the 90 % radius is Rgo - 7 cm compared to the 1.3 cm of the 

U-S. EM counter. 

Muons: Aims and methods for muon detection have been discussed extensively 

by the muon group^ at the ECFA-CERN workshop. The detector should have the 

following capabi l i t ies. 

- muon ident i f ica t ion over the energy range from 5 GeV to -2 TeV. Consider

ing only conventional processes the dominant contributors to muon production 

w i l l be the semileptonic decays of c,b and t . 

- momentum measurement with a /p < 30 %. This permits determination of the charge 

of the muon. 

- muon t r igger. 
_3 

- keep the pi on punch through probabil i ty below 10 . This requires approxi-
2 

mately 4000 g/cm of absorber material or 500 cm of i ron . 

Two possible detectors schemes are sketched in Fig. 1. The f i r s t detector 

uses magnetized iron interleaved with detection devices. In the second detec

tor the calorimeter is immersed in a solenoidal magnetic f i e l d . Muons which 

penetrate the calorimeter are momentum analyzed in the space following i t , 

(see e.g. the L3 design). A momentum resolution of a /p ~ 0.2 p, p in TeV/c 

appears feasible over a rapidi ty range of |y| < 1.3. 

A possible design for a detector of the f i r s t kind is depicted in Fig. 2. I t 

consists of a central part with a calorimeter and surrounded by a box of 

5 m thick magnetized iron subdivided into 4 layers. The gaps between the 

layers are equipped with d r i f t chambers (0 = 300 \m) and sc in t i l l a t i on coun

ters (hal f of the layers). The expected momentum resolution is c/p - 20 %. The 

detector can be triggered on muons. Applying a cut-off momentum of 25 GeV/c 
33 -2 -1 

the tr igger rate expected is 10 Hz for L = 10 cm s at /s = 20 TeV. 
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in a narrow cone around the quark direction. The energy in the core is carried 
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by hadrons盟三 photons(mostly from πdecay). Thus the center of the jet can 

be localized ;n the hadron calorimeter (HAD)型昼 ;nthe EM. H側 ever，the s;ze 

of an electromagnetic shower (for a single particle) is much smaller than 

the sh側 erof a hadron in HAD. To give an example: in the best case of a pure 

Uranium calorimeter the 90 % radius is RgO -7 cm compared to the 1.3 cm of the 

u-sf E門 counter.

Muons: Aims and methods for muon detection have been discussed extens;vely 
哨by the muon group "tJ at the ECFA-CERN workshop. The detector should have the 

following capabilities. 

-muon identification over the energy range from 5 GeV to -2 TeV. Consider-

ing only conventional processes the dominant contributors to muon production 

wil1 be the semilepton;c decays of c，b and t. 

-momentum measurement with On/P < 30 %. This permits determination of the charge 
P 

of the muon. 

-muon tri gger. 
-3 

-keep the pion punch through probability below lO~v. This requires approxi-

mately 4000 g/cm2 of absorber material or 500 cm of iron. 

Two possible detectors schemes are sketched in Fig. 1. The first detector 

uses magnetized ;ron interleaved with detection devices. In the second detec-

tor the calo同meteris ;mmersed in a solenoidal magnetic field. Muons which 

penetrate the calorimeter are momentum analyzed in the space fol10wing it 

(see e.g. the L3 design)・Amomentum resolution of σn/P句 0.2p， p in TeV/c 

appears feasible over a rapidity range of Iyl ~ 1.3. 

A possible design for a detector of the first kind is depicted in Fig. 2. It 

consists of a central part with a calorimeter and surrounded by a box of 

5 m thick magnetized iron subdivided ;nto 4 layers. The gaps between the 

layers are equipped with drift chambers (σ= 300 ~m) and scintillation coun-

ters (half of the ・layers).The expected momentum resol uti on i 5 o/p陶 20%. The 

detector can be triggered on muons. Applying a cut-off momentum of 25 GeV/c 
33 ・2・1the trigger rate expected is 10 Hz for L = 10wwcm-'s-~ at IS = 20 TeV. 
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The tracking chambers in this design have to cover the rather large 

area of ~5000 m . In order to accomplish that in an economic way the price 
2 

per m of such chamber has to be brought down by a factor 3-5 to a level of 

<2 ksfr/m2. 

In designing muon detection for the TeV range one should keep in mind 

that at energies of ~100 - 300 GeV a new phenomenon, called catastrophic 

energy losses, shows up in the passage of muons through matter. Fig. 3 

shows dE/dx for muons in i ron . Below 100 GeV the dominant energy loss is by 

ionization which rises logari thmical ly, dE/dx ~ a + k An E. At higher 

energies energy loss through bremsstrahlung and e+e" pair production sets in 

and quickly becomes dominant since i t increases roughly l inear ly with E. While 

the energy loss through ionization occurs smoothly along the muon path, the 

second kind of process has a large mean free path and as a resul t leads to 

large fluctuations in the energy loss. This is i l lus t ra ted in Fig. 4 showing 

ainuon traversing a proton decay experiment. The detector is 6 m deep and made 

of 0.3 cm Fe sheets interleaved with streamer tubes. The picture shows two 

successive electromagnetic showers corresponding to a tota l energyloss of 

-20 GeV. 
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The tracking chambers in this design have to cover the rather 1arge 

area of -5000 m2• "In order to accomplish that in an economic way the pr;ce 

per m2 of such chamber has to be brought down by a factor 3岬 5to a level of 

<2 ksfr/m2 • 

1n designing muon detection for the TeV range one should keep in mind 

that at energies of -100・ 300GeV a new phenomenon， ca11ed catastrophic 
energy losses， shows up ;n the passage of muons through matter. Fig. 3 

shows dE/dx for muons in iron. Below 100 GeV the dominant energy 10ss is by 

ionization which rises logarithmically， dE/dx -a + & ~n E. At higher 
+目

energies energy 10ss through bremsstrahlung and e'e-pair production sets in 

arxf quick1y becomes dominant since it increases roughly linear‘ly with E. Whi1e 

the energy 10ss through ionization occurs smooth1y a10ng the muon path， the 
second kind of process has a large mean free path and as a result leads to 

large f1uctuations in the energy 10ss. This is illustrated in Fig. 4 showing 

almuon traver.sing a proton decay experiment. The detector is 6 m deep and made 

of 0.3 cm Fe sheets interleaved with streamer tubes. The picture shows two 

successive e1ectromagnetic shωers corresponding to a tota1 energy"loss of 

旬 20GeV. 
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Appendix 5 

Triggering and Data Acquisition 

M. Breidenbach 

SLAC, Stanford, USA 

Triggering is a crucial topic in high L hadronic colliders. The basic 

goal is to reduce the 10 interactions per second to a rate which can be 

recorded and eventually processed; a rate between 1 and 10 Hz, and probably 

closer to 1 Hz. 

An unfortunate fact of life is that you must decide what physics you are 

pursuing in the trigger design - unlike the situation in e e where the 

trigger is relatively trivial and can take all annhiliation events - and the 

critical decision is the machine energy. 

For a hadron collider, the basic trigger signals that one usually has to 

work with are: 

E Sums 

Large P tracks 

Missing P 

Electrons 

and 

Muons 

Generation and manipulation of these signals is challenging for the 

present state of the art, represented by UA1 or UA2, and CDF and D0. Here 

pile-up is not an issue at all, and there are several us between bunches. 
33 

In a L = 10 collider, the mean time between interactions is 20ns. The 

first general problem is to reduce the integration time of the detectors as 

much as possible, and the second is to develop techniques to identify and deal 
33 

with multiple interactions. To set the scale, at a L of 10 , a device with 

a total integration time of 200 ns will have a 0.54 probability of seeing 10 

or more interactions 
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goa1 is to reduce the 10u interactions per second to a rate which can be 
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Generation and manipu1ation of these signa1s is cha11enging for the 

present state of the art， represented by UA1 or UA2， and CDF and DO. Here 

pi1e-up is not an issue at a11， and there are severa1 ~s between bunches. 
33 

工na L = 10--collider， the mean time between interactions 1s 20ns. The 

first general prob1em is to reduce the integration time of the detectors as 

much as possib1e， and the second is to deve10p techniques to identify and dea1 
33 

with mu1tiple interactions. To set the scale， at a L of 10--， a device with 

a total integration time of 200 ns wi11 have a 0.54 probabi1ity of seeing 10 

or more interactions 
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An example of addressing the multiple interaction problem is the refine

ment of the E trigger to a.clustered E or jet trigger, by limiting the 

solid angle acceptance and by putting a threshold of 1 to 1.5 GeV on a cluster. 

Without clustering, at an E cut of 20 GeV, the differnce between negligible 

pile up and a mean of 5 is a factor of 10 . 

A trigger scheme was worked out at the Berkeley DPF meeting last year as 
33 

an existence argument for a 10 system. The general architecture of these 

systems is a hierarchy of levels, beginning with a very fast, dead-timeless 

analog computation, proceeding through a set of levels that reduce the rate to 

that at which the full detector readout can be done. Finally the full data is 

examined by arrays of digital processors to determine if the event should be 

kept. 

The level 1 trigger has about 300ns to reduce the rate by a factor of 

1000 to 50 KHz. This can be done by: 

or 

or 

or 

an EE (threshold) > 8 GeV 

e Candiate PT > 5 GeV/c with EM/ calorimetery or TRD tag 
J- tiiVLJ 

PT inbalance > 15-20 GeV 

V Candidate identified by penetration through a lot of iron. 

The level 2 trigger can take 1 ps and must reduce the rate to 5 KHz. 

By using cluster finding hardware and tracking information, the triggers 

become: 

or 

or 

or 

Jet PT > 20 GeV/c 

Electron with tracking 

PT inbalance > 15-20 GeV/c 

\i Candiate with tracking and HAD calorimetry tag 

The level 3 trigger can take about 10 us and reduce the rate to a few 

hundred Hz. Fast bit slice processors are used to calculate Y and (6, 

generating the "LEGO" plot, and relatively complex topological decisions are 

made. 

Level 4 is detector readout and involves the data acquisition system. 

The typical detector is assumed to generate about 10 bytes per event, and 
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An example of address1ng the mu1t1p1e 1nteroction prob1em 15 the refine-

ment of the ET trigger to a.clustered ET or jet trigger， by 1imit1ng the 
solid angle acceptance and by putting a threshold of 1 to 1.5 GeV on a cluster. 

Without clustering， at an ET cut of 20 GeV， the differnce between negligible 
pile up and a mean of 5 i5 a factor of 10v

• 

A trigger scheme was worked out at the Beτkeley DPF meeting last year as 
33 

an existence argument for a 10--system. The general architecture of these 

systems is a hierarchy of levels， beginning with a very fast， dead-timeless 
ana10g computation， proceeding through a set of levels that reduce the rate to 

that at which the fu11 detector readout can be done. Fina11y the ful1 data 1s 

examined by arrays of digita1 processors to determine if the event should be 

kept ・

The 1evel 1 trigger has about 300ns to reduce the rate by a factor of 

1000 to 50 KHz. This can be done by: 

or 

or 

or 

an EET (threshold) > 8 GeV 

e Candiate P
T 

> 5 GeV/c with EM/
HAD 

calorimetery or TRD tag 
HAD 

P T inbalance > 15-20 GeV 

p Candidate identified by penetration through a lot of iron. 

The 1evel 2 trigger can take 1 ps and must reduce the rate to 5 KHz. 

By using cluster finding hardware and tracking information， the triggers 
become: 

or 

or 

or 

Jet P
T 

> 20 GeV/c 

Electron with tracking 

P
T 

inba1ance> 15-20 GeVJc 

ぃCandiatewith tracking and HAD calorimetry tag 

The leve1 3 trigger can take about 10 ps and reduce the rate to a few 

hundred Hz. Fast bit s1ice processors are used to calculate Y and 必，

generating the "LEGO" plot， and re1atively complex topo1ogical dec1sions are 
made. 

Level 4 1s detector readout and 1nvolves the data acqu1sition system. 
5 

The typical detector 1s assumed to generate about 10-bytes per event， and 
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to be readable in time of 0.2-2ms. These are data rates ranging from 

tolerable to challenging with Fastbus, and the required speed represents a 

balance between the previous levels of trigger and the effective bandwidth of 

the data acquisition system. 

These events must then be passed to a set of processors which must reject 

events at a few hundred Hz. Using the UA1 time of ̂ 200ms of equivalent VAX 

11-780 processor time, this implies an array equivalent to of order 100 VAX 

ll/780's. While this may appear challenging, and 1 would not want to do it 

this year, it is probably the least likely area to cause real trouble. There 

is experience with emulators such as the 168E's; Fastbus vaxes with a power 

roughly equal to a 780 are being designed; and there is just beginning to be a 

supply of very fast single chip microprocessors that are specifically designed 

for parallel structures. For example, there are 10 MIP 32 bit CMOS processors 

coming on the market that should be studied by the labs for these applications. 

Let me address the end of the data acquisition problem for a moment, 

namely the offline processing. Data storage technology will not be as big an 

issue as it is now because of the advent of optical disk systems with disk 

capacities about 20 times that of a tape. These devices should be developed 

by industry without particular encouragement from the labs. The problem and 

the opportunity lies with the offline processing. Using the CDF estimate of 

100 VAX seconds to process an event, and adding an equal amount for Monte 

Carlo and analysis, leads to a requirement of several hundred 780's. The HEP 

offline problem is almost unique in its suitability for a simple parallel 

processor approach. This is because the ratio of CPU to 10 required is very 

high compared to other kinds of transaction processing, and can take advantage 

of the rapidly falling costs of CPU and memories. Here the labs should be 

encouraged to work with the manufacturers to develop suitable systems, paying 

careful attention to software problems and ease of use. FNAL already has such 

a program going. 

Finally, let me mention one of the more interesting data acquisition 

problems. The rates and multiplicities we are dealing with imply a detector 

with a vast number of channels, with a lot of front end electronics mounted as 
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100 VAX seconds to process an event， and adding an equal amount for Monte 

Car10 and analysis， leads to a requirement of several hundred 780's. The HEP 

offline problem 1s almost unique 1n its suitability for a simple para11el 

processor approach. This is because the ratio of CPU to IO required is very 

high compared to other kinds of transaction processing， and can take advantage 

of the rapidly fal1ing costs of CPU and memories. Here the 1abs shou1d be 

encouraged to work with the manufacturers to deve10p suitab1e systems， paying 
careful attention to software problems and ease of use. FNAL a1ready has such 

a program going. 

Fina11y， 1et me mention one of the more interesting data acquisition 

problems. The rates and'multipliclties we are dealing with imply a detector 

with a vast number of channels， with a 10t of front end electronics mounted as 
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near the signal sources as possible. The rates of minimum ionizing particles 

makes radiation damage'a serious issue. For example, for rapidities betveen 1 
33 

and 4, drift chamber electronics would see around 10 minimum ionizing 
2 A 

particles per CM -year. This is about 10 Rads, which is uncomfortable for 
MOS and pushing bipolar technology. Neutrals and machine backgrounds will 

31 
make matters worse. A Si strip detector can take only a L of 10 for 1 year. 

R & D , particularly in cooperation with industry, is needed to develop 

radiation hardened components. 

The ISR is a good model- It required evolution and hard work to develop 
32 33 

systems to operate at 10 . At 10 we will be working on the tails of 

distributions, with all the problems of detector and electronics slewing and 

recovery. A lot of lot of careful work and realistic evaluation of the back

grounds will be required. 
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Appendix 6 

Building Large Detectors in Cooperation with Industry 

S. Orito 

KEK, Tsukuba, Japan 

edited by T. Ekelfff 

In view of the large size and great complexity of the future detectors 

discussed here, important advantages could be gained if the detectors would be 

both developed and built in cooperation with industry. 

One important area, where development is needed in view of the high lumi

nosities envisaged at the future colliders is that of radiation damage. The 
33 —2 —1 

radiation dose has been estimated at 10 cm s luminosity and /s = 10 TeV 
4 o 5 

to be 10 rad/year at around 90 with regard to the beam pipe, 10 rad/year 

at 30° and 10 -10 rad/year at 5 , not including machine background during 

injection and abortion. These figures illustrate the problem, in particular 

if one wants to measure missing energy down to a few degrees. A microvertex 

detector is of course highly exposed as it sits close to the beam pipe and it 

is hard to envisage how microstrip silicon-detectors or CCD's could be utilized 

for this purpose. Even with a gaseous detector considerable difficulty must 

be expected. As for calorimeters it would hardly be possible to use lead 

glass. Also the use of sodium iodide, BGD and acrylic scintillators would 

present critical difficulties. Polystyrene scintillators or gaseous detectors 

could be used at large angles. At smaller angles, however, only liquid-argon 

or warm-liquid detectors would survive. We would however still be left with 

the problem of radiation damage on the preamplifiers, that have to sit on the 

detectors. As to the signal pulse-length, which must be very short in view of 

the high bunch-crossing frequency, that of a liquid-argon calorimeter could 

probably be brought down to about 25 ns by using 1 mm gaps and an Argon-CH, 

gas mixture. With warm-liquids and photo-diodes the pulse-length could 

probably be brought down further to about 5 ns. 

o 
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Development work in these directions could be of interest to industry as 

the warm-liquids.containing tallium and lead, which are proposed for calorl,-

metry, can also be used e.g. in reactor windows. Furthermore, radiation 

resistive electronics has applications in space technology. 

Another problem, for which development is needed, is posed by the very 

large number of fast readout-channels needed in the future experiments. For 

the read-out of a calorimeter we need FADC-type electronics of more than 100 

MHz frequency and with more than 8 bits if the bunch spacing of the machine is 

25 ns and we want to avoid pile-up between bunches. A calorimeter with 

2 x 2 cm2 cells at 3 meter radius around the crossing point requires more 

than 10 channels. Similarly, if we want to avoide pile-up and space charge 

problems in the track-chambers, the drift space could not be larger than 5 mm, 

implying the need for about 10 read-out channels. For the high drift 

velocity required, FADC-type electronics with a frequency of more than 200 MHz 

is needed to obtain a double track resolution of 2 mm and if charge division 

is used to measure the longitudinal coordinate, more than 8 bits are needed. 

The problems posed by these requirements are several. Firstly, the cost 

of existing designs of 100 MHz 8 bits FADC's is far too high, about $ 200 per 

channel, implying Mfc 20 for 10 channels. Here, there is some hope that 

industry could be interested to develop cheaper designs in view of some 

commercial applications. Furthermore, using existing FADC's in the quantities 

discussed here implies the dissipation of the order of megawatts close to the 

detector which certainly represents a difficulty. Also, a continious flow of 

10 data bits every 20 ns represents an enormous data processing problem. 

A third task where cooperation with industry certainly will be valuable 

is the production of large magnetic solenoids, dlpoles and toroids. To 

measure the sign of y y~ at 10 TeV magnetic fields with BJ,2 >̂  100 kG m2 will 

be required. There is good hope that industry would be interested to develop 

such large magnets since there are several commercial application in this 

field like magnetic levitation trains and superconducting power storage. 

As a concrete example of already existing cooperation with industry, let 

us have a look at what was made in industry for the Tristan detectors at KEK. 
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The superconducting coils for Venus (3 m $ x 6 m length, 0.7 x thick, 

B = 7.5 kG) and Topaz (3 m <J> x 5 m length, 1.0 x thick, B = 12 kG) were 
o 

both built in industry. The outer cage and pressure vessel of 3 meter 

diameter for the Topaz TPC, which have to be of highly resistive and very 

homogenous material, were made in glass-fiber reinforced plastic by industry. 

The outer cylinder of the Venus drift chamber which holds the wire tension was 

made in industry from carbon-fiber reinforced plastic. This latter material 
has the strength of aluminium but only 1/3 of its radiation length. The 

4 
drilling of 10 holes with 20 um position accuracy in the drift-chamber 

end-plates was also done in industry. Japanese electronics industry is 

presently working on the problems how to achieve cheaper 100 MHz, 8 bits 

FADC's- There are also programmes in industry to develop high-density 

electronics like FASTBUS, in particular with regard to the cooling problem. 

Industry is thus already an vital collaboration partne1- when buiWing 

detectors and will be even more so in future. It should be realized ttu.t •'.t 

is important to involve industry also on the R & D stadge. For this to be 

possible the subject for the R & D must be of interest to industry which in 

turn means that the tasks should be challenging and innovative. Finally, it 

is worth pointing out that cooperation with industry has the additional 

benefit of establishing good public relations with important sector of our 

society. 
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THE SSC REFERENCE DESIGNS STUDY 

M. Tigner 

Cornell University 

Introduction 

In July 1983, the High Energy Physics Advisory Panel (HEPAP) transmitted 

to the Office of Energy Research of the U.S. Department of Energy (DOE) a 

unanimous recommendation for the "immediate initiation of a multi-TeV high-

luminosity proton-proton collider project with the goal of physics experiments 

at this facility at the earliest possible date." This proposed facility was 

designated the Superconducting Super Collider (SSC). As a consequence the 

directors of the U.S. high energy accelerator laboratories chartered the 

National SSC Reference Designs Study to review in detail tn-2 technical and 

economic feasibility of a range of technical options for creating the SSC 

facility. The study, which was centered at the Lawrence Berkeley Laboratory 

from February through May 1984, involved some 150 scientists and engineers 

from several national laboratories and universities. The References Design 

Study is described in f reoort available from the DOE. •* 

The primary objective of the study was to help the Department of Energy, 

the high energy physics community and the scientific community as a whole to 

decide how best to proceed with SSC research and development (directed toward 

improving the cost effectiveness of current accelerator technology). In 

particular, in commissioning the study, the laboratory directors were mindful 

of the upcoming Summer Study sponsored by the Division of Particles and Fields 

of the American Physical Society to be held at Snowmass, Colorado, June 23 to 

July 13, 1984, and the need of the Department of Energy to plan resources for 

SSC pre-proposal research and development. 

The Reference DesignstStudy addressed three key areas: 

• Technical feasibility: the technical (physics) designs of 20 TeV 

(per beam) proton-proton colliders were explored using three of 

several possible superconducting magnet styles as study models. 

• Economic feasibility: the likely cost range was estimated using 
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pre-conceptual engineering designs for the three magnet styles and 

the other hardware and conventional facilities required to construct 

and operate technically feasible colliders. 

• Required R§D: the R§D needed to verify design calculations and 

technical assumptions was identified. 

It was not intended, however, that the Reference Designs Study report be either 

a design proposal or a site preference study. 

A major purpose of the Reference Designs Study was to extend previous 

technical and economic feasibility studies. Primary emphasis was on estimat

ing the cost range within which SSC construction can confidently be expected 

to fall. In doing this, the focus was on the cost of creating the accelerator 

itself. No consideration was given to the cost of the high energy physics 

research equipment, nor were preconstruction R&D funding needs or possible 

site acquisition costs treated. 

In chartering this study, the laboratory directors suggested a set of 

primary design objectives to serve as a basis for the technical and cost 

analyses (see Table I). These parameters are consistent with the HEPAP recom

mendations. The directors additionally suggested that a range of magnet 

options be considered: a 6.5 tesla cold-iron design; a 5 tesla iron-free 

design; and a 3 tesla iron-dominated design. All assume a slightly improved 

version of the niobium-titanium superconductor used in the Fermilab Tevatron, 

the world's first high energy accelerator based on superconducting magnets. 

These three options correspond to designs being studied by various research 

teams around the country. Together with the primary SSC design objectives, 

these conceptual magnet designs form the basic technical input of the 

Reference Designs Study. 

SSC Reference Facility Description 

The three dipole magnet designs were chosen to embody a variety of design 

concepts and to span a range of field strengths from 3.0 to 6.5 T. All use 

superconducting cable of niobium-titanium cooled to 4.5 K. The high-field 

design has a 6.5 T central field and encloses both beam tubes in a common iron 

yoke and single cryostat; the medium-field design is a 5 T magnet, with each 

beam tube and coil in its own cryostat; the low-field iron-dominated, 3 T 

magnet, a so-called superferric design, consists of separate beam tubes and 
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yokes in a common cryostat. The required main ring circumferences for the 

three designs, 90, 113, and 164 km, respectively, are in approximately inverse 

proportion to their field strengths. Even the smallest circumference is more 

than three times that of the LEP project at CERN, the world's largest funded 

accelerator project. 

The SSC facility described in the report comprises a 20 TeV on 20 TeV 

proton-proton collider, and injector complex, and a campus-like arrangement of 

office and laboratory buildings. In the model layout used for the study, space 

is provided for six possible interaction regions for independent physics experi

ments. Four regions are assumed developed, leaving the other two for future 

development to respond to special physics needs as they arise. 

Auxiliary systems for the three designs are similar. The injector com

plex includes a linear accelerator to accelerate the beam from rest to 1 GeV, 

a 70-GeV conventional-magnet synchrotron, and a 1-TeV superconducting synchro

tron (comparable to the Fermilab Tevatron}. A "median site" was established 

for the Reference Designs Study by combining representative geological, topologi

cal and meteorological conditions from around the U.S. 

Technical Feasibility 

In the course of this SSC Reference Designs Study, deeper and more exten

sive consideration has been given to matters of technical feasibility and cost 

than has been possible in previous studies. It has been shown that the basic 

accelerator system design principles successfully employed in existing 

accelerator facilities can be used directly for the SSC design. For producing 

the superconducting magnets—the primary components of the SSC—it has been 

shown that there are several viable technical approaches. Each requires sub

stantial but well-defined engineering development based on existing super

conducting materials and accelerator magnet technology. Thus, technical 

success of the SSC does not hinge on the success of a single design requiring 

extensive development of new technology, but rather on the selection (during 

the R§D phase) of the most suitable of a variety of designs. This selection 

will be based on comparisons of achieved magnetic field quality, refined cost 

studies, and demonstrated manufacturability and reliability, thereby ensuring 
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the successful construction of the SSC. 

Accelerator Physics 

Several workshops dealing at least in part with accelerator physics issues 

relevant to proton accelerators of the scale of the SSC have been carried out, 

beginning with the 1CFA Workshops of 1978 and 1979 and continuing through the 

DPF Snowmass Workshop of 1982, and 20 TeV Collider Workshop of March 1983, and 

most recently the DPF Workshop at Ann Arbor (devoted exclusively to accelerator 

physics topics at the SSC rather than to specific designs). The work of those 

studies has been applied, and in some cases extended, in this Reference Designs 

Study. Physics principles derived from these studies have been used to work 

out, from the specified end-use parameters, the myriad secondary parameters for 

the SSC. It is these latter parameters that describe the beam properties and 

subsystem performance specifications needed to achieve the desired energy and 

luminosity with good beam lifetime and sufficient operational flexibility. 

Results of this effort were then examined to ensure that they fell within the 

range of validity of the calculational procedures used. Principal areas of 

investigation were luminosity, required aperture, collective effects, lattice 

and beam optics design, beam lifetime, RF system requirements, synchrotron rad

iation effects, energy deposition by beam particles lost in the superconducting 

magnets, and injector system requirements. In every case the results represent 

a reasonable extrapolation from current practice. 

Energy and Luminosity 
7 

The steady increase in accelerator energies of a factor of 10 over the 

past five decades makes us confident that achievement of a 20 TeV beam energy 
33 

by extension of current methods is practical. Our luminosity goal of 10 
-2 -1 

cm sec is only a factor of ten higher than that achieved in the CERN ISR 

almost a decade ago. Substantial improvements in accelerator technology has 

occurred in the meantime. Parameters that directly affect the luminosity are 

beam current, beam emittance, focusing strength at the interaction point and 

the sustainable tune spread due to the non-linear beam-beam interaction. The 

SSC beam current required to achieve the specified luminosity, about 70 mA, 

is relatively modest. The design value of the tune spread (due to the beam-

beam interaction) resulting from the chosen emittance and beam current is 
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most recently the DPF Workshop at Ann ArbOI' (devotud exclusive1y to accelerator 

physics topics at the SSC rather than to specific designs). The work of those 

studies has been applied， and in some cases extended， in this Reference Designs 
Study. Physics principles derived from these studies have been used to work 

out， frorn the specified end-use pararneters， the rnyriad secondary par翻 etersfor 

the SSC. It is these latter pararneters that describe the beam properties and 

subsystern perforrnance specifications needed to achieve the desired energy and 

luminosity ~ith good bearn lifetirne and sufficient operational flexibility. 

Results of this effort were then exarnined to ensure that they fell within the 

range of validity of the calculational procedures used. Principal areas of 

investigation were lurninosity， required aperture， co11ective effects， lattice 

and bearn optics design， bearn lifetime， RF systern requirernents， synchrotron rad-

iation effects， energy deposition by bearn particles lost in the superconducting 

magnets， and injector system requirements. In every case the results represent 

a reasonable extrapolation from current practice. 

Energy and Luminosity 

The steady increase in accelerator energies of a factor of 10
7 

over the 

past five decades makes us confident that achievernent of a 20 TeV bearn energy 
33 

by extension of current methods is practical. Our 1urninosity goa1 of 10 
-2 -1 crn--sec ~ is only a factor of ten higher than that achieved in the CERN ISR 

alrnost a decade ago. Substantial irnprovernents in acce1erator techno1ogy has 

occurred in the rneantime. Parameters that directly affect the 1uminosity are 

bearn current， beam emittance， focusing strength at the interaction point and 

the sustainab1e tune spread due to the non-linear bearn-bearn interaction. The 

SSC bearn current required to achieve the specified 1uminosity， about 70 mA， 

is relative1y modest. The design value of the tune spread (due to the beam-

be釧 interaction)resu1ting frorn the chosen ernittance and bearn current is 

-190 -



conservatively held to about one-half the value already achieved in pp 

co l l i s i ons a t the SppS. The normalized emittance corresponding t o t h i s tune 

spread, however, i s about one-half t o one-third of t h a t commonly achieved in 

ex is t ing large proton r i n g s . 

Although exis t ing proton l inacs produce beams with smaller emittance 

than t h a t required for the SSC, i t has usual ly been the case t h a t emittance 

d i lu t ion occurs in the ear ly s tages of accelera t ion in the booster synchrotron. 

Calculat ions indicate tha t t h i s observed d i lu t ion i s en t i re ly a t t r i b u t a b l e to 

space-charge-induced tune s h i f t s and, in some cases , t o co l l ec t ive i n s t a b i l i 

t i e s driven by the r e l a t i v e l y high impedance of the vacuum systems on these 

older a cce l e r a to r s . These problems wil l be eliminated in the SSC design by 

u t i l i z i n g a r e l a t i v e l y high energy (1 GeV) l inac to reduce the space-charge 

tune s h i f t , and by taking advantage of modern techniques for g rea t ly reducing 

vacuum chamber impedances. Because the r e q u i s i t e design ca lcula t ions are based 

on well-understood p r i n c i p l e s , achieving the specified SSC emittance should be 

s t ra ightforward. 

Aperture 

Next to the design energy itself, the physical aperture of the magnets is 

the single most important collider parameter in determining cost, since this 

determines the amount of material needed to construct the magnets. Because 

the magnetic field will not be perfectly uniform throughout the physical 

aperture, the useful magnetic aperture will be some fraction of the physical 

aperture, depending in a complex manner on the individual magnet design and 

fabrication tolerances as well as on the optics design of the lattice. 

The useful aperture must be large enough to accommodate the beam size and 

provide additional space needed for beam-tuning procedures, such as finding an 

initial closed orbit, centering that orbit, measuring lattice parameters, or 

optimizing injection conditions. The full beam width, largest at lowest 

energy, is about 3.2 mm (95%) at the focusing magnets in the arcs. Adding to 

this the space needed for the above-mentioned procedures, a useful full aperture 
-4 

of 1 cm or more for particles having a fractional momentum deviation of ±5x10 

about the design momentum appears desirable. 

Determination of the actual useful aperture for each type of magnet must 

await measurements of field quality. In the case of the conductor-dominated 

magnets Designs A and B, calculations can serve as a reasonable guide prior 
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4 
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to such measurements; these indicate that for Design A, with its 4 cm inside 

coil diameter, the 1 cm magnetic aperture requirement can be met. For Design 

B, with its 5 cm inside coil diameter, controlling conductor placement to 

achieve the required good field aperture would be correspondingly easier. For 

both Designs A and B, persistent currents in the superconductor distort the 

magnetic field significantly at injection energies; these distortions will be 

locally compensated by additional correction windings (provided for in the 

magnet designs). In the case of the iron-dominated Design C magnet, field 

quality calculations are more difficult, as they include the complex properties 

of magnetized iron; actual measurements on prototype magnets will be particu

larly important here. Approximate calculations done to date suggest that good 

field aperture could be improved by decreasing the cell length for Design C. 

Collective Effects 

Owing to the high energy and the tight focusing that can be achieved at 

the collision regions, rather modest beam currents are needed. The projected 

70 mA average current (5 A peak current) is about one-third of that achieved 

routinely today in proton accelerators. Thresholds for instabilities that 

cannot be easily controlled by feedback are all comfortably above the design 

operating current of the SSC. Thus, it is believed that use of good, modern 

practice for design of the potentially high-impedance components of the vacuum 

envelope should suffice to render these instabilities harmless. It is note

worthy that the cold beam tube, which comprises the major part of the vacuum 

envelope, has a low impedance in the important frequency range so that the 

need to control impedance concerns only a few items. 

Lattice Design 

Linear lattice design methods currently used for accelerators and 

colliders can easily accommodate an accelerator of SSC class. At least two 

different schemes for correcting chromatic aberrations introduced by the 

strong focusing in the dispersion-free interaction regions have been found, 

each permitting adequate dynamic aperture. Future work will concern itself 

with optimization for economy and operational flexibility. 
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Luminosity Lifetime 

After the beams are brought into collision the luminosity will tend to 

decrease with time due to loss of particles and due to emittance change. These 

factors result in a computed luminosity lifetime of about 30 hours if a total 

proton-proton cross section of 200 mb is assumed; this leads to a need to 

refill the collider about every 24 hours—an acceptable cycle time. 

Acceleration System 

Protons of 1 TeV injected into the SSC are already ultra-relativistic, 

permitting the use of a high-Q RF acceleration system. In addition, the 

acceleration voltages are modest by comparison with those needed in existing 

electron machines, where high-Q systems are routine. Control of noise 

engendered longitudinal diffusion will need further study owing to the close--

ness of the synchrotron frequency side-bands to the carrier. Detailed calcula

tions are needed to produce final specifications for the frequency control 

system. Considerable recent work on this subject with regard to beam-cooling 

systems means that the needed calculational tools are already available. 

Synchrotron Radiation 

At 20 TeV, protons forced to follow curved orbits emit significant synchro-
33 

tron radiation. For example, in Design A (6.5 T) at a luminosity of 10 
-2 -1 

cm sec , each beam will radiate about 8.5 kW, primarily in the soft x-ray 

regime. The major impact of this radiation will be to increase the refrigerator 

load. 

In the 6.5 T design, longitudinal and transverse emittance damping times 

(due to synchrotron radiation) of 7 and 14 hours, respectively, are computed; 

this damping will be useful in maintaining good luminosity lifetime. Previous 

experience with synchrotron radiation effects in electron machines (where they 

are very strong by contrast to the SSC) gives us confidence that calculations 

with regard to its effect on SSC beam parameters are well founded. 

Beam Energy Deposition in the Superconductor 

A central feature of the reference design lattice is the provision of 

special means to avoid beam loss into superconducting magnets during injection 

and beam abort. It appears entirely feasible to provide short lengths of 

normal magnets close to the places where beam might be lost during these 
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operations. 
33 -2 -1 

At a luminosity of 10 cm sec , about 760 W is continuously carried 

away from each interaction point by lost beam particles and reaction products. 

The energy flows in rather narrow cones directed along the two beam directions, 

representing a total of 4.5 kW for six interaction regions. Detailed calcula

tions indicate that no more than 20% of this energy need be absorbed in the 

cryogenic system. More importantly, the calculation of energy flux density at 

the inner face of the superconducting quadrupoles nearest the collision point 

yields a local temperature rise of 0.01 K or less. Thus, the existence of 

superconducting quadrupoles in the interaction regions is not a concern. 

Injector Design 

The design of the injector is based almost entirely on existing accelera

tors and is straightforward- The ultimate design, carried out by well-

established procedures during the R§D phase, will focus on optimization of 

economic and operation factors. 

Summary 

In general, the basic accelerator physics knowledge needed to produce a 

feasible and cost-effective design for an SSC is in hand. Needed aTe improve

ments to calculational procedures to make them more efficient as engineering 

optimization aids. 

Accelerator Engineering 

Conclusions regarding engineering feasibility concern the principal SSC 

technical systems of magnets, cryogenics, other accelerator systems, injector, 

and conventional systems. Previous studies have been extended and carried to 

a greater level of detail in an effort to evaluate the engineering feasibility 

of various approaches to the primary components and systems. A number of 

approaches appear viable at present; selection of the most cost effective of 

them must await evaluations of magnet prototypes. 
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Magnets 

The primary motivation for studying superconducting magnet designs 

different from those now developed (or in use) is economic. Several major 

cost-saving possibilities are foreseen that can make the SSC magnet system 

considerably less expensive than would be systems built from existing magnet 

designs. In its own way, each of the three reference magnet designs makes 

use of several of the following cost-saving possibilities: 

• the relatively small aperture needed for SSC magnets, resulting 

in reduced materials requirements per unit length; 

• the expected increase in current carrying capacity of 

commercially available superconductor, already achieved in 

pilot runs of commercial quantities; 

• the improved productivity of automated and simplified manufacturing 

and assembly methods; 

• the use of longer magnet units to reduce assembly and handling 

labor; 

• the use of improved and more energy-efficient designs to reduce 

cryogenic requirements. 

Comparisons with existing designs show the expected cost ings. 

All of the mechanical structures proposed represent 1 sonable assumptions 

about materials properties; each, of course, will have its own mechanical 

peculiarities requiring technical solutions for maintaining needed coil pre-

stress and component alignment during assembly and cooldown. 

All three designs are based on the assumption that Nb-Ti superconductor 
2 

capable of supporting 2400 A/mm at 5 T, 4.2 K will be available commercially. 

The comparable number for conductor used for constructing the majority of the 
2 

Tevatron magnets is 1800 A/mm . Steady improvement of the critical current 

density has since been achieved. In laboratory quantity, critical current 
2 

densities of 3800 A/mm have been observed. Recent pilot runs in commercial 
2 

quantity have yielded critical current densities of about 2700 A/mm , justify-
2 

ing the expectation of achieving 2400 A/mm in production quantities. 

Cryogenics 

Cryogenic systems needed for the three designs are quite similar and follow 

current engineering practice closely. Any one of the systems could be adopted 

to any of the magnets, allowing a final decision to be made on the basis of 
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further optimization studies. All magnet designs are estimated to have 

comparable heat leaks per unit length, each about a factor of five improve

ment over Tevatron magnets. This improvement is a result of magnet designs 

in which more space is available for thermal isolation, allowing longer 

supports and more favorable temperature gradation. Prototype measurements 

will be required, of course, to test the validity of the heat-leak calcula

tions. Because the capital cost of the refrigeration is relatively small, 

"the overall cost of the SSC facility is not particularly sensitive to the 

magnitude of the heat leak, although the operating costs would be. Long 

cryogenic transfer lines of complexity comparable to the magnet cryostats have 

already been fabricated that have even lower heat leaks than anticipated here. 

Integration of the multiple refrigerator units requires careful study and the 

development of realistic computer simulation models to optimize system behavior 

under transient conditions. This work will be a direct extension of work 

already done with regard to the Tevatron and CBA refrigeration systems. 

Other Systems 

Of the other accelerator systems, vacuum, power supplies, RF, injection, 

abort, beam instrumentation, controls and personnel safety, only the vacuum 

system represents something new in engineering practice for proton accelerators. 

Cryogenic pumping of the beam tube has been shown to result in extremely good 

vacuum in the Tevatron and in cold beam tube experiments in the ISR. Existing 

measurements of photodesorption in the relevant wavelength range lead to the 

estimate that the presence of the synchrotron radiation in the SSC should not 

result in an excessive pressure rise. Experiments on photodesorption of gas 

molecules carried out under anticipated SSC conditions are needed, however, to 

verify this conclusion. 

For the other systems, SSC operating parameters are well within the range 

of current engineering practice and will pose no outstanding technical 

challenge. The same can be said of the injection system, as we already possess 

a 1 TeV synchrotron complex (the Tevatron) capable of producing the required 

beams. 

Conventional Facilities 

The standard construction practices and structure types used in the past 

appear to be entirely adequate for the^SSC. Shielding needs of the collider 
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a re more modest than for the high i n t e n s i t y rapid cycling synchrotron now in 

exis tence a t Fermilab. The i n t e r i o r environment of the SSC tunnel can be 

more aus tere than has been common p rac t i ce in the p a s t , because the magnet 

system i s t i g h t l y sea led . As with o ther strong-focusing acce l e r a to r s , founda

t i o n s t a b i l i t y to le rances are not severe . As long as d i f f e r e n t i a l set t lement 

occurs on a length sca le having a t yp i ca l dimension of circumference divided 

by tune , i . e . , about 1 km, and on a time scale of many months or yea r s , 

experience has shown t h a t a combination of resurvey and o rb i t - co r rec t ion 

s e t t i n g s eas i ly accommodate observed changes. Consequently, none of the l a t e s t 

generat ion of large high energy physics accelera tors has needed to employ 

p i l i n g s in i t s tunnel foundation and we do not an t i c ipa te the need here . 

.Cost 

The Reference Designs Study was purposely constrained to use as large a 

group of common elements as possible to reduce the effort involved in creating 

multiple reference designs and estimating their costs. This approach is 

believed adequate to produce a cost estimate range, but cost differentials 

between the estimates for different reference designs will be less reliable 

than would come from three independent, fully optimized designs. 

Costs for conventional facilities were estimated by the architect-

engineering firm of Parsons Brinckerhoff Quade and Douglas, Inc., using 

standard industry practice. To estimate tunnel costs without a specified 

site, a "median site" was established for the Reference Designs Study by com

bining representative geological, topological and meteorological conditions 

from around the United States. 

A complete accelerator design concept based on the Design A magnet was 

generated for the purposes of estimating technical facility costs. The esti

mate for Design A was based, where possible, on unit costs for materials, 

components, and subsystems taken from recent invoices and catalogs. Magnets 

and cryogenic systems received the most detailed attention. To produce esti

mates of complete accelerator systems based on Design B and C magnets, the 

other systems from the Design A concept were scaled and then costed. The 

results of these estimates are summarized in Table II. 

These cost estimates are based on overall technical designs of the SSC 
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bining representative geological. topological and meteorological conditions 

frorn around the United States. 

A complete accelerator design concept based on the Design A magnet was 

generated for the purposes of estimating technical facility costs. The esti回

mate for Design A was based， where possible. on unit costs for materials. 
components. and subsystems taken from recent invoices and catalogs. Magnets 

剖ldcryogenic syst回 sreceived the most detailed attention. To produce esti戸

mates of complete accelerator systems based on Design B and C magnets. the 

other systems from the Design A concept were scaled and then costed. The 

results of these estimates are summarized in Table 11. 

These cost estimates are based on overal1 technical designs of the SSC 
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that are firmly tied to existing accelerators. The variety and number of 

different subsystems envisioned for the SSC closely parallel those of existing 

facilities. Msjor component designs used in our estimate represent well-

defined, a7.beit substantial, engineering developments based on existing hard

ware. For these reasons, it is certain that all needed systems are taken into 

account and that the quantities of materials needed for construction are well 

estimated. Labor estimates are based on schematic manufacturing plans. These 

plans, in the case of Designs A and B, are intended to be improved versions of 

plans developed for Tevatron and CBA magnets, respectively. For Design C, a 

plan was worked out directly from the design concept. All of the labor esti

mates represent an improvement over current practice. Where possible, compari

sons with current practice were made. The labor estimates appear reasonable, 

given the assumption of improved tooling. Prototyping experience will show 

how to further refine these estimates, but at this pre-prototype stage, some 

costs are uncertain. Such cost uncertainty is accounted for in a detailed way 

in our contingency analysis, which is summarized below. A balanced view also 

requires discussion of possible cost savings; these are also briefly discussed 

below. 

Contingency 

Contingency on conventional construction is particularly difficult to 

estimate in the absence of a specific site. As mentioned, the cost estimate 

for conventional construction made here was based on the use of the median site, 

which has a mix of geological and topographical features representative to 

actual regions in the United States. The contingency was then estimated 

according to standard practice by assuming that the median site is an actual 

site. 

Contingency on technical components was estimated by assessing the cost 

impact of partial failure of key assumptions or estimates. Items considered 

were: critical current density in the superconductor; ratio of physical 

aperture to magnetic aperture; head leak estimates; assembly labor estimates; 

unanticipated technical means needed to reach design performance; inadvertent 

neglect (at this stage) of a number of small items; unanticipated wastage of 

materials; and loss of assembly productivity due to material supply, quality 

or tooling problems and the like. Table II shows the cumulative result of 
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these contingency estimates. The narrow range of cost estimates obtained 

leads us to conclude that the SSC can be developed from the most suitable of 

a variety of approaches rather than from a single approach. 

Possible Cost Savings 

In addition to treating possible cost increases due to the factors men

tioned above, a balanced picture must consider the possibility that some of 

the assumptions made are overly conservative and that diligent optimization 

of the design during the R$D phase will result in lower costs. In terms of 

conventional construction, lower costs might result from the choice of a site 

more amenable to inexpensive tunneling techniques than the median site, the 

use of terrain following to reduce tunneling costs, or other optimization of 

conventional structures. Likewise, through steady improvement of the critical 

current density of commercially available superconductor (plus economies of 

production scale coupled with competitive pricing), through experience in 

magnet manufacture, and through optimization of accelerator system and component 

designs, savings on technical components are expected. 

Research and Development 

From the above discussion, it is clear that SSC performance objectives can 

be achieved. The Reference Designs Study has established cost estimates for 

the SSC that are valid under the assumption of a substantial R£D effort 

preceding actual construction. Given that the SSC is fundamentally feasible 

and that no radical departures in concept or technology are called for, this 

R&D effort will largely be an engineering task, aimed at optimized component 

and overall facility design and the experimental verification of projected 

performance of key systems, most importantly the superconducting magnets. 

The central R§D goals then are readily stated: 

• Detailed engineering of candidate magnet types and key cryogenic 

system components, and verification of their performance projec

tions . 

• Establishment of optimized overall designs based on these magnets. 

• Establishment of engineering solutions for other critical perform

ance-related systems. 
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• Selection of a magnet type, followed by a detailed cost and per

formance demonstration including optimization of production and 

installation procedures. 

The Reference Designs Study and the work preceding it, most importantly 

superconducting magnet R§D efforts at a modest level, have led to a clear 

perception of the critical issues and have allowed research teams responsible 

for particular design approaches to formulate initial concepts on which 

further efforts will build. Central to the pursuit of cost-effective designs 

are: 

• development of small-aperture, low-heat-leak magnets of optimized 

length; 

• reduction of materials, cryogenic-system, and labor costs; 

• assurance of beam stability; and 

• survey of available technologies and components for ensuring the 

reliability of a large and complex system. 

In the envisioned approach to solving these problems and achieving the 

stated goals, the major fraction of the R§D will be directed towards super

conducting magnet development; however, other parallel efforts are vitally 

important. In particular, a substantial fraction of the accelerator physics 

effort will directly support magnet R§D by providing guidelines and criteria 

to assess adequate field quality. Such accelerator physics R§D is discussed 

briefly below, after a short discussion of superconducting magnet R§D. 

Magnet Technology Developments 

The development of superconducting magnet technology for the SSC will 

involve both the development of alternative magnet ̂ designs and—during the 

initial stage--parallel generic superconductor R§D applicable to all magnet 

designs. Many smaller, hardware-oriented R§D tasks will also be carried out 

in parallel with the main ring magnet and superconductor R§D. For example, a 

number of special components must be developed, such as magnets in the experi

mental and utility insertions. Also, many operational aspects of large 

cryogenic systems can be studied at the Tevatron, and some components, such as 

cold valves, must be evalated and tested. Most critical in the area of vacuum 

design will be the study of gas desorption from cold surfaces induced by 

synchrotron radiation. 
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Superconductor Development 

Superconductor development will be carried out in parallel with the 

initial stage of magnet development to minimize the amount of superconductor 

required to achieve the design field for a given aperture, and to arrive, at 

an early stage, at the optimum cable design. The relevant figures of merit 

are the critical current density at the design field and the copper-to-

superconductor ratio. Critical current density will be increased by extending 

to large scale the successful small-scale production of highly homogeneous 

Nb-Ti and by improvements in the mechanical cabling process. Studies of quench 

propagation and the performance of quench protection systems in model magnets 

will allow the determination of a minimum safe copper-to-superconductor ratio 

and, it is anticipated, allow the use of passive quench protection. Because 

the magnitude of persistent current effects depends on filament size, the 

optimum approach for the correction of field errors due to these persistent 

currents will also be established during this superconductor R§D phase. 

In addition to studies aimed at improving Nb-Ti, the potential of Nb,Sn, 

now in pilot production, deserves vigorous pursuit. Nb,Sn offers the possi

bility of operation at higher magnetic fields, up to perhaps 8 T, without 

significant increase in magnet cost per unit length. Consequently, for those 

magnet designs in which the field is conductor dominated, the ring circumfer

ence could be reduced for a given field level, yielding significant savings on 

tunneling costs. Use of Nb_Sn for the interaction region quadrupoles and beam 

separation magnets would be beneficial either for reducing their size or for 

producing even tighter focusing at the crossing point. 

Magnet Development 

Initial magnet design efforts will concentrate on model magnets, beginning 

with the design and construction of short models and leading to the production 

of full-length models. Major emphasis will be on efficient use of super

conductor and demonstration of the required field quality. Subsequently, low-

heat-leak designs will be developed. As the magnet designs approach the final 

configuration and small numbers of full-length model magnets become available, 

careful measurements of heat loads will lead to refined specifications for the 

cryogenics system. 

After demonstration of the basic performance objectives, final engineering 

designs will focus on optimum production methods and the development of the 
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required tooling. At this stage, relevant R§D includes the use of larger 

billets of bulk superconductor, implementation of labor-saving procedures 

(automation, elimination of some intermediate tests, etc.), and development 

of efficient alignment methods and rapid, precision field measurement tech

niques in full-length magnets. 

When enough prototype magnets of the selected type become available, 

quench protection will be investigated and repeated thermal cycling tests 

will be carried out to ensure that field-quality degradation does not occur. 

With a long string, about 1.5 km of prototype magnets, firm cost projections 

will be possible, and refined tests of system performance will be carried 

out. In particular, realistic operational tests of cryogenic and vacuum 

system performance, as well as quench protection tests will be possible. 

Accelerator Physics Studies 

The central tasks of SSC accelerator physics studies are to pursue self-

consistent optimized designs, to assure beam stability, and to give proper 

considerations to relevant aspects of machine operation. 

Design optimization begins with specifying and then verifying the feasi

bility of beam parameters that ensure achieving design luminosity with a 

minimum of stored beam (i"hus minimizing both synchrotron radiation power to 

the cryogenic system and stored beam energy). Information on achievable 

emittance, tolerable beam-beam interaction strength, beam lifetime, and the 

effect on particle motion of very strong focusing at the interaction points 

must be assessed and integrated. 

Because duty factor is of prime importance to the user, alternative beam 

configurations, e.g., "quasi-coasting" beams, or closer bunch spacing must be 

explored. Ideally, the largest possible fraction of the circumference ought 

to be occupied by bending (dipole) magnets, but trade-off studies are required 

with respect to magnet aperture, field quality, and strength and number of 

correction elements. 

The single most important accelerator physics task is the establishment 

of minimum required field quality by analytical methods, computer tracking 

studies, and experiments on existing machines. This may well determine the 

extent to which aperture reduction as a means of cost savings can be pursued. 

Without such guidelines, measurements of field quality of prototype magnets 

have no context. 
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Calculations of machine impedances and assurance of collective stability 

must proceed continually through the design phase. Most crucial are the 

investigation of techniques for maintaining small emittance, the establishment 

of the effects of RF noise, and the determination of the growth time of 

various coupled-bunch instabilities. The engineering design of feedback 

systems will be directly affected and guided by these considerations. 

Most of the required methods and procedures are in hand, at least in 

principle. Urgently needed are more effective organization and coordination 

of relevant computer codes to actually perform the many consecutive calcula

tions—involving a huge number of interrelated parameters—that are required 

in the process of optimization. 

Progress beyond today's state of the art is expected in the area of non

linear dynamics, required to deal with the beam-beam interaction and the 

effects of imperfect magnetic fields. A three-pronged approach is envisioned: 

improved algorithms; the use of dedicated processors; and experiments on 

existing machines, such as the Tevatron or the SppS. 

Possible Plan for Realization of the SSC 

Steps leading to realization of the SSC may be grouped into phases. The 

model we have used includes three phases: Studies of feasibility, a survey 

of available technical options, and palnning of R§D—referred to as Phase 0; 

an R§D and design phase leading to a specific proposal for a facility—referred 

to as Phase I; and a construction phase--referred to as Phase II. The actual 

phasing of the project should be such that the SSC can serve the scientific 

need for access to the TeV mass domain with minimum delay. 

Phase 0 

In this, the current phase of activity, concentrated efforts are being 

made to detail the technical and economic feasibility of the SSC project and to 

survey the technical options. Included in these efforts are preliminary 

studies of various possible superconducting magnet designs, preliminary tech

nical component and system design activities, and the Reference Designs Study, 

whose work is described in this document. As part of this study, an attempt 

has been made to expand and codify the preliminary technical systems studies, 
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to estimate the probable cost of the project in a systematic way, and to 

enumerate the Ri|D goals that must be met prior to the start of SSC construc

tion. An R§D and management plan detailing the means to achieve these goals 

is also a part of this preliminary phase, and is being formulated by the RSD 

manager. It is expected to be available in June 1984. 

An SSC working group was also established at DOE headquarters under the 

direction of L. E. Temple, Jr., to assist the Division of High Energy Physics 

in managing SSC activities. 

Phase I 

We expect t ha t primary a c t i v i t i e s in Phase I wi l l involve carrying out 

the R§D plan and producing a construct ion proposal . This construction proposal 

wi l l contain a complete and optimized technical design, a de ta i led cost e s t i 

mate (based on the R&D r e s u l t s and a complete study of the c i v i l construction 

requirements) , and a time-ordered plan for carrying out the construct ion and 

assembly of the SSC. Demonstration of proposed mass-production techniques and 

ve r i f i c a t i on of cost p red ic t ions for major technical components would be 

important p a r t s of Phase I . 

Formation of an interim management organization to guide the RfjD effort 

i s now under way, and a cont rac tor for the an t ic ipa ted R§D has already been 

se l ec ted . This phase of the pro jec t i s envisioned t o have a 3-year duration; 

i t could thus be completed in time for consideration of the SSC in the FY 1988 

Federal budget. 

Phase I I 

Phase II would include the construction of the SSC. In this study, we have 

assumed a six-year construction period, which would lead to completion in early 

1994 if construction were to begin in FY 1988. The optimum duration of the con

struction period should itself be an object of study in Phase I. It will depend 

on many factors, such as the detailed scope of the facility that is ultimately 

proposed, the technical means devised for its construction, and the spending 

pattern needed. Finding ways for minimizing the delay between start of 

construction and first use for physics research must be given great emphasis. 

Based on the assumptions above, initial operation of the SSC could begin 

in FY 1994. This timetable is compatible with the target date in the mid 1990s 

for an operational SSC and will thus ensure continued scientific progress of 
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the U.S. high energy physics program. 

Summary 

In the Reference Designs Study we have shown that the basic principles of 

design used successfully for existing accelerators can be conservatively 

extended to a proton-proton collider having the SSC primary specifications of 

energy and luminosity. Furthermore, each of the three reference magnet styles 

studied could serve as the foundation for an SSC facility meeting these speci

fications. A vigorous R£D program of approximately three years duration will 

be required to refine the cost estimates for the magnets, to determine their 

actual performance, to determine their manufacturability and reliability, and 

to develop cost-effective methods for their assembly and quality assurance. 

It is anticipated that the magnet options can be narrowed to a single design 

during an early phase of the R§D program. An important R§D goal will be to 

produce, using mass-production methods, a significant number of magnets of the 

chosen style. These magnets would then be thoroughly tested under conditions 

simulating actual collider operations. 

Taking into account the range of computed costs for facilities based on 

the three magnet styles, the current state of knowledge about the various 

important cost factors, and the normal contingencies associated with similar 

technical systems, it is concluded that the SSC facility described herein 
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Reference 

1) U.S. Dept. of Energy, Division of High Energy Physics, Washington, D.C. 

20545. Attn: J. Lewis. 
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Maximum beam energy [TeV] 20 

Injection energy [TeV] i 

Maximum luminosity [cm_2sec~l] 10 3 3 

Maximum number of interactions per bunch 
crossing (at max. luminosity) 10 

Number of interaction regions 6 (4 initially 
developed) 

Table I Primary SSC reference design objectives 

Design A Design B Design C Common 
(90 km) (113 km) (164 km) Systems 

Conventional Facilities 
Central Lab. Facilities 86.0 
Injector Facilities 39.6 
Experimental Facilities 87.4 
Collider Facilities 398.7 496.1 733.5 

Technical Facilities 
Injector - Linac/LEB/HEB 
Collider Magnets 
Collider Cryogenics 
Collider, Other 

AE/CM + EDI 

Project Management 
and Equipment 

Common Systems 

Subtotal 
Contingency 
Total 

783.0 
123.9 

255.5 

611.5 

2,172.6 
552.3 

2,724.9 

955.3 
115.9 

28/.0 

611.5 

2,465.8 
589.0 

3,054.8 

357.5 
158.2 

271.7 

611.5 

2,132.4 
567.2 

2,699.6 

147.2 

96.8 

154.5 

611.5 

Table II Estimated costs, including contingencies, for 
reference designs A, B and C (in FY 1984 M$) 
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Table 1 Primary SSC reference design objectives 

Design A Design B Design C COllllJlon 
(90 km) (113 km) (164 km) Systems 

Conventional Facilities 
Central Lab. Faci1ities 86.0 
Injector Facilities 39.6 
Experimental Faci1ities 87.4 
Collider Faci1ities 398.7 496.1 733.5 

Technica1 Faci1ities 
Injector -Linac/LEB/HEB 147.2 
Collider Magnets 783.0 955.3 357.5 
Co11ider Cryogenics 123.9 115.9 158.2 
Col1ider， Other 96.8 

AE/CM + EDI 255.5 2己/.0 271.7 

Project Management 
and Equipment 154.5 

Conunon Systems 611.5 611.5 611.5 611.5 

Subtotal 2，172.6 2，465.8 2，132.4 
Contingency 552.3 589.0 567.2 
Total 2，724.9 3，054.8 2.699.6 

一一

Table II Estimated costs， including contingencies， for 
reference designs A， B and C (in FY 1984 M$) 
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Large Hadron Collider in the LEP Tunnel 

A feasibility study of possible options 

The CERN Machine Group presented by 6. Brianti 

European Organization for Nuclear Research 

1211 Geneve 23 - Switzerland 

1• Review of Possible Options 

A wide range of possibilities exists for a Hadron Collider in the LEP 

tunnel, as shown in Fig. 1. The conceptually simplest option is a pp 

ring with a single beam channel which can either be built with super

conducting magnets of present technology or with high-field magnets after 

a fair amount of research and development effort. The luminosity is 

relatively low because antiproton sources are not very intense. In order 

to make provision for bunch separation at unwanted beam crossings, the 

aperture must be somewhat enlarged with respect to a single beam machine. 

Using two beam channels gives a more versatile collider. The rings 

can have either a common magnetic circuit, which couples both rings 

magnetically, or two independent circuits. For space reasons, the two 

beam channels will always be in one cryostat. The most interesting option 

is the one where the two beam channels are side by side allowing for high 

luminosity pp collisions with many bunches. Depending on the desired 

field level, the two apertures may be part of a common magnetic circuit or 

of separate circuits. 

In the first case (common magnetic circuit) there is enough space in 

the LEP tunnel to install high-field magnets. At high field level, the 

field must be necessarily equal and opposite in the two apertures as 

required for pp operation. This precludes pp with the beams in two 

separate channels. At considerably lower field level, the magnets can be 

excited such that the field is the same in both apertures and pp 

operation in two channels becomes possible. Of course it would be possible 

to put both the proton and the antiproton beam in one of the apertures, 

and either work with a low number of bunches at low luminosity without 

separation or install separators. 
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The CERN Hachine Group presented by G. 8rianti 

European Organization for Nuclear Research 
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干ora Hadron Collider in the LEP 

The conceptually simplest option is a pp 

e)(ists A wide range 0干 possibilities
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and either work with a low number 0干 bunchesat low luminosity without 
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In the second case (independent magnetic circuits), pp and pp 

operations are equally possible at nominal field but, for space reasons, 

only moderate fields (- 5 T) can be obtained. 

Having the two coupled channels on top of each other allows for a 

pp machine which can have as many bunches as required without being 

beset with the problem of bunch separation as the one channel pp 

option. However, since this configuration does not provide a pp option, it 

is not considered any further. 

These arguments favour very clearly the side-by-side, two-channel pp 

collider with one magnetic circuit; it holds the promise of top pp 

performance while leaving the door open for pp physics. The machine 

study focused on this option because it also appears as the more 

demanding one fcom the technological point of view. 

The other option which has received some attention is the one-channel, 

high field pp collider. These two options represent in a certain sense 

two extremes and, therefore, provide a good coverage of the total range of 

possibilities. 

Before turning to the machine performance of these two options we cast 

first a glance at the detector performance. Fig. 2 shows a graph of 

luminosity L versus the time T elapsing between two bunch collisions in 

the detector. Also drawn are lines of constant L.T : along those lines 

the number of events <n> per bunch collision is constant for a given total 

proton-proton cross-section E. Since it is very difficult to handle more 
25 -2 

than one event per bunch collision, the line 1x10 cm therefore becomes 

an upper limit of the working region for a total cross-section of 100 mb. 

The maximum possible trigger-rate of the detector puts a lower limit on 

T providing a boundary on the left. One of the results of the Harch 1984 

CERN-ECFA workshop was that values for T as low as 25 ns are conceivable 

without this being a too hard limit. Thus it can be seen that a 
32 

luminosity of about 4.10 can be obtained if the operating point of the 

machine is put at the top left corner of the region allowed for by the 

detector performance. For experiments which can accept a higher <n>, 

luminosities up to < 1.5x10 (cm~ s" ) could possibly be reached. 

From the machine point of view this high luminosity operation is 

indeed feasible with the pp option. The number of bunches k is between 

3000 and 4000. In order to make the bunch-to-bunch distance a multiple of 
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the RF wave-length in the LHC and in the SPS, only discrete values of k 

are permitted. The value of 3564 fulfils this requirement and was chosen 

as nominal value. The graph also indicates the total number of particles 

which does not appear to be excessive, since it corresponds to only a few 

SPS pulses at the present performance level. The stored energy in the 

beam remains acceptable in the range under consideration; it reaches 70 
13 

MJ at N = 5x10 . The beam-beam effect, imposing a limit on the number 

of particles per bunch, is of not much concern because it cannot become 

very strong as long as the constraint of one event per collision is 

respected. The bunch intensity also seems low enough such that beam 

instabilities are avoided or can Be dealt with by feed-back systems. 

Table 1 (see section 2)gives a list of the main parameters. 

If detectors with a higher trigger rate were developed, the operating 
25 -2 

point could move upwards along the line L.T =10 cm and eventually 
33 -2 -1 X 

approach L = 10 cm s for T = 10 ns. However, this implies an 

increase of the total number of particles N, which in turn means more 

stored energy in the beam. The increased number of bunches makes the beam 

also more prone to coupled-bunch instabilities. For this reason it is 

preferred to keep the nominal number of bunches at 3564 in agreement with 

the presently estimated detector performance, and to work out a consistent 

set of parameters on this basis, though it is not unreasonable to expect 

the eventual operating point somewhere in the shaded area of Fig. 2. 

In the pp option the luminosity is limited by the p accumulation 

rate, which determines the total number of particles N- accumulated in 
P 

a time comparable to the luminosity decay time in the LHC. As explained 
12 

in section 3 we may expect N- =10 with the new antiproton source under 
construction in CERN. This imposes an upper limit on the luminosity 

31 -2-1 
around 1.5x10 cm s . In order to minimize the number of unwanted 

bunch crossings in the one-channel machine, this limited number of 

antiprotons is distributed over the minimum number of bunches compatible 

with the requirement of one event per bunch collision. This leads to the 
1 2 

working point shown in Fig. 2 for N- = 10 and, taking into account 

the constraints by the RF system, to 108 bunches in the machine, 

corresponding to T = 825 ns. 
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If a ten times more intense antiproton source became available, the 
3' 

luminosity could be increased in principle to a level of about 1.5x10 

However, as can be inferred from Fig. 2, this leads either to an 

elaborate system for bunch separation at about 2000 unwanted crossing 

points, which becomes especially tricky near the interaction points, or 

to many events per bunch collision in the detector, which is hardly 

acceptable. Obviously, a wide range of combinations in between these two 

extremes exists but all of them are beset with the problems of beam 

separation and of multiple events per bunch collision. Thus it seems to 

be difficult to exploit a more powerful source for peak luminosity. It 

should be noted, however, that the luminosity averaged over a run can be 

much improved by a better source because the machine filling can be more 

frequent. More details are given in section 3. 

2. The pp Option 

2.1. Layout, parameters and performance 

Fig. 3 shows schematically the ring layout with the 8 interaction 

points. The two beam channels are separated horizontally by < 180 mm, and 

the insertions are designed such that the beams cross with a small angle 

of 96 urad in the interaction points. Detectors can be put over at least 

six intersection points. Two long straight sections are reserved for the 

dumping of the beams though it might be possible to put eventually both 

dump systems into one straight section. Fig. 4 gives a cross-section of 

the LEP tunnel with the dipole of the LHC above the LEP magnets. It is 

apparent that the space available for the Hadron Collider is adequate. The 

assumption of installing it in the LEP tunnel determines the circumference 

which should be equal to that of LEP, 26658 m, within a very small margin; 

the number and length of the straight insertions, eight insertions of 

about 490 m length; and the average radius of the arcs, R = 3494 m. o 

Because of the fixed radius, the maximum energy in each beam becomes a 

function of the magnetic field in the dipoles and of the layout of the LHC 

periods. The study is based on a dipole field B = 10 T. 
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The two proton beams are assumed to be bunched. Collisions between 

the bunches occur only in the interaction regions. This is achieved by a 

small crossing angle between the two beams. Bunched beams are preferred 

over continuous beams because they hold the promise of a higher luminosity 

for a given circulating current, and also because the energy loss due to 

synchrotron radiation is automatically compensated by the RF system. 

From the users' point of view, the most important parameters are the 

luminosity L, the bunch spacing T and the average number of events per 

bunch crossing <n> related by 

<n> = L . T . Z 
x 

where E is the total proton-proton cross-section. At the CERN-ECFA 

workshop a consensus was reached that, in the most general case, <n> 

should not exceed unity. For a cross-section of 100 mb, this means that 
25 -2 

the product L.T should not exceed a value of 10 cm . Given this 
x 

constraint, the largest luminosity is obviously achieved with the smallest 

possible T which can be obtained by the machine and is still acceptable 

by the detector. The bunch spacing in time T cannot be varied continously 

because it must be a multiple of the RF wave-length in the LHC and in the 

SPS. However, the step-size is sufficiently small (5 ns) in the range 

between 5 and 35 ns such that the machine can produce the smallest bunch 

spacing the trigger of the detector can cope with. Since it seems that 

the detectors can handle bunch spacings as low as 25 ns, this spacing was 

adopted provisionally as nominal value in order to have a basis for one 

consistent set of parameters. However it should be noted that each of 

the possible bunch spacings needs a special small RF system in the PS. 

Thus the bunch spacing cannot be changed at a moment's notice. 

It can be seen from Fig. 2, which gives a synopsis of all these 

limits based on the parameters given before, that the maximum luminosity 
32 -2 -1 

is 4x10 cm s for T = 25 ns and <n> = 1. Although the machine 
x 

operation would become more difficult, it is not unconceivable that the 
33 -2 -1 

luminosity could eventually approach or even exceed 10 cm s provided 

a smaller T or a larger <n> is acceptable for the detector. This is 

indicated by the shaded area around the nominal working point in Fig. 2. 

Table 1 gives the general parameters and performance. 
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Table 1 ; GENERAL PARAMETERS ANP PERFQRHAHCE 

GENERAL PARAMETERS 

COLLIDER TYPE IN LEP 

SEPARATION BETWEEN ORBITS (mm) 

NUMBER OF BUNCHES 

BUNCH SPACING (ns) 

NUMBER OF CROSSING POINTS 

BETA VALUE AT CROSSING POINT (m) 

NORMALIZED EMITTANCE Ivyo2/B (pm) 

FULL BUNCH LENGTH (m) 

FULL CROSSING ANGLE (urad) 

LATTICE PERIOD LENGTH (m) 

LATTICE PHASE ADVANCE 

DIPOLE MAGNETIC FIELD (T) 

OPERATING BEAM ENERGY (TeV) 

PROTON-PROTON 

165-180 

3564 

25 

B 

1 

5 IT 

0.31 

96 

79 

ir/3 

10 

8.14 

158 

TT/2 

10 

8.99 

PERFORMANCE 

<n> at I = 100 (mb) 

LUMINOSITY (cm"2s"1) 

NUMBER OF PARTICLES/BUNCH 

CIRCULATING CURRENT (mA) 

BEAM-BEAM TUNE SHIFT 

BEAM STORED ENERGY (MJ) 

RMS BEAM RADIUS (urn) 

BEAM LIFE-TIME (h) 

1 

4*1032 

10 
1.34x10 

86 

0.0013 

63 

12 

42 

4 

1.5X1033 

10 
2.6X10 

167 

0.0025 

121 

21 

at interaction point for B = 1 m 

particle loss due to beam-beam collisions 
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Table 1 GENERAl PARA刊ETERS AND PERFORHANCE 

GENERAL PARAHETERS 

COLLIDER TYPE IN lEP 

SEPARATION BETωEEN ORBITS (mm) 

NUHBER OF BUNCHES 

BUNCH SPACING (ns) 

NUHBER OF CROSSING POINTS 

BETA VAlUE AT CROSSING POINT (m) 

NORHAlIZED EHITTANCE 4W10
2
/P (μm) 

FULL BUNCH LENGTH (m) 

FUll CROSSING ANGlE (μrad) 

lATTICE PERIOD LENGTH (m) 

lATTICE PHASE ADVANCE 

DIPOLE HAGNETIC FIElD (T) 

OPERATING BEAH ENERGY (TeV) 

<n> at [ = 100 (mb) 

・2 ・1
LUHINOSITY (cm -s 

PERFORHANCE 

NUHBER OF PARTIClES/BUNCH 

CIRCULATING CURRENT (mA) 

BEAH-BEAH TUNE SHIFT 

BEAH STORED ENERGY (HJ) 
世

RHS BEAH RADIUS (μm) 
官量

BEAH lIFE-TIHE (h) 

* 肯
at interaction point 干orP = 1 m 

PROTON-PROTON 

79 

宵/3

10 

8.14 

4x10
32 

165・180

3564 

25 

B 

5官

0.31 

96 

158 

官/2

10 

8.99 

4 

1.5)(10
33 

10 _ 10 
1.34)(10- 2.6)(10 

86 167 

0.0013 0.0025 

63 121 

12 

42 21 

** particle ~oss due to beam-beam collisions 

-212 -



The lattice consists of modules similar to the LEP lattice with arcs 

containing regular lattice cells, low-P insertions for collisions and 

dispersion suppressors for matching. 

The LEP arcs and their support and supply systems are built in 

modules of length corresponding to half a cell, i.e. 39.5 m. Me have 

limited the choice of LHC cell lengths to 79 and 158 m, associated 

respectively with 60' and 90* betatron phase advance. Fig. 5 shows the 

layout of the magnetic elements in a cell. 

Fig. 6 shows a schematic layout and the optical functions. The 

guadrupole gradients are 250 T/m, the same value as in the standard 

lattice period. The value P can be increased by a factor 3 in order to 

overcome aperture restrictions and chromaticity problems during injection 

and energy ramping. The free space for the experiment between the 

quadrupoles is ± 10 m. 

Two different inner diameters of the dipole coils were assumed for 

the study. The larger one (50 mm) allows for 40 mm inner diameter of the 

vacuum chamber; the smaller one (35 mm) leaves only 30 mm as inner pipe 

diameter, which precludes the use of the 90*, higher energy lattice as 

the injected beam diameter is 18 mm in this case. 

The dominant field error effect is due to the persistent currents; 

it is a large sextupole component in the field of the dipoles. In any 

given magnet, this component is reproducible from cycle to cycle. 

However, between dipoles there is a random variation. The resulting 

chromaticity is compensated by appropriately exciting the sextupoles next 

to the quadrupoles in the LHC periods. 

The widths of non-linear resonance stop-bands due mainly to the 

position tolerances of the superconducting wires are comparable to those 

in operating machines. 

Intra-beam scattering imposes a minimum longitudinal omittance of the 

order of 2.5 eVs. This value is also sufficient to stabilize the beam via 

Landau damping against most of the presently known collective effects. 

Host of the intensity dependent effects of importance in the LHC 

arise from the interaction of the beam with the vacuum chamber surrounding 

it. Therefore the relevant properties of the vacuum chamber must be 

carefully considered. Beam induced wall currents will heat the vacuum 

chamber, and together with the synchrotron radiation, contribute to the 
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The 1attice consists of modu1es similar to the LEP lattice with arcs 

containing regu1ar lattice cells， low-s insertions干orcollisions and 

dispersion suppressors for matching. 

The LEP arcs and their support and supply systems are bui1t in 

modules of length corresponding to half a cell， i.e. 39.5 m. We have 

1imited the choice 0干 LHCce11 lengths to 79 and 158 m， associated 

respectively with 60. and 90・betatronphase advance. Fig. 5 shows the 

1ayout 0干 themagnetic elements in a ce11. 

Fig. 6 shows a schem書ticlayout and the optic司1ヂunctions. The 

Quadrupole gradients are 250 T/m， the same value as in the standard 
書

1attice period. The value s can be increased by a干actor3 in order to 

overcome aperture restrictions and chromaticity problems during injection 

and energy ramping. The干reespace干orthe experiment between the 

quadrupole5 is之 10m. 

Two di干ferentinner diameters 0干 thedipole coi1s were assumed干or

the study. The larger one (50 mm) allow5 for 40 mm inner diameter of the 

vacuum chamber; the sma11er one (35 mm) leaves only 30 mm as inner pipe 

diameter， which precludes the U5e of the 90.， higher energy lattice as 

the injected beam diameter is 18 mm in thi5 ca5e. 

The dominant field error e干干ectis due to the persistent currents; 

it i5 a large 5extupole component in the干ield0干 thedipoles. In any 

given magnet， this component is reproducible from cycle to cycle. 

However， between dipole5 there is a random variation. The resulting 

chromaticity i5 compensated by appropriately exciting the sextupole5 next 

to the quadrupoles in the LHC periods. 

The width5 of non-linear re50nance stop-bands due mainlY to the 

position tolerances 0干 the5uperconducting wires are comparable to tho~e 

in operating machines. 

Intra-beam scattering imposes a minimum longitudinal emittance 0干 the

order of 2.5 eVs. This value i5 a150 sufficient to stabi1ize the beam via 

Landau damping against most 0干 thepresently known collective e干fects.

Host of the intensity dependent e干干ects0干 importance in the LHC 

arise干romthe interaction 0干 thebeam with the vacuum chamber surrounding 

it. Therefore the re1evant properties of the vacuum chamber must be 

care千ullyconsidered. Beam induced wall currents will heat the vacuum 

.chamber， and together with the synchrotron radi司tion，contribute to the 
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heat load of the cryogenic system. Table 2 shows the heat losses per 

unit length from the two counter-rotating beams averaged over the arcs. 

Table 2 

Resistive wall 

Broad-band 

Bellows 
* 

Synchrotron Radiation 

Total 

Heat-loss Wm 

.014 

.09 

.026 

.24 

.37 

* 
emitted power per unit length 

All intensity dependent effects discussed above are evaluated in the 

most difficult case of the 79 m long cell and a vacuum chamber radius of 

15 mm. It was found that all collective phenomena could be handled in this 

lattice, with the help of appropriate feedback systems where required. 

With the assumed parameters, a crossing angle of 96 urad is large 

enough to ensure a sufficient separation at the first near-crossing. The 

long range beam-beam tune shift is only a fraction of the beam-beam tune 

shift at the interaction point and should pose no problems. Because of 

the short bunch-length involved, the loss of luminosity compared to 

head-on collisions is only <>l. 

Eventually, a choice will have to be made. The arguments entering 

the choice are the maximum energy, the good field region of the magnets, 

field errors due to persistent currents and coil position errors in the 

dipoles, and collective phenomena. The advantages and disadvantages of 

the two period lengths, and the two vacuum chamber diameters are shown 

in Table 3. 
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heat load 0干 thecryogenic system. Table 2 shows the heat losses per 

unit 1ength干romthe two counter-rotating beams averaged over the arcs. 
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Heat-loss ωm 

Resistive wall .014 

Broad-band .09 

Bellows .026 
官

Synchrotron Radiation .2~ 

Tota1 .37 

貴

emitted power per unit length 

Al1 intensity dependent ef干ectsdiscussed above are evaluated in the 

most di干干icultcase 0干 the 79 m 10ng ce11 and a vacuum chamber radius of 

15 mm. It was干oundthat a11 collective phenomena could be handled in this 

1attice. with the he1p 0干 appropriatefeedback systems where required. 

制iththe assumed parameters. a crossing angle 0干 96 ~rad is large 

enough to ensure a su干ficientseparation at the 干irstnear-crossing. The 

10ng range beam-beam tune shi干tis only a干ractionof the beam-beam tune 

shift at the interaction point and should pose no problems. Because of 

the short bunch-length invo1ved. the 10ss 0干 1uminositycompared to 

head-on collisions is only 4%. 

Eventua11y. a choice wi11 have to be made. The arguments entering 

the choice are the maximum energy. the good干ieldregion 0干 themagnets. 

干ie1derrors due to persistent currents and coi1 position errors in the 

dipo1es， and co11ective phenomena. The advantages and disadvantages 0干

the two period 1engths， and the two vacuum chamber diameters are shown 

in Table 3. 

-214 -



Table 3 ; COMPARISON OF CHOICES 

Period length 

Chamber radius 

Energy 

RF voltage 

Tune spread 

Required good field 

Dynamic aperture due 

- persistent current 

- coil position 

radius 

to 

s 

79 

15 

8.136 

16 

0.026 

8.5 

9 

8 

79 

20 

8.136 

16 

0.004 

8.5 

13 

14 

158 

15 

8.993 

28 

0.676 

12 

4 

7 

158 

20 

8.993 

28 

0.088 

12 

11 

14 

m 

mm 

TeV 

MV 

mm 

mm 

mm 

2.2. Magnet system 

According to present knowledge, the design and construction of 

accelerator magnets with field, say up to 6 or 7 T can be based on 

existing superconductors and on technologies already developped in 

Fermilab for the Tevatron and further tested in Oesy for Hera, in 8NL 

for CBA, in Serpukhov for UNK, and in KEK for Tristan. 

The pioneering work done in various other laboratories (LBL-USA, 

CEA-Saclay, KfK-Karlsruhe, NIKHEF-Amsterdam, Rutherford Appelton Lab., 

CERN, etc.) can also serve as a very good base for future work. 

Of course, before launching such an important project, several 

alternative designs should be considered with the prime aim of reducing 

production costs, and their features should be tested in an adequate 

number of prototypes. However, no fundamentally new development would be 

required. This is not true for magnets of higher field level up to 10 T. 

Indeed, the purpose of, the studies described in this section is to 

make a first assessment of the electromagnetic, cryogenic and mechanical 

problems which have to be faced for the design and construction of LHC 

magnets with a field as high as 10 T, would a suitable superconductor be 

available in time. 
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Table 3 COL1PARISON OF CHOICES 

Period length 79 79 158 158 m 

Chamber radius 15 20 15 20 

Energy 8.136 8.136 8.993 8.993 

RF voltage 16 16 28 28 

Tune spread 0.026 0.004 0.676 0.088 

Required good field radius 8.5 8.5 12 12 

Dynamic aperture due to 

-persistent currents 9 13 4 11 

-coil position 8 14 7 14 

2.2. HaQnet svstem 

According to present knowledge. the design and construction of 

accelerator magnets with field. say up to 6 or 7 T can be based on 

existing superconductors and on technologies already developped in 

Fermilab for the Tevatron and干urthertested in Oesy干。rHern. in 8NL 

干orCBA. in Serpukhov干orUNK. and in KEK干orTristan. 

mm 

TeV 

HV 

町lm

mm 

mm 

The pioneering work done in various other laboratories ILBL-USA， 

CEA・Saclay，K干K-Karlsruhe. NIKHEF-Amsterdam， Ruther干ordAppelton Lab.. 

CERN， etc.l can a1$0 serve as a very good base for干uturework. 

。干 course. before launching such an important project. several 

alternative designs should be considered with the prime aim 0干 reducing

production costs. and their干eaturesshould be tested in an adeQuate 

number of prototypes. However， 00干undamentallyoew development wou1d be 

required. This is not true干ormagnets of higher干ieldlevel up to 10 T. 

Indeed， the purpose o( the studies described in this section is to 

make a千irstassessment 0干 theelectromagnetic. cryogenic and mechanical 

prob1ems which have to be干aced干orthe design and construction 0干 LHC

magnets with a干ieldas high as 10 T. would a suitable superconductor be 

available in time. 

ー 215-



The development of such a superconductor, which can be industrially 

produced, is an absolutely necessary prerequisite to the final design and 

construction of such magnets. Small quantities of superconductors almost 

suitable for this application have already been made in industry. 

Another important ingredient is the availability of insulation 

materials and techniques suitable for winding the coils according to the 

"wind and react" method. 

Therefore all what is indicated below should be considered as a first 

assessment of the situation and as a guide-line for the indispensable 

development. 

Dipoles and quadrupoles of the two rings are combined into "two in 

one" units, each having a common yoke and cryostat. The two rings are, 

therefore, magnetically coupled, especially at high field, which imposes 

the same energy for the two beams. Focusing quadrupoles in one ring are 

paired to defocusing quadrupoles in the other. Sextupole and dipole 

corrector pairs need to be magnetically uncoupled and can indeed be made 

so by means of independent cores. Horizontal dipole correctors in one 

ring are paired with vertical correctors in the-other ring. The complete 

set of quadrupoles, sextupoles and dipole correctors will be contained in 

a common cryostat. 

The dipole magnets should be made in units as long as possible, both 

because the bending length loss at each end reduces the attainable energy 

and in order to minimize the number of ends, which are the most difficult 

part of the magnet to fabricate. An upper limit to the unit length is, 

however, given by the access facilities (shafts, service tunnels, etc.) to 

the LEP tunnel, which are designed to allow installation of single compo

nents up to 12m long. Another limitation to unit length is given by 

safety at a quench. It is estimated that 12 m long magnet plus cryostat 

units can be built, handled and operated without excessive difficulties 

and risks. 

Existing evidence, gathered from experiments at the ISR and from the 

Tevatron, confirms the feasilibity of a cold vacuum chamber. 

Accordingly, no space for thermal insulation needs to be reserved in the 

magnet coil bore. For the sake of the present study it is assumed that 

the final choice for the inner diameter of the coil will fall in the 

range between 35 mm and 50 mm. Most of the work was therefore done on a 
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The deve~opment 0干 sucha superconductor， which can be industria~ly 

produced， is an absolute1y necessary prerequisite to the fina1 design and 

construction 0干 suchmagnets. 5ma1l quantities of superconductors a1most 
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materia1s and techniques 5uitable for winding the coi1s according to the 
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one" units， each having a common yoke and cryostat. The two rings are， 

therefore， magnetica11y coup1ed. especia11y at high干ield，which imposes 

the same energy for the two beams. Focusing quadrupo1es in one ring are 

paired to defocusing Quadrupo1es in the other. Sextupole and dipo1e 

corrector pairs need to be magnetically uncoupled and can indeed be made 

so by means 0干 independentcores. Horizontal dip01e correctors in one 

ring are paired with vertica1 correctors in the'other ring. The comp1ete 

set 0干 Quadrupoles，sextupoles and dipole correctors wi11 be contained in 

a common cryostat. 

The dipole magnets shou1d be made in units as 10ng as possib1e， both 

because the bending length 10ss at each end reduces the attainable energy 

and in order to minimize the number 0干 ends， which are the most di干干icu1t

part 0干 themagnet to干abricate. An upper limit to the unit length is， 

however， given by the access干acilities (shafts， service tunnels， etc.) to 

the LEP tunne1， which are designed to allow insta11ation of sing1e compo-

nents up to 12 m 10ng. Another limitation to unit length is given by 

sa干etyat a quench. It is estimated that 12 m 10ng magnet p1us cryostat 

units can be built， handled and operated without excessive difficulties 

and risks. 

Existing evidence， gathered from experiments at the ISR and from the 

Tevatron， confirms the feasilibity of a cold vacuum chamber. 

According1y， no space for therma1 insulation needs to be reserved in the 

magnet coi1 bore. For the sake of the present study it is assumed that 
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version corresponding to the upper limit of 50 mm, which is more 

demanding in magnet size, excitation and structure. A possible dipole 

design is given in Fig. 7 with parameters in Table 4. One has also 

established that scaling to 35 mm is feasible from the magnetic point of 

view and probably acceptable for beam dynamics. 

Table t ; DIPOLE PARAMETERS 

Nominal field 

Peak field in windings 

Average overall current density 

Excitation (per dipole) 

Maximum current 

Stored energy (full "2 in 1" magnet) 

Coil inner diameter 

Distance between gap centerlines 

Transverse size of active part 

width 

height 

Transverse size of the cryostat 

width 

height 

Magnetic length 

Cold mass per unit length 

10 T 

< 11 T 

-2 
3 00 A.mm 
13D0 kA-turns 

- 10 kA 

730 kJ/m 

50 mm 

180 mm 

- GOO m 

- 500 mm 

750 mm 

900 mm 

10.23 m 

~ 1.5 t/m 

2.3. Cryogenics 

The production, transport and distribution of the cryogenic fluids 

(He and N), are compatible with the space in the LEP tunnel. One 

refrigerator per octant should be installed in the interaction regions. 
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version corresponding to the upper limit 0干 50mm. which is more 

demanding in magnet size. excitation and structure. A possible dipo1e 

design is given in Fig. 7 with parameters in Tab1e 4. One has a1so 

estab1ished that sca1ing tn 35 mm is 干easible干romthe magnetic point of 

view and probably acceptable for beam dynamics. 
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Hominal干ield

Peak field in windings 

Average overall current density 

Excitation (per dipolal 

Haximum current 

stored energy (full "2 in 1" magnetl 

Coil inner diameter 

Distance between gap centerlines 

Transverse size 0干 activepart 

width 

height 

Transverse size 0干 thecryostat 

width 

height 

Hagnetic length 

Cold mass per unit length 

2.3. CrvoQenics 

10 T 

< 11 T 

300A.mm z 

1300 kA-turns 

輔 10kA 

730 kJ/m 

50 mm 

180 mm 

同 600m 

柄 500mm 

750 mm 

900 mm 

10.23 m 

刷1.5 t/m 

The production. transport and distribution of the cryogenic干luids

IHe and N). are compatible with the space in the LEP tunnel. One 

refrigerator per octant should be installed in the interaction regions. 
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2.*. Vacuum 

Profiting from the magnet cryostats, cold bore will be used, which 

intrinsically provides a very low pressure. 

2.5. Radio-freauencv 

Only 30 m of active cavity structure are in total needed for both 

rings. To allow a large number of bunches in the Hadron Collider, the 

frequency should be - 400 MHz, namely the double of the SPS frequency. 

2.6. Injection, beam transfers and dumps 

At least two alternative layouts of transfer tunnels are possible 

between SPS and LEP (Figs. 8 and 9). Beam dumps are feasible with present 

technology. 

2.7. RadiatJLon,. protection 

It has been established that there are no problems for the 

environment. Beam losses must however be controlled very well to avoid 

quenches of the superconducting magnets. 

3. The pt> Potion 

Only a one-channel machine is considered as stated in the introduc

tion. The layout of this single ring is shown schematically in Fig. 10. 

In order to make the bunches collide only in the eight interaction points, 

the orbits of protons and antiprotons outside the collision regions are 

kept apart by electrostatic separators which are positioned downstream and 

upstream of each interaction point. 

The transfer of protons and antiprotons seems easier following 

Variant 2 (Fig. 9) since both types of particles circulate in the SPS in 

their normal dirrection. Using Variant 1 (Fig. 8) would combine the 
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longer transfer lines with the disadvantage of polarity reversal of the 

SPS (for p) and the construction of a new beam line linking the PS/SPS 

antiproton transfer line TT70 with TT10. Also TT10, the injection system 

in LSS1 and the extraction in LSS4 must be able to operate at reversed 

polarity. 

Since there is only one channel in the ring, the magnets are simpler 

than for the pp collider, but the aperture possibly larger to accomodate 

the separation of the orbits. The stored energy in the beam is lower, and 

the beam is likely to be more stable because the number of bunches is 

reduced by more than an order of magnitude compared to the pp option. 

Unfortunately, these advantages have to be paid for by a lower luminosity 

and by the necessity of having separators. The separators deflect the 

beams in opposite directions electrostatically; their length is about 40 

m per station. The operation of pp rings is also more complicated and 

the limited accumulation rate has adverse effects on the luminosity, 

especially when averaged over time. 

As explained before, the peak luminosity is limited by the total 

number of antiprotons available at the beginning of a run. With the new 
12 

CERN antiproton source approximately 10 particles can be expected, 
31 -2 -1 

resulting in a peak luminosity around 10 cm s (see Fig. 2 ). 

Respecting <n> < 1 and selecting a bunch spacing compatible with the RF 

yields 108 bunches as nominal number corresponding to T = 825 ns. 

The separators are installed behind the low-0 quadrupoles but before the 

first unwanted crossing occuring at 124 m from the interaction point. The 

most promising scheme of beam separation makes the orbits spiral around 

each other by means of a set of vertically deflecting plates and a set of 

horizontally deflecting plates. Hence, the bunches always circulate 

off-centre in the arc, which might adversely influence their stability. 

If the number of available antiprotons could be increased, say, to 
13 

10 a higher peak luminosity could in principle be reached. If the 

number of bunches were not changed the number of events per bunch 

collision would become inadmissibly high as can be seen on Fig. 2 . 

Increasing the number of bunches k would help in this respect but quickly 

trouble arises if k approaches 300, corresponding to T = 300 ns. At this 

point the unwanted crossing has approached the low-0 quadrupoles leaving 

no space for the long separators. Another serious problem arises during 
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injection. The separation is not sufficient to prevent deflection of the 

already stored beam by the kicker magnet when the second beam is injected. 

Thus the injection kicker must be positioned between two unwanted crossings 

and its field must rise and fall within T . This is already difficult for 

108 bunches but becomes nearly impossible once k reaches 200 to 300, at 

least with present technology. The possibility remains to separate the 

orbits by such an amount that the beam is not disturbed by the kicker 

field acting on the other beam. Such a scheme has not yet been worked out. 

In order to obtain a resonable luminosity averaged over time, the 

duration of a run should be approximatley equal to the initial luminosity 

decay time T . Taking this as a guide the necessary p acculation rate 

becomes : 

P L 

For our parameters T, - 20 h yielding for N -= 10 A - 5x10 h 
L P 

and for N- = 1013 A - 5x1011 h"1. The rate 5X10 1 0 h"1 is the design 

aim of the new CERN antiproton source and the FNAL source under construc

tion, while 5x10 h could possibly be reached with a sophisticated 

multi-ring source. 

It is apparent that even with a very advanced p source the maximum 
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the most promising tool for extending the present energy range for 

research at constituent level into the TeV region. 

The basic machine structure can of course be used for other possi

bilities, for instance for collisions of the electrons of LEP with the 

protons of the hadron collider, up to a centre-of-mass energy of about 
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2 TeV. Collisions of ions would also be possible, with beam energy per 

nucleon of about one half of the proton energy. However, no work has yet 

been done on these other possibilities. 

The conclusions which can be drawn from the study are : 

i) A proton-proton collider can be installed in the tunnel above LEP. A 

center-of-mass energy of about 18 TeV could be reached with super

conducting magnets of 10 T. 

ii) In order to achieve this goal, it is necessary to launch in Europe a 

vigourous programme of development of materials and techniques 

necessary for the construction of such magnets. 

Several European Laboratories and Institutions express a great 

interest to participate in such a programme, 

iii) According to present knowledge, magnets with smaller field, say 6 or 

7 T (centre-of-mass energy between 10 and 13 TeV), could be built 

after a shorter programme of technological development, 

iv] All other machine components and systems appear to be feasible with 

the present technology. 
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LARGE LINEAR COLLIDERS* 

B U R T O N RICHTER 

Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94305 

1. Introduction 

This lecture is a status report on work we have doing at SLAC on studies of large linear 

colliders (LLC) with energies far beyond those attainable with either the SLC or LEP. I 

had intended to begin with an extensive discussion of the physics capabilities of electron 

colliders, but after the preceding talks on theory, and the discussion on the experimental 

difficulties in searches for relatively rare processes with proton colliders, I will considerably 

shorten my remarks on these topics. Suffice it to say that electron-positron annihilation 

studies have played a leading role in the last decade in establishing our "standard" view 

of the elementary constituents of matter and their interactions, through ouch things as-

studies of charmonium, ab"-onium; the discoveries of the tau, jets, B, D, Ac, F, gluons; 

determination of a3 and the beginnings of measurements on its evolution with energy; etc. 

The power of electron-positron annihilation studies comes from the fact that in the 

annihilation of these point particles one obtains a well defined center-of-mass energy and 

all of the elementary constituents produced in the final state are produced on a more 

or less equal footing. In contrast, in proton-proton collisions, the collisions are between 

composite particles, and light elementary constituents are produced much more copiously 

than heavy ones. Thus, though the rate of production of D mesons, for example, is very 

much larger at proton machines than at electron-positron machines, the large signal to 

noise ratio at the electron machines has meant that the discovery and elucidation of most 

of the properties of these particles has been done by experiments at electron machines. 

While it is certain that proton machines will have an advantage in total center-of-mass 

energy for the forseeable future, the electron machines will, I believe, continue to have an 

advantage in delineating the properties of new entities. 

In the next sections I will discuss energy and luminosity requirements for a LLC, the 

design equations for these machines, the work that we have been doing on optimization 

* Work supported by the Department of Enerpy, contract DE-AC03-76SF00515. 
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of parameters, and finally tell you where I think we are in this process. The work I will 

describe has been contributed t6 by M. Allen, K. Bane, K. Brown, A- Chao, D. Farkas, W. 

Herrmannsfeldt, G. Loew, R. Miller, R. B. Neal, R. Noble, W. K. H. Panofsky, B. Richter, 

L. Rifkin, D. Ritson, R. Ruth, C. Sinclair, R. Stiening, and P. Wilson. All these people 

are of course only working part time on this problem. 

2. Energy and Luminosity Requirements 

In considering the design of the large LLC's of the future, the first question one has to 

address is the energy that will be required. There is no precise answer to this question for 

electron-positron machines, just as there is no precise answer for proton-proton machines. 

Were there some expected sharp new threshold at energies much beyond the Z°, we would 

have a number to specify. However, there is no such threshold and we can only use the 

same qualitative arguments that have been used in the setting of the energy of the next 

generation large proton machine at something between 10 and 40 TeV in the center-of-

mass. We might require that any LLC have the same "effective" energy as one of these 

large proton machines. The question, then, becomes what is the same "effective" energy. 

Ellis1) and Kane2) have discussed this question. In a proton machine the upper limit 

of detectability for a given process occurs when the cross section for that process falls to a 

value such that there are too few events to give a meaningful result. This cross section is a 

function of the invariant mass of the state and this effective mass limit is the energy of an 

equivalent electron-positron machine. Table I is from Ellis and shows the fraction of the 

proton-proton center-of-mass energy required in an electron-positron machine for several 

processes. The result of this analysis indicates very roughly that a 1.5 TeV e+e~ machine 

is "equivalent" to a 10 TeV proton machine, while a 3 TeV electron-positron machine is 

"equivalent" to a 40 TeV proton machine. Of course this kind of analysis is very rough but 

it suffices to set the scale of energy required in a LLC that would be roughly equivalent to 

the proton machines that have been under discussion — we need an e+e~ energy of about 

2 TeV. 

We also have to set the luminosity for these LLC's and Eq. (1) shows the yield (Y) 

in events per effective year (6 months running) as a function of S. The square of the 

center-of-mass energy, and R, the ratio of the cross-section to the electromagnetic muon 

pair cross section. 
Y _ 1200 K c m - V 1 ) 

S (TeV2)' 1033 • « W 
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R is process dependent and ranges from about 7 for the sum over all of the "old" quarks to 

about 20 for W+W~ pairs. It is evident from Eq. (1) that we need a luminosity of around 

1033 cm - 2s— 1 for a practical machine. 

Table I. Fraction of p — p cm energy required in an 
e+e~ collider to study various processes at the upper 
limit of detectability in the proton machine. 

Process 

Jet Pairs 

L+L-

Z' 

W 

IT 

9 

QQ 

Geometric Mean 

e + e Energy Fraction 

10 TeV p-p 

0.36 

0.03 

0.12 

0.29 

0.20 

0.24 

0.13 

0.16 

40 TeV p-p 

0.20 

0.01 

0.04 

0.08 

0.08 

0.12 

0.07 

0.07 

3. Design Equations 

I will begin this discussion by assuming that the cross section of the beam at the 

collision point is round. I will discuss later what happens if one drops this assumption. 

We first examine the effect of the beam-beam interaction. Figure 1 shows the trajectory 

of a particle in one beam as it passes through the other beam at the collision point. The 

fields in these beams are extremely strong — on the order of several megagauss — and 

thus strongly perturb the cross section of the beams as they pass through each other. In 

a single particle case, illustrated in Fig. 1, we can define a disruption parameter (D) such 

that 

(2) D=5 reazN 

where az and F are defined in the figure, re is the classical electron radius, N is the number 

of particles in the bunch, 7 is the energy in rest mass units and oy0 is the radius of the 

bunch. This beam-beam interaction tends to increase the luminosity in the collision region 

for large values of D. As D approaches 1, a strong mutual pinch of the two colliding bunches 

occurs and the average value of the beam radius during the collision time is reduced. As 
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3. D回 ignEquations 

1 will begin this discussion by assuming that the cross section of the beam at the 

collision point is round. 1 will discuss later what happens ir one drops this assumption. 

We first examine the effect of the beam-beam interaction. Fi思ue1 shows the trajecωry 

of a particle in one beam as it p路 S田 throughthe other beam at the collision point. The 

fields in 曲目ebeams are extremely strong - on the order of several megagauss - and 

thus strongly perturb the cross section of the beams凶 theyp鎚 sthrough each other. ln 

a single particle case， i11ustrated in Fig. 1， we can define a disruption parameter (D) such 

that 
σ;: reσ;:N 

D=ー=一一→ー (2) 
F "1uゐ

where σz and F are defined in the figure， re is the classical electron radius， N is the number 

of particles in the bunch， "1 is the energy in r田tmass units and σro is the radius of the 

bunch. This beam-beam interaction tends to increase the luminosity in the collision region 

for large valu田 ofD. As D approach回 1，a strong mutual pinch of the two coiliding bunches 

occurs and the average value of the beam radius during the collision time is reduced. As 
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the value of D approaches 2, a kind of saturation sets in wherein the bunches oscillate in 

cross section during the collision period and the time average value of the bunch radii no 

longer decreases. Since the luminosity in this collision depends on {oy"2), the luminosity 

increases over that which would obtain in the absence of this pinch effect in the fashion 

shown in Fig. 2. The luminosity is given by 

L _ N2 ffc2) _ N 2 fH(D) 

where / is the collision frequency, H is the enhancement factor shown in Fig. 2, and <Tro 

is the unperturbed radius of the colliding bunches. 

As I mentioned earlier, the macroscopic fields in the collision region are very large 

and this gives rise to a new constraint in the design of electron colliders — synchrotron 

radiation from the collision region that can markedly increase the energy spread in the 

beams. If one treats this synchrotron radiation (Beamstrahlung) in the classical fashion, 

one can easily show that the mean energy loss from synchrotron radiation in the collision 

region is proportional to the square of the beam energy times the square of the macroscopic 

fields. In the case of a round beam the field is proportional to ay"1 and the fractional energy 

spread coming from synchrotron radiation in this classical approximation is proportional 

to the beam energy times the luminosity. 

I have used the word "classical" several times in the description above. I have done so 

for this approximation is incorrect for the beam parameters coming out of the optimization 

described below. The problem is that the critical energy in the synchrotron radiation is on 

the order of the beam energy itself and so the standard synchrotron radiation equations 

do not apply. We are still investigating this problem and do not really understand yet how 

to properly handle synchrotron radiation in the optimization procedure. In what follows 

synchrotron radiation effects are treated in classical approximation and the optimization 

is carried out as if this were the correct way to proceed. Be warned! We do not yet know 

whether how proper treatment will markedly change the optimization conditions. 

A summary of the design equations is given below. 

= iN2fH{D) _ 3.5 X 1031P{MW)DH{D) 
Ait in P* az(mm) 
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(3) 

(4) 

(5) 

tbe value of D approacb回 2，a kind of saturation sets in wherein the bunch回 oscillatein 

cross section d uring tbe collision period and the time average value of tbe bunch radii no 

longer decre出回 Sincetbe luminosity in tbis collision depends on (σ内， the luminosity 

increases over tbat which would obtain in the absence of this pinch effect in the Cashion 

sbown in Fig. 2. Tbe luminosity is given by 

L=N2 f{σF2l=N2 fH(D) 
4π-4ML  

(3) 

where f is山ecollision frequency， H is the enhancement factor shown in Fig. 2， and σ町

is the unperturbed radius of tbe colliding bunches. 

As 1 mentioned earlier， the macroscopic fields in the collision region are very large 
and this gives rise to a new constraint in the design of electron colliders - synchrotron 

radiation from tbe collision region that can markedly increase tbe energy spread in the 

beams. If one treats tbis synchrotron radiation (Beamstrahlung) !n the classical fashion， 
one can easily show tbat tbe mean energy loss from syncbrotron radiation in the collision 

region is proportional to the square of the beam energy tim田 tbesqu町 eof the macroscopic 

fields. In the case of a round beam the field is proportional toσ;:-1 and the fractional阻 ergy

spread coming from synchrotron radiation in this classical approximation is proportional 

to the beam energy times the luminosity. 

1 have used the word "classical" several times in tbe description above. 1 bave done so 

for出isapproximation is incorrect for the beam parameters coming out of the optimization 

described below. Tbe problem is tbat the critical energy in the synchrotron radiation is on 

the order of山ebeam energy itself and so the standard synchrotron radiation equations 

do not apply. We are still inv回 tigaもingthis problem and do not really undersもandyet how 

to properly handle synchrotron radiation in tbe optimization procedure. In wbat follows 

synchrotron radiation effects are treated in classical approximation and the optimization 

is carried out回 ifthis were the correct way to proceed. Be warned!、'fVedo noもyetknow 

whether how proper treatment will markedly change the optimization conditions. 

A summary of tbe design equations is given below. 
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Equation (4) defines the invariant emittance of the beam. Equation (5) gives the lumi

nosity in c m - 2 s - 1 . Note that P is the power in one beam in megawatts, and /?* is the 

lattice function at the collision point. Equation (6) defines the disruption parameter again. 

Equation (7) gives the center-of-mass energy spread coming from classical synchrotron ra

diation. Equation (8) gives the efficiency for converting RF energy in the linac to energy 

in the beam. In this equation K is a structure dependent constant, b is the number of 

bunches per linac pulse, X is the RF accelerating wavelength, and G is the accelerating 

gradient. This equation is an approximation and is good for efficiencies up to about 20%. 

4. Machine Parameters and Optimization 

The optimization of linear colliders is much more complex than the optimization of 

electron storage rings. Storage rings are a mature technology and unit costs are well 

known. There are collection of simple equations relating RF power requirements to beam 

energy and machine radius which can easily be differentiated to yield a minimum cost. The 

result of this optimization is that the radius of a machine is proportional to the square of 

its energy. Such a minimization was done, for example, for LEP and the costs arrived at 

by that procedure were within about 10% of the costs arrived at after a detailed design 

effort. After 25 years of design and construction of storage rings, cost optimization is a 

relatively simple procedure. 

This is not the case for linear colliders. The cost of a given machine comes from a 

complex interplay of factors effecting energy efficiency and factors effecting performance. 

Energy efficiency factors such as RF wavelength, accelerating gradient, particles per bunch, 

and bunches per pulse are intertwined with other factors such as bunch length, disruption 

parameter, final focus system design, and synchrotron radiation at the collision point. Let 

me begin then with some example solutions for big linear colliders that have not been 

optimized. All machines discussed in what follows will have 2 TeV in the center-of-mass, a 

luminosity of 1033 cm - 2 s _ 1 , and a Beamstrahlung driven energy spread of 10% (standard 

deviation). 

- 230 -

N
r
 

σ
一m

r
-
E
 

一一D
 

(6) 

σE・ 414E(TeV)L(1033 cm-2s-1) 

P σz(mm) J(Hz) 

的 =K31
ιλ~G 

(7) 

(8) 

Equation (4) defin巴 theinvariant emittance of the beam. Equation (5) giv回 thelumi-

nosity in cm-2s-1. Note that P is the power in one beam in megawatts， and s* is the 
lattice function at the collision point. Equation (6) dcfincs thc disruption para.mcter a.ga.in. 

Equation (7) giv田 thecenter-of-mass energy spread coming from classical synchrotron ra-

diation. Equation (8) gives the efficiency for converting RF energy in the linac to energy 

in the beam. ln this equation K is a structure dependent constant， b is the number of 

bunches per linac pulse，λis the RF accelerating wavelength， and G is the accelerating 

gradient. This equation is an approximation and is good for efficienci白 upto about 20%. 

4. Machine Parameters and Optimization 

The optimization of linear colliders is much more complex than the optimization of 

electron storage rings. Storage rings are a mature technology and uniもcostsare well 

known. There are collection of simple equations relating RF power requirements to beam 

energy and machine r泌iuswhich can easily be differentiated to yield a minimum cost. The 

r回 ultof this optimization is that the radius of a machine is proportional to the square of 

its energy. Such a minimization was done， for example， for LEP and the costs arrived at 
by that procedure were within about 10% of the costs arrived 叫 aftera detailed d田 Ign

effort. After 25 years of design and construction of storage rings， cost optimization is a 

relatively simple procedure. 

This is not the case for linear colliders. The cost of a given machine com田 froma. 

complex interplay of factors effecting energy efficiency and factors effecting performanc'~， 

Energy efficiency factors such as RF wavelength， accelerating gradient， particles per bunch， 
and bunch白 perpulse are intertwined with other factors such as bunch length， disruption 
parameter， final focus system d也，ign，and synchrotron radiation at the collision point. Let. 

me begin then with some example solutions for big linear colliders that have not been 

optimized. All machin回 discussedin what follows will ha.ve 2 TeV in the center-of-mass， a. 
luminosity of 1033 cm-2s-1， and a. Beamstrahlung driven energy spread of 10% (standard 

deviation). 
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Table II shows a partly optimized solution where we have minimized the AC power for 

the assumed beam, parameters. A final focus system has been completely designed for this 

example and raytraced with a program that does beam optics through second order. The 

beam size at the collision point is slightly elliptical due to aberrations in its final focus 

system and gives a beam of 0.15 microns by 0.2 microns for an energy spread coming out 

of the linac of ±0.5%. Transverse wake field effects in the linac have been evaluated (the 

interaction of the beam back on itself through the resonant accelerating structure) and in 

both the 10 cm and 5 cm RF wavelength examples the steering tolerances with respect 

to the axis of the accelerator are 50 microns arising from the short range wake field. In 

addition, we have assumed 6 experimental areas sharing the luminosity and have designed 

the beam splitters and combiners necessary for this kind of operation. 

Table II. An incompletely optimized example of a 2 TeV 
LLC at 1033 luminosity and 10% oE*jE* for two RF 
wavelength. 

P*y (cm) 
D 
o~ (mm) 
cn (mrad) 
N 
/(Hz) 
6 
Pb (MW per beam) 
X (cm) 
G (MV/m) 
L (km - each linac) 
Number of Klystrons 
Total Input AC Power (MW) 

1 
2 
2 

4 X 10 - 6 

1.4 X 1010 

2000 
12 
4.7 

10 5 
20 40 
50 25 

3500 3500 
390 290 

The machines are not too long, 100 km and 50 km respectively, when compared to the 

100 km circumference of the large proton machines that give equivalent physics perfor

mance. The klystrons required to drive the linac at either wavelength have peak RF powers 

about a factor or 5 higher than those now available but have average powers considerably 

lower. The input AC power assumptions are based on an assumed klystron efficiency of 

50%. These machines s»em to be in the multi-billion dollar class and use a great deal of 

input AC power. 
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Table n shows a part1y optimized solution where we have minimized the AC power for 

the assumed beam， parameters. A final focus system has been completely designed for this 

example and raytraced with a program thaもdoesbeam optics through second order. The 

beam size at the collision point is slightly elliptical due to a.berrations in its final focus 

system and gives a beam of 0.15 microns by 0.2 microns for an energy sprea.d coming out 

of the lina.c of土0.5%.Tra.nsverse wake field effects in the linac have been evaluated (the 

interaction of the beam back on itself through the resonant accelerating structure) and in 

both the 10 cm and 5 cm RF wavelength examples the steering toleranc田 withr田pect

to the 3.xis of the accclcrator are 50 microns arising from the short range wake field. In 

addition， we have assumed 6 experimental areas sharing the luminosity and have d回 igneu

the beam splitters and combiners nec回saryfor this kind of operation. 

Table 11. An incompletely optimized example of a 2 TeV 
LLC 叫 1033luminosity and 10%σE・/E*for two RF 
wavelength. 

o; (cm) 1 

D 2 

σ;; (mm) 2 

En (mrad) 4 X 10-6 

N 1.4 X 1010 

f (Hz) 2000 

b 12 

乃 (MWper beam) 4.7 

λ(cm) 10 5 

G (MV/m) 20 40 

L (km -each linac) 50 25 

Number of Klystrons 3500 35∞ 
Total Input AC Power (MW) 390 290 

The machines are not too long， 100 km and 50 km respectively， when compared to the 
100 km circumCerence of the ~arge proton machines that give equivalent physics perfor-

mance. The klystrons required to drive the linac at either wavelength have peak RF powers 

about a factor or 5 higher than those now available buもhaveaverage powe回 considerably

lower. The input AC power assumptions are based on an assumed klystron efficiency of 

50%. These machinee soem to be in the multi-billion dollar class and use a great deal of 

input AC power. 
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"We have just begun to work on optimization procedures. Ritson has written a com

puter program that maps a set of input parameters (energy, luminosity, Beamstrahlung 

energy spread, final spot size, RF wavelength, klystron efficiency, etc) to a set of output 

parameters describing the machine (length, wall plug power, repetition rate, accelerat

ing gradient, etc.). Adding in estimates of cost per unit length of accelerator structure, 

klystron cost vs frequency and peak and average power, AC power cost, etc., the program 

can search for a cost minimum. For example, Fig. 3 shows the relative cost of a 2 TeV, 

[_ = 1033 collider as a function of RF wavelength for two different assumed final spot 

sizes. The curve shows that for a spot radius of 0.25 microns, the minimum cost occurs 

for an RF wavelength of 6 cm and gives 50 km for the total length of the two linacs at the 

minimum. Reducing the spot size by a factor of two, shifts the optimum wavelength to 5 

cm, shortens the linac by 20%, and seems to reduce cost by 25%. 

The optimization procedures are still primitive. We don't yet include constraints from 

such things as transverse and longitudinal wake fields, limits on accelerating gradients 

in the linac, technical limits on our power sources, etc. We still have much to do in 

understanding the basic limits of technology and beam dynamics for LLC's before we can 

take these optimization procedures seriously. For now, they are useful in pointing out 

regions of the parameter space where LLC's might be less costly than in other regions. 

The proceeding analysis has assumed a round beam at the collision point and that 

assumption makes the Beamstrahlung induced energy spread proportional to the energy 

times the luminosity. If the beam could be made elliptical at the collision point, this 

relation can be broken and it is possible in principle to get an arbitrary late large reduction 

in Beamstrahlung at a given luminosity. Physically, the luminosity is inversely proportional 

to the beam area, while the Beamstrahlung is proportional to the square of the magnetic 

field in the beam. This magnetic field is, in turn, proportional to the inverse of the beam 

perimeter. If aberrations in the final focus system do not prevent it, it is possible to 

make the area divided by the square of the perimeter arbitrarily small and so remove all 

constraints on system design'coming from Beamstrahlung. 

Bassetti and Gygi-Hanney3) have calculated the effect on the beam induced energy 

spread of using elliptical beams. Figure 4 shows their results for the relative Beamstrahlung 

induced energy spread at constant beam area as a function of the ratio of the major to 

minor axies of the beam. Large reduction in Beamstrahlung require large aspect ratios. 

However aberrations in the final focus system will limit the size of the small dimension of 

the spot and the use of flat beams will be more difficult in practice than the use of round 
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beams for they will require more exotic higher order correction schemes. 

As an example, we have compared what can be done with second order corrected 

schemes for round and flat beams in a specific case. Both beams would have an area at the 

collision point of 0.06 square microns in linear transport theory. Our tracking program 

indicates the area of the "round" beam increases to 0.09 square microns while that of the 

flat beam, with a 20 to 1 aspect ratio, increases to 0.16 square microns. 

We have run this flat beam example through the optimization program and find a very 

different optimization for our 2 TeV machine. Some of the relevant parameters are: 

Accelerating Gradient 125 MV per m 

Total Length 16 km 

RF Wavelength 3.5 cm 

Total Input AC Power 145 MW 

Fractional Energy Spread 0.7% 

These parameters look interesting — particularly the reduction in the total AC power 

consumption. However, before one gets too excited about this kind of beam, remember 

that the constraints have not yet been put in the optimization program. Thus, for example, 

we don't know it's possible to get an accelerating gradient of 125 MV per meter at 3.5 

cm. Also the effects of the wake fields in the linac in this example are extremely severe. 

Alignment tolerances due to wake fields are proportional to the accelerating gradient times 

the cube of the RF wavelength and while the high gradient in this example helps the 

alignment's problem, the small wavelength hurts it badly. Alignment tolerances for this 

example are 9 microns in the linac. 

5. Conclusion 

This lecture has been more in the nature of a status report on our program to design 

LLC's than a description of a design of a practical machine. There remains a great deal 

of work to do in the areas of theoretical studies of the behavior of intense beams in 

accelerating structures, the development of the technology required to build these machines 

at reasonable cost, and in the understanding of the tradeoffs between parameters that will 

lead to minimum cost solutions. At SLAC we are working in the following areas. 
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• Theoretical studies of beam dynamics in linear colliders. 

• Optimized accelerator structures giving minimum wake field effects for a given accel

erating gradient. 

• Experimental studies of the breakdown strength of copper accelerating structures to 

determine the maximum accelerating gradient that can be maintained as a function of 

RF wavelength and pulse length. 

• The development of high efficiency RF power sources including a proof of principle 

laser driven source with 100 MW of peak power and efficiency of greater than 70%. 

• Theoretical studies of low aberration final focus systems. 

• Improved system optimization programs to minimize the costs of a given facility. 

There is an enormous amount of work to do and I would feel much more comfortable if 

we had more resources to put on these important problems. 

Probably the single most important milestone on the road to LLC's is the completion 

and successful operation of the SLC. This machine, to be completed at SLAC in late 1986, 

is really the proof of principle for the entire concept. When it runs, we will all be more 

confident that linear colliders can supplant storage rings and give the very high energies 

in the electron-positron system that will be required for future experiments.. 

I have often been asked how soon I believe a serious proposal for an LLC could be 

made. I always try to avoid answering this question, but sometimes I can't get out of 

it. The difficulty in answering it comes because the stakes in the game are now so high. 

What is wanted by the physics community is a TeV machine — a factor of 20 larger than 

the energy of the first (not yet completed) linear collider, the SLC. That large a step is 

unprecedented in the development of a new accelerator technology. 

Electron storage rings have been around for about 25 years and the typical step in 

energy from one machine generation to the next has been about a factor of three. Proton 

synchrotron have been around even longer and a typical step in energy between generations 

has been around a factor of five. It is true that the SSC now under development in the 

United States involves a step of 20 in energy over the largest machine now operating, the 

Tevatron at FNAL, but a great deal of experience has been accumulated about proton 

synchrotrons and about the behavior of stored beams through studies in many electron 

and a few proton storage rings. 

With all of these disclaimers out of the way, I will be optimistic. I think that there 

is a reasonable chance of being ready to make a serious proposal in 4 to 5 years. By that 
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time the SLC will have been running for a few years, much new technology will have been 

developed, and we will understand our optimization procedures better. Perhaps at the 

next ICFA seminar we can describe a serious design for an LLC driven by a conventional 

linac as is under study at SLAC and Novosibirsk, or by some new technology such as laser 

acceleration or wake field acceleration. 

We all know that the future in high energy physics is in higher energy machines and 

given a reasonable fraction of the effort devoted to machine development of that now 

devoted to experiments on existing machines and those under construction. I believe that 

we can be ready for the next step in a timely fashion. 
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Fig. 1. The effect of the intense fields in a bunch 
on a particle of the opposite sign passing through 
the bunch. 
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Fig. 2. Luminosity enhancement factor (H) as a 
function of the disruption parameter (D). 
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Fig. 2. Luminosity enhancement factor (ll) as a 
function of the disruption parameter (D). 
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Fig. 3. Relative cost of a 2 TeV, 1033 luminosity collider as a 
function of RF wavelength for two different final spot radii. 
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Fig. 4. Ratio of synchrotron radiation energy loss for an ellip
tical bearn and a round beam as a function of the aspect ratio 
of the elliptical beam. 
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LINEAR COLLIDERS 

V. E. Balakin and A. N. Skrinsky 

Institute of Nuclear Physics, 630090 Novosibirsk, USSR 

Abstract 

The report treats the role of colliding beam experiments which involve 

the electrons and photons as the necessary part of elementary-particle physics 

(the relationship between the possibilities and the field of interest). It 

is shown that linear colliding beams is the only and real way to ultrahigh 

energies of electrons and positrons. The fundamental physical and technical 

problems on the creation of linear colliders are considered. Estimations are 

made of the achievable luminosities for e e , ey, YY> eP> YP ant* PP polarized 

colliding beams at total energies of up to 1 TeV. The status of the VLEPP 

project is described. 

1. First of all, we would like to make a few, evident today remarks. 

In the last 10 - 15 years the electron-positron colliding-beam experiments 

have become one of the main sources of fundamental information in elementary 

particle physics, and their significance will only increase in future 

There are several direction in the development of this method. To study 

narrow resonances (quarkonia) it will be very useful a sharp increase in 

monochromaticity (by one order of magnitude and higher in the VEPP-4M proj-
2) 

ect ). Production of polarized beams in storage rings already bear fruit, 

in particular, offering the possibility for a sharp raise of the accuracy of 
3) the masses of quarkonia . Of special significance will be the experiments 

4). 
with longitudinally-polarized colliding beams whose set up opens up new 

possibilities in a study of fundamental interactions. There are the possi

bilities for a sharp increase in the luminosity of electron-positron storage 

rings in the 'old' energy ranges: from 3*10 cm" s~ at /s = 1 GeV up to 

3«1033 cm-2 s"1 at /s = 10 GeV. 

However, the main line of development remains, no doubt, an increase of 

the achievable reaction energies. With the use of traditional now cyclic 

storage rings, in comparison with proton-antiproton storage rings, the basic 
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obstacle for further increase is a catastrophic growth of energy losses 

because of synchrotron radiation. This circumstance makes the overall dimen

sions of the facilities to the quadratically increased with increasing their 

ultimate energy. The prospects of this direction were discussed in detail by 

B. Richter in 1978 . It is likely that the LEP, which is being constructed 

at CERN, is the terminal point on this path. 

The transition to linear colliding electron-positron beams seems to be 

natural under these conditions. As far as we know, linear colliders as a 

means of the transition to energies of hundreds of GeV and higher have been 

first discussed in the Novosibirsk report at the International Seminar on 

High Energy Physics Prospects in Morges (Switzerland) in 1971 . Two possi

ble schemes of such colliders were treated. 

The first version was to use two pulsed linear accelerators at full 

energy. These accelerators 'fire' short bunches towards each other which 

focus into as small as size as possible at the collision point and are then 

used for generation of the electrons and positrons involved in the following 
+ 

cycle. The e~ produced are injected into storage rings and are radiation-
cooled down to as low emittances as possible. 

The second version was to use superconducting linear continuous-operation 

accelerators; in this case, the particles accelerated in the first accelerator 

give off, while slowing down, their energy to the accelerating structure of 

the second linac and vice versa. Thus, RF power is consumed, mainly, to 
+. 

maintain the field in the unloaded structure. The decelerated e~ are injected, 

just as in the first version, into the storage rings and are prepared for the 

next cycle. The scheme, which includes the superconducting linear accelerators 

with energy recuperation using injection from electron guns, was suggested by 

M. Tigner7) in 1965 as an alternative for the electronelectron beams at an 

energy of few GeV on the basis of cyclic storage rings and then was extensively 
8 9) 

discussed in CERN, Cornell, and Hamburg ' . 

The Novosibirsk group has concentrated its efforts on the development of 

the first approach, and our already self-consistent project of an electron-

positron colliding-beam installation, the VLEPP project, was presented in 

197810). 

The versions of linear colliders in comparison with storage rings and 

the relevant problems have been treated actively at the international level: 

ICFA-I (1978), INFA-II (1979), etc. One can say that these discussions have 
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confirmed the fact that the cyclic electron-positron storage rings at an 

energy higher than 2 x 150 GeV are likely to have no prospects from an 

economical point of view. As far as the comparison of the versions of linear 

colliders is concerned, with the use of superconducting continuous-operation 

linacs, at least at the today's level of technology in this field, the facil

ities are obtained too long, consume too high power for refrigeration and, 

hence, the cost of these systems is too high. In view of this, on recent 

years attention has been paid to the development of pulsed linear colliders. 

At present, the project rather close to linear colliders - the SLC 

project - is in construction at SLAC. A lay-out of the facility is shown in 

Fig. 1. The now existing linac will be employed, after its modification, as 

an accelerator, and two bunches accelerated one after another will collide 

while turning them by magnetic arches. Solution of a variety of the problems 

connected with the formation of bunches with the required parameters, their 

'safe' acceleration, and with organization of collision will become an impor

tant stage of the development of singlepass colliding beams. At the same 

time, an increase in the energy of facilities of this kind higher than 2 * 70 

GeV planned for the SLC is practically impossible. 

2. Let us treat the specific features, effects, problems and potentialities 

of linear colliders. We will consider the VLEPP project as a reference. A 

lay-out of the installation is depicted in Fig. 2. In the basic VLEPP mode 

of operation, two superlinacs, which are several kilometers long with an 

energy gain of about 100 GeV per 1 km, fed by high-power RF generators set 10 

m apart, 'fire' single 0.5-cm long bunches towards on another, each containing 
12 

10 polarized electrons or positrons, with a cycle frequency of the order of 

10 Hz. After collision at the interaction point with a very strong focusing 
2 

(3 = 0.5 cm) providing the 10 mkm effective beam area, the bunches are 

slightly deflected with a pulsed magnetic field from the acceleration line 

and are directed into conversion systems. Each of these systems consists of 

a long helical magnetic undulator. While passing through the latter, the 

particles emit about 1% their energy in the form of circularly-polarized 

photons with an energy of about 15 MeV. 

The remaining polarized beams are then removed from the photon propaga

tion line, and are directed either for the stationary target experiments or 

to the beam dumping. The photon beam enters a tb .get-converter. The upper 
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part of the spectrum of the produced e~ will be longitudinally-polarized. 

These particles are collected with a short-focus lithium lens, 'captured' by 

the superlinac section, and accelerated at a high gain to an energy of 1 GeV 

with the effective conversion coefficient equal to 1. The beam is then 

lengthened to 10 cm with a bending expander, and the energy gradient along 

the bunch is compensated by means of an appropriate accelerating section. 

Simultaneously, this method allows proportionally to ease the requirements on 

the energy acceptance of the coolers. The polarization of particles is then 

transformed into the transverse (vertical), and the particle are injected, 

correspondingly, into the electron and positron storage rings-coolers. In 

these storage rings the beams are cooled down to the required, very small 

emittances (the required emittance in the vertical direction is about 300 

m'rad at an energy of 1 GeV). The cooled beam is directed into a bending 
+ 

buncher, the bunches are shortened from 10 cm to 0.5 cm, the e polarization 

is transformed as required in the given experiment, and the bunches are 

injected into the main superlinacs of the VLEPP installation. And the cycle 

is then repeated 10 times for a second. In this case, the luminosity will 
32 -2 -1 

attain 10 cm s All the components of the VLEPP are capable of operating 

up to 100 cycles second. In view of this, one can increase the luminosity of 

the collider, utilizing additional power. 

3. In the VLEPP installation, the RF generators initially 'pump' energy 

into the sectioned 1-m long structure with the necessary shift in the times 

of excitation of each section with correct phasing, so that the bunch being 

accelerated travels all the time at full amplitude and in the required phase. 

Then the bunch being accelerated is injected. 

The longitudinal bunch dynamics in a superlinac is determined by an 

accelerating field excited in the structure with an external generator and by 

a radiation field of the bunch being accelerated. The intrinsic field of an 

ultrarelativistic bunch has no practical influence on the motion of the 'own' 

particles. The radiation field in an accelerating waveguide having the 

azimuthal symmetry can be represented in cylindrical coordinates as a sum 
-*-

over azimuthal harmonics; for example, for E: 

E - L E cos md> 
m=0 m 
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In this case, the harmonics of the longitudinal electric radiation field E , 

which determines the longitudinal dynamics of the particles being accelerated, 

are proportional to r 6 , where 6 is the deflection from the symmetry axis of 

the bunch or its part exciting the field, and r is a coordinate of the 

observation point. It is seen immediately that the longitudinal motion (i.e. 

the acceleration itself) is mainly influenced by the azimuthal-symmetric 

harmonic (m = 0). 
10 12 13) 

The calculations ' ' , which have been made by solving directly the 

Maxwell equations for a diaphragmed axisymmetric waveguide excited by the 

given motion of an ultrarelativistic beam with a smooth longitudinal charge 

density distribution, have shown that one can transfer to the particles being 

accelerated a substantial fraction of the energy stored in the accelerating 

structure, and simultaneously to provide a sufficiently high monochromaticity 

of the bunch after acceleration, by selecting, in a consistent way, the 

amplitude of the accelerating field and its wavelength, the passage phase of 

a single bunch, the length of the bunch, and the number of particles in it. 

Figure 3 illustrates the distribution of the averaged accelerating field 
12 

along the length of the bunch in the design project, N = 10 and o = 4.6 mm, 

with an amplitude of the mean external field of 100 MV/m. In this case, the 

energy gain is 80 MeV/m with a monochromaticity of ±1%; the beam carries away 

about 30% of the stored energy, and several per cent are converted into the 

residual energy of the higher harmonics of the field. 

4. The transverse motion of intense bunches in a linac proves to be much 

more complicated and rich ' ' , and the solution of the problems of 

conserving the very small value of the transverse normalized emittance during 

acceleration gives rise to a considerable complication of the installations. 

Let us discuss in somewhat greater detail this problem. 

The transverse dynamics is determined by the radiation fields of a 

bunch, the fields of quadrupole lenses, and by the field excited by the 

external generator. Emphasize once more that the internal field has no 

influence on the 'own' particles, just as in case of the longitudinal motion. 

Let us first examine the action of radiation fields. The azimuthal 

harmonics of the transverse constituents of these fields E and H are 
J-m xm 

proportional to mrm 6 . Correspondingly, the first harmonic turns out to be 

a determinant one. Therefore, the appearance of transverse forces in a first 
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approximation proves to be connected with the presence of the coherent shifts 

of the segments of the bunch relative to the symmetry axis of the waveguide 

(and proportional to them) and is uniform near the beam axis. 

The radiation fields of an ultrarelativistic bunch in the diaphragmed 

waveguide having an influence on a short single bunch can be considered as a 

result of the diffraction on the diaphragms of the intrinsic, almost plane 

field of the bunch. The field, which yields the transverse forces, appears 

upon deviation from the symmetry axis of the bunches' element exciting them. 

Such a diffracted field, excited by an infinitely short element of the bunch, 

can reach this element in a free space, on the length yr,, where r, is the 

radius of a hole in the diaphragm. It is clear that in our case this field 

will be already infinitely small because of its attenuation when passing 

through a large number of diaphragms. For this reason, the self-action of 

the bunch's element is equal to zero. The actions extented by all the parts 

of the bunch that follow closely the exciting element is also incomplete 

because of the mutual compensation of the transverse forces from the electric 

and magnetic fields of a wave that follows the relativistic particle at a 

small angle to its velocity. The effective transverse field averaged over 

the pass between the diaphragms will be maximal for the particles which are 

left behind at a distance of the order of 2r, from the exciting element. 

Figure 4 gives the ratio G of the averaged effective field acting on the 

particles of the bunch travelling with a steady shift relative to the symmetry 

axis of the linac's waveguide to the magnitude of this shift. The quantity 

G is given as a function of the position inside the bunch for the standard 

parameters of the VLEPP. The action of this field is directed along the 

shift causing it, i.e. strives to increase to an even larger extent the 

deviation of the tail elements of the bunch shifted as a whole. 

It is evident that such a structure of radiation fields gives rise to 

the appearance of the instability of transverse coherent oscillations of the 

bunch traveling in the diaphragmed waveguide. This instability manifests 

itself in an unlimited growth of the oscillation amp]itude raising from the 

unchanged initial amplitude for the head particle up to the maximum for a 

tail one. The process of development of this instability is demonstrated in 

12 

Fig. 5-1 for the standard bunch with N = 10 traveling in the VLEPP wave

guide with a constant energy of 10 GeV and with a 12-m wavelength of trans

verse oscillations of particles (upon focusing with quadrupole lenses). 
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Figure 5-2 shows the phase picture of the bunch after passage through a 250-tn 

long section. This instability leads to a completely inadmissible increase 

in the emittance of the beam after acceleration. The measures taken in con

ventional linacs against similar phenomena fail in acceleration of single 

bunches. In Novosibirsk it has been found most effective to overcome this 

obstacle by introducing a large energy gradient of the particles along the 

bunch. This leads to the frequency gradient of individual transverse oscil

lations of the elements of the bunch along the latter, thereby introducing a 

certain similarity of the Landau damping. Since the force acting on the tail 

elements upon oscillation of the bunch as a whole is directed along their 

displacement, preferable would be the sign such that this additional force is 

compensated by an increase of the focusing action of quadrupole lenses. 

Therefore, the particles of the bunch's head should have a higher and the 

particles of the tail a lower energy compared with a mean one. The relative 

difference in the energies of the particles in the beam, which corresponds to 

such a situation, can be estimated according to the formula 

E. , - E el G 
head _ F e max ... 
E 2E 

where G "v* N; B_ is the beta-function of the transverse oscillations of max F 
particles at the given stage of acceleration. 

Figures 5-3 ^ 5-6 demonstrate, similar to Figs. 5-1 and 5-2, the behavior 

of the standard bunch at different values of AE/E. Figure 6 shows the depend

ence of the effective emittance of the bunch, whose ellipse on the phase 

plane includes 70% of the particles, at the exit of the. 250-m long section as 

a function of the energy gradient along the bunch. Curve I gives the emittance 

relative to the accelerator axis, and curve II with respect to the centre of 

gravity of the beam (i.e. with the exclusion of coherent oscillations). 

Figure 7 presents the dependence of the emittance on the number of particles 

in the bunch in a similar situation for a fixed value of AE/E. 

Similar computer simulations, which have been performed for the complete 

process of acceleration in the VLEPP accelerators, have shown that in order 

to suppress this instability at the standard parameters it is sufficient to 

introduce the energy gradient of the particles along the bunch such that the 
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Figure 5-2 shows the phase picture of the bunch after passage through a 250-m 

long section. This instability leads to a completely inadmissible increase 

in the emittance of the beam after acceleration. The measures taken 1n con-

ventional linacs against similar phenomena fail in accelerat10n of single 

bunches. In Novosibirsk it has been found most effective to overcome this 

obstacle by introducing a large energy gradient of the particles along the 

bunch. This leads to the frequency gradient of individual transverse oscil-

lations of the elements of the bunch along the latter， thereby introducing a 

certain similarity of the Landnu damping. Since the forcc acting on the tail 

elements upon oscillation of the bunch as a whole 1s directed Dlong their 

d1splacemenヒ， preferable would be the sign such that this additional force is 

compensated by an increase of the focusing action of quadrupole lenses. 

Therefore， the particles of the bunch's head should have a higher and the 

particles of the tail a lower energy compared with a mean one. The relative 

difference in the energies of the particles in the beam， which corresponds to 

such a situation， can be estimated according to the formula 
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where G ~ N; ß~ is the beta-function of the transverse osci11ations of max _.~ ~F 

particles at the given stage of acceleration. 

Figures 5-3 ~ 5-6 demonstrate， similar to Figs. 5四 1and 5-2， the behavior 

of the standard bunch at different values of dE/E. Figure 6 shows the depend-

ence of the effective emittance of the bunch， whose ellipse on the phase 
plane includes 70% of the particles， at the exit of th~ 250-m 10ng section as 

a function of the energy gradient along the bunch. Curve I gives the emittance 

relative to the accelerator axis， and curv色工工 withrespectヒothe centre of 

gravity of the beam (i. e. with the exclusion of cohl!rent osc111ations). 

Figure 7 presents the dependence of the emittance on the number of particles 

in the bunch in a similar situation for a fixed value of dE/E. 

Similar computer simulations， which have been performed for the complete 

process of acceleration in the VLEPP accelerators， have shown that in order 

to suppress this instability at the standard parameters it is sufficient to 

introduce the energy gradient of the particles along the bunch such that the 
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head's and tail's energies differ by ±10% from the mean at an initial energy 

of 1 GeV; this gradient can be gradually decreased during acceleration 

according to formula (1). 

The needed gradient can be imparted to the bunch by a correct choice of 

its phase in the first accelerating sections with respect to the field 

excited by an external generator, and controlled, in the same way, in the 

further process of acceleration. 

5. The action of a variety of factors which perturb the transverse motion 

of a bunch, and connected with various errors in the position of the focusing 

elements and accelerating sections (in our case, highly-intense bunches with 

a large gradient of transverse frequencies with the stringent requirements on 

the resultant emittance of a beam) needs to be considered in very detail ' 

Let us quote the main sources of such stochastic perturbations and make 

very rough estimations under the assumption that there is no feed-back beam 

position correction yet, and the perturbations of individual acting elements 

are independent. Production of colliding beams with such energy, luminosity 

and polarization meets with extreme difficulties. 

Of interest are also the experiments which become accessible at the 

above laser conversion of electrons travelling towards the protons. 

The possibility of producing the full-energy polarized protons may make 

interesting even the performing of the experiments with colliding proton 

beams. 

1) Let us evaluate the influence of random shifts of the optical axes of 

quadrupole lenses. We will assume that the focusing is made with quadrupole 

lenses of constant length and with constant gradient. For simplicity, these 

lenses are set at equal distances apart. At a low energy, the polarities of 

the lenses alternate, thereby providing the focusing in the centre of the 

stability domain. As the energy and focal length of particular lenses increases, 

these are first joined in the samepolarity pairs with alteration of pair 

polarity, then form the sets with three lenses in each, and so on. If the 

transverse shifts of individual lenses are completely independent, the 

resultant mean square of the transverse momentum (Ap7) will be approximately 
2 

equal to the rms momentum (Ap7) due to one lens kick multiplied by half the 

number of lenses 1/2 NL = L/2L-]!, where L is the length of an accelerator, and 

L.. is the distance between the neighbour lenses (1/2 takes into account the 
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head's and tai1's energies differ by士10%from the mean at an initia1 energy 

of 1 GeV; this gradient can oe gradua11y decreased during acceleration 

according to formu1a (1). 

The needed gradient can be imparted to the bunch by a correct choice of 

its phase in the first acce1erating sections with respect to the field 

excited by an externa1 generator， and contr011ed， in the same way， in the 
further process of acce1eration. 

5. The action of a variety of factors which perturb the transverse motion 

of a bunch， and connected with various errors in the position of the focusing 
e1ements and acce1erating sections (in our case. high1y-intense bunches with 

a 1arge gradient of transverse frequencies with the stringent requirements on 
12，15) 

the resu1tant emittance of a beam) needs to be considered in very detai1 

Let us quote the main sources of such stochastic perturbations and make 

very rough estimations under the assumption that there is no feed-back beam 

position correction yet， and the perturbations of individual acting e1ements 
are independent. Production of co11iding beams with such energy. 1uminosity 

and po1arization meets with extreme difficu1ties. 

Of interest are a1so the experiments which become accessib1e at the 

above 1aser conversion of e1ectrons travelling towards the protons. 

The possibility of producing the fu11-energy polarized protons may make 

interesting even the performing of the experiments with co11iding proton 

beams. 

1) Let us evaluate the inf1uence of random shifts of the optical axes of 

quadrupo1e lenses. We will assume that the focusing is made with quadrupole 

lenses of constant 1ength and with constant gradient. For simplicity， these 

1enses are set at equal distances apart. At a low energy， the po1arities of 
the lenses a1ternate， thereby providing the focusing in the centre of the 

stabi1ity domain. As the energy and foca1 length of particu1ar lenses increases. 

these are first joined in the samepolarity pairs with alteration of pair 

polarity. then form the sets with three lenses in each， and so on. If the 

transvers色 shiftsof individua1 1enses are completely independent. the 
.-， 1 

resultant mean square of the transverse momentum CAPZ). wi11 be approximate1y 
2 

equal to the rms momentum (APZ)-due to one 1ens kick multip1ied by ha1f the 

number of 1enses 1/2 N
L 

= L/2L1 • where L is the length of an accelerator. and 

Ll 1s the distance between the neighbour lenses (工/2takes into account the 
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unequal effectiveness of a single strike at different phases of transverse 

oscillations). The corresponding mean-square value of the angle at the 

accelerator exit will be equal to 6 = (Ap„) C /E fin. If &_, stands for 

the beta-functions of the accelerator focusing system at the exit, we obtain 

for the low intensity bunch that the particle at the accelerator exit will be, 

in average, on the phase ellipse whose area is f3„ 0 . If the errors in the 

lenses are constant in time and the energy of particles slightly varies, the 

particle at the exit will then trace around the entire boundary of this 

ellipse. In the case when the energy spread in the beam is so large that such 

'scatterings' over the phase of the transverse oscillations occur several 

times in the process of acceleration - namely such a situation is planned for 

VLEPP in order to eliminate the coherent instability - then the particles in 

the bunch occupy completely the finite ellipse on the phase plane. Hence, the 

emittance of the beam at the linac exiL is estimated as follows: 

*2 sfin 

e = L *~ . (_kL_)2 . L- (2) 

2F? Efin Ll 
xn 

where 6 is the rms error in the position of the optical axis of lenses, and 
i-j 

Fin is their initial focal length. 

This emittance can be somewhat decreased if we switch off the end lenses 

in long series (the end lenses mutually compensate with those of neighbour 

series). As a consequence of the fact that the oscillations acquired on the 

last section of the accelerator have no time to dephase, the real emittance 

with respect to the centre of the beam will be a little less; note that the 

coherent part of the oscillations should be taken into account when the 

colliding bunches are aimed at each other. 

Of course, the correct estimations can be made in computer calculations 

with due regard for the forces acting from the side of radiation fields (see 

the foregoing section). 

2) Misalignment of the accelerating sections, occuring because of the 

errors 6 in their adjustment relative to the optical axis of the focusing 

system, also results in the appearance of the nearly uniform transverse 

momenta (on account of the transverse component of the accelerating field in 

the misaligned section). The final effect is similar to that taking place 
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particle at the exit will then trace around the entire boundary of this 
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VLEPP in order to eliminate the coherent instability -then the particles in 
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is the rms error in the position of the optical axis of lenses， and 

Fin is their initial focal length. 

This emittance can be somewhat decreased if we switch off the end lenses 

in long series (the end lenses mutually compensate with those of neighbour 

series). As a consequence of the fact that the oscil1ations acquired on the 

last section of the accelerator have no time to dephase， the real emittance 

with respect to the centre of the beam wi11 be a 1itt1e 1ess; note that the 

coherent part of the oscil1ations shou1d be taken into account when the 

colliding bunches are aimed at each other. 

Of course， the correct estimations can be made in computer ca1culations 
with due regard for the forces acting from the side of radiation fields (see 

the foregoing section). 

2) Misal~gnment of the accelerating sections， occuring because of the 
errors sstr in their adjustment re1ative to the opt1ca1axis of the focusing 

system， a1so results in the appearance of the nearly uniform transverse 

momenta (on account of the transverse component of the accelerating field in 

the misaligned section). The final effect is similar to that taking place 
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because of the errors in the position of the lenses. From this point of view, 

the statistically independent errors in the position of the ends of the 

sections will be equivalent to those of the lenses, which satisfy the condition 

5e? = ——: • 5 
str p d E L 

V dL 

Correspondingly, the allowable errors, referring to this effect, in the 

position of the sections for VLEPP, will he more than one order of magnitude 

larger compared with those in the position of the lenses. 

3) With the shift of the axes of the sections, the particles in the bunch 

acquire a strike, connected with the radiation fields, in the direction 

opposite to the section shift (the strike is zero for the 'head' particles, 

and is maximal for the 'tail' ones). The acquired transverse momentum, in its 

average value, will be equivalent to that from the shifted lens if the relation 

str e G L.,FT L 
max 1 L 

is satisfied. Since the strikes are not equal for different particles along 

the bunch, the phase ellipse is filled considerably more rapidly than in the 

preceding cases. 

The influence of the transverse strikes on the total emittance can be 

decreased sharply if the centre of gravity of the bunch is matched with the 

optical centres of the lenses on the whole length of an accelerator. The 

admissible errors of such a matching exceed more than by one order of magnitude 

the allowable deflections of the lenses in the case of their uncorrelated 

position errors. 

Such a correction of the beam and lenses can be made-only during many 

operation cycles of a collider by successive approximations. For the shorter 

periods of time, stabilization of the position of the lenses should be provided 

to much higher accuracy required for the case of the completely uncorrelated 

perturbations. 

If the shift of the lenses is caused by the transverse (vertical) seismic 

waves, their influence will be noticeable if only their effective wavelength 
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preceding cases. 

The influence of the transverse strikes on the total emittance can be 

decreased sharply if the centre of gravity of the bunch is matched with the 

optical centres of the lenses on the whole length of an accelerator. The 

admissible errors of such a matching exceed more than by one order of magnitude 

the allowable deflections of the lenses 1n the case of their uncorrelated 

position errors. 

Such a correct10n of the beam and lenses can be made-only during many 

operation cycles of a collider by successive approximations. For the shorter 

periods of time， stabilization of the position of the lenses should be provided 

to much higher accuracy required for the case of the completely uncorrelated 

perturbations. 

工fthe shift of the lenses is caused by the transverse (vertical) seismic 

waves， their influence will be noticeable if only their effective wavelength 
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is of the same order of magnitude or less that the wavelength of the transverse 

oscillations of the beam. Otherwise, their influence is not significant. 

The other kinds of perturbations (turns of the lenses, non-linearities in 

the lenses of the accelerator, instability of their gradients, etc.) look not 

so dangerous as those considered above. 

For the VLEPP, in working with flat beams, the required uncorrelated 

stability of the optical centres of the lenses constitutes fractions of a 

micron. 

6. Let us examine now what happens in the collisions of such dense 

bunches ' ' ' . The electric and magnetic fields of bunches, of the 

intensity under discussion and micron transverse sizes, attain megagauss 

magnitudes. For the particles of their 'own' bunch the forces exerted by the 

electric and magnetic fields mutually compensate and exert no influence on the 

behavior of the particles. At the same time, their action on the particles of 

the counterbeam add up, and the maximum effective field is doubled: 

4N 

It f J = \i\ + IFTI -eff1 ' ' ' ' l (a +o ) 
e x z 

Here a and a are the transverse halfdimensions of the beam at the collision 
x z 

point, and % is the length of a bunch. 

Let us examine briefly three aspects of the influence of these fields. 

First, in this field the particles emit synchrotron radiation and here 

the distance of the total energy loss proves to be very small: 

2 
mc 

%. 
R ° d Z2

 YH „ e ' eff 

Consequently, instead of collision of monochromatic electron-positron bunches, 

we obtain for a = a a diffuse spectrum of e e reactions together with a 

multitute of eY and YY collisions. Therefore one must resort to flat bunches, 

while conserving the cross-sectional area to maintain the luminosity. As we 
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is of the same order of magnitude or 1ess that the wave1ength of the transverse 

oscil1ations of the berun. Otherwise， their inf1uence is not significant. 
The other kinds of perturbations (turns of the 1enses， non-1inearities in 

the 1enses of the accelerator， instabi1ity of their gradients， etc.) look not 

so dangerous as those considered above. 

For the VLEPP， in working with f1at beams7 the required uncorre1ated 

stabi1ity of the optica1 centres of the 1enses constitutE:S fractions of a 

m~cron. 

6. Let us examine now what happens in the c011isions of such dense 
10， 1，12，16) bunches-v， -'--'_VJ The e1ectric and magnetic fields of bunches， of the 

intensity under discussion and micron tr皿 sversesizes， attain megagauss 

magnitudes. For the partic1es of their 'own' bunch the forc~s exerted by the 

electric and magnetic fie1ds mu仁ua11ycompensate and exert no influence on the 

behavior of the particles. At the same time， their action on the particles of 
the counterbeam add up， and the maximum effective fie1d is doubled: 

|宣effl = I宣1+1主|=4N
e

ze(cx村 z)

Here σand 0 are the transverse ha1fdimensions of the beam at the collision 
x z 

point，and1e1s the length of a bunch. 

Let us examine brief1y three aspects of the influence of these fie1ds. 

First， in this field the particles emit synchrotron radjation and here 
the distance of the tota1 energy 10ss proves to be very smal工:
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Consequent1y， instead of c011ision of monochromatic e1ectron-positron bunches， 
+ -we obtain for 0σa  diffuse spectrum of e"e reactions together with a x z 

multitute of ey and yy c011isions. Therefore one must resort to flat bunches， 
whi1e conserving the cross-sectional area to maintain the luminosity. As we 
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have seen, the fields here decreases in proportion to the increase in the 

width of the bunch. The reaction energy spread will correspond here to'the 

energy spread in the beam 

AE _ e y 
E ~ I (a +a ) 2 

e x x z 

The maximum dimension is determined by the required monochromaticity. 

Second, the field of the counterbeam of particles of the opposite sign 

exerts a strong focusing action. Consequently, during the time of collision 

of the bunches, the particles execute several oscillations. Here no increase 

in the effective dimensions occur in head-on collisions for bunches having 

a smooth density distribution in all directions (there is even a small contrac

tion). It has been shown by computer simulation of the self-consistent colli

sion that the plasma type instability develops if the number of oscillations 

over small (vertical) size is more than 2. This boundary determines the 

ultimate density of the bunches. Note that the effect being discussed sharply 
+ — 

diminishes the attainable luminosity of electron-electron (or e e colliding 

beams (defocusing). 

The third important effect of the coherent fields of the counterbunch is 

their action on the behavior of the spins of polarized colliding beams. The 

rotation of the spin with respect to the velocity of the particles that 

arises from the anomalous magnetic moment, when the angles of the transverse 

oscillations of the particles in the field of the counterbunch are too large, 

completely depolarizes the electrons and positrons in the process of collision. 

The allowable angles in the beam here amount to 

allow 3 1 E_ „ 
Yg GeV 

In order to fulfil this condition for horizontal direction (in the case of 

longitudinal polarization), we must have 

•7 N . - 1 

^ ' T S " - 1 ' a=137 
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Second，乞hefield of the counterbeam of part~cles of the opp心sitesign 

exerts a strong focusing action. Consequently， during the time of co11ision 

of the bunches， the particles execute several osc~11ations. Rere no increase 

in the effective dtmensions occur in head-on col1isions for bunches having 

a smooth density distribution in a11 directions (there is even a sma11 contrac-

tion) .工thas been shown by computer simulation of the self-consistent co11i由

sion that the p1asma type instability deve10ps if the number of osci11ations 
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rotation of the spin with respect to the ve10city of the particles that 

arises' from the anoma1ous magnetic moment， when the angles of the transverse 
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Going over to flat beams solves this problem as well. 

The decrease in one of the dimensions of the bunches to such small 

magnitudes requires a quadratic decrease in the emittance of the beam in this 

directions. If this requirement proves too difficult to satisfy technically, 

one can resort to the variant of collision having four bunches in each colli

sion - an electron and a positron bunch each side. If the bunches moving from 

each side are superimposed on one another up to the collision point, then 

their coherent fields mutually compensate to the accuracy of the matching of 

the bunches and superimposing them. Therefore all the effects of the collision 

are sharply weakened (the radiation is decreased even quadratically) and cease 

to play a deleterious role. Here the singleness of the collision of the 

bunches prevents the development of instabilities that were faced in the DCI 

storage rings in working in a four-bunch regime. It is the logically simplest 

way to obtain four bunches by employing four independent accelerators, but one 

can also simultaneously accelerate electron and positron bunches in a single 

accelerating structure with a shift of one-half wavelength between them, with 

a subsequent delay in the leading bunch. 

If small emittances prove to be accessible, one can gain by one order of 

magnitude in the luminosity of a collider (compensation regime), by making as 

strong a focusing as possible (B •*• $ =0.5 cm). 
X Zr , 

Note that in this regime half of the total luminosity will be due to e e 

reactions, while the other half is divided equally between e e and e e 

collisions. 
+ -

The energy of the second pair of e e bunches can be several times lower 

compared with the ultimate energy of the collider. In addition to the gain in 

the cost, this offers the possibility of measuring the charge asymmetry of 

the processes under study. 

7. One of the basic problems in achievement of a high luminosity in linear 

colliders is to obtain an ultimately strong focusing at the collision point. 

Here one of the main difficulties is to eliminate the deleterious action of 

chromatic aberration. This is of great significance because the energy spread 

in the beam will be not less than 1% in the main regime. 

The standard way to compensate the.chromaticity by excitation of the 

energy dispersion, by means of the bending magnets and with the use of sextu-

pole correction, turns out to be practically unsuitable for the e~ of such 
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high energy. As the most promising for VLEPP, the variant has been chosen of 

using, at the final stage of focusing, two very strong quadrupole lenses, and 

of compensating their relatively small chromatid aberration with the remaining 

lenses in the collision straight section. (Despite very high gradients, the 

stnallness of the beam dimensions in these lenses provides the smallness of the 

synchrotron radiation losses in them). These lenses «±-»e placed inside a 

detector at a very short distance from the collision point, and their (very 

small) aperture should be sufficient to transitu'.. bot?> the particles of the 

main beam whose emittance raises after its stroig p-_ - .uibing interaction with 

the counterbeam, and the flux of photons of syi> .urotmn radiation on thic 

bunch, as well as the various £acoudar;- y.artic.-<-s ctriuting tron the collision 

point at small angles. 

Employment of short-focus leases solves to a considerable extent the 

problem of chromatic aberration. However, without special measures, even in 

this case, the increase in the beam dimensions at the collision point will 

constitute 1.5-2 times because of the chromatic aberration for the energy 

spread ±.5%. In order to eliminate completely the chromatic aberration in a 

first approximation, the decision has been made to build the VLEPP optics in 

its final part in a way such that the chromaticity of the last lens is compen

sated by the chromaticity of the remaining lenses of the straight sections. 

Below, an example is given of the optics performing the achromatic 

focusing in the linear over AE/E approximation at che collision point in the 

vertical direction for an energy of 150 GeV (the sequence of distances starts 

from the collision point, and '+' stands for the horizontal focusing polarity): 

Length (cm) 
20 
100 
70 
80 
510 
80 
180 
100 
80 
100 
40 
100 
400 
100 
400 
100 
400 
100 

Gradient (1 
0 

-122.8 
0 

46.74 
0 

-75.65 
0 

27.70 
0 

-18.19 
0 

11.86 
0 

-14.29 
0 

18.20 
0 

-27.74 
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high energy. As the most promising for VLEPP， the variant has been chosen of 
using， at the f却a~ stage of focusing. two veでys口 ongquadrupo1e lenses) and 

of compensating their relatively small chromati~ aberr~tion with the remaining 

lenses in the col1ision straight section. (Uespl te ~，ery high gradients， the 
sma工lnessof the beam dimensions in these lenses provides the sma11ness of the 

synchrotron radiation 10sses in them). These 1enses d~ ピ ρ1aced inside a 

detector at a very short distance from the co11ision puin仁. and their (very 

回 a11)aperture shou1d be sufficient to transmL. b..>t;-， ~ h~ paotic1es of the 

main beam ~hose emittance raises a干terits stro ig， -;.午、 _~:blng inter~~tion with 

the counterbeam， and the f1ux of pr.otons -:.f Syrl .nrotTnn 1.:・a.Hatumon thi~ 

bunch， as we11 as the variot.s rinco日~a=; fartt~:.s ~wi~t1ng 土rc 汎 the col工ision

~oint at small angles. 

Emp10yment of short-focus le:lses s01ves to a considerab1e extent the 

prob1em of chromatic aberration. However， without special measures， even in 
this case， the increase in the beam dimensions at the c011ision point wi11 
constitute 1.5-2 times because of the chromatic aberration for the energy 

spread :!:.5%. 工norder to e1iminate comp1ete1y the chromatic aberration in a 

first approximation， the decision has been made to build the VLEPP optics in 
its final part in a way such that the chromaticity of the 1ast 1ens is compen-

sated by the chromaticity of the remaining 1enses of the straight sections. 

Below， an examp1e is given of the optics perfoL~ing the achromatic 
focusing in the 1inear over AE/E approximation at ~he co11ision point in the 

vertical direction for an energy of 150 GeV (the sequence of distances starts 

from the co11ision point， and '+' stands for the horizonta1 focusing polarity): 

Length (cm) 
20 

100 
70 
80 

510 
80 

180 
100 
80 

100 
40 

100 
400 
100 
400 
100 
400 
100 

Gradient (kG/cm) 
O 

-122.8 
o 

46.74 
O 

-75.65 
o 

27.70 
o 

-18.19 
O 

11.86 
O 

-14.29 
O 

18.20 
O 

-27.74 
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For E = 150 GeV this scheme ensures the following parameters of the focusing: 

P = 0.5 cm and 0- 100 cm. 
z x 

Figure 8 shows the diagram of the chrooaticity of the focusing (to be 

precise, of the function dw/d(AE/E) where w is the Floke function for vertical 

direction) along the collision section, calculated for the above example. 

After compensation of the linear part of chromaticity, the increase of 

the vertical dimension because of the contribution from the higher-order terms 

over AE/E has become equal to less than 10% for AE/E = ±1%. This can be 

considered already as a satisfactory result 

The most serious technical difficulty vbich arises ir. realizing the 

optical scheme, described avj\^, of the f'rul section of VLKPP is the develop

ment of miniature short-focus lenses with the gradients of 100-1000 kG/cm. 

Today we consider two kinds of such lenses. These are the permanent lenses 

made of SmCo with the gradient of 100-200 kG/cm for relatively low 100-200 

GeV energies (a sufficient energy variation requires the replacement of these 

lenses), and the pulsed lenses with the gradients up to 1000 kG/cm for an 

energy of up to 500 GeV. With the small apertures being planned, the fields 

in these lenses will not exceed to technically realistic ones. 

8. The necessity to focus the beams at the collision point into very small 

sizes compels one to impose stringent requirements on the preparation of 

bunches for their injection into the linacs. So, in the VLEPP project * , 
± 12 

the bunches of e , each containing 10 particles, 0.5 cm long and with the 
—8 

very small vertical emittance of 3*10 c.m«rad} must be injected into the 

linacs at an energy of 1 GeV. It is extremely difficult to prepare such 

bunches directly in storage rings-coolers and, therefore, the bunch before its 

injection into linacs is subjected to a 20-fold longitudinal compression (see 

Section 2). This offers the possibility of working in coolers with the 

bunches of 10 cm long. This substantially simplifies the 'struggle1 with the 

coherent instabilities of different nature, and helps to suppress to the 

needed level the diffusions caused by a multiple intrabeam scattering. 

With an energy of 1 GeV and the required parameters of a bunch, this 

diffusion proves to be considerably more intensive in comparison with that 

caused by the quantum fluctuations of synchrotron radiation- The ratio of the 

diffusion rate to the rate of radiation cooling determines the equilibrium 

emittance (first of all, energy spread and radial betatron emittance). The 
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For E = 150 GeV this scheme ensures the following par田 letersof the focuslng: 

62=0.5cm and B2100cm. 

Figure 8 shows the diagram of the chromaticity of the focusing (to be 

precise， of the funι.，tion dw/d(AE/E) where w is the F10ke function for vertical 

direction) along the co11ision section， calculated for the above examp1e. 

After compensaticn of the linear part of chromaticity， the increase of 
the vertjca1 dimension because of the contribution from the higher-order terms 

oVer 6.E/日 hasbecome equa1 to 1ess than 10% for aE/E =土1%. This can be 

considered already as a satisfactory res'.!l.ト‘

The most seriOU5 technical di土f土culcy，..-I1iじha~i5es !.;;; ~'ealizing the 

optical scheme， described a:下.，:1".. '辻 > CJf the f~ !l.!l工 oectionof VLEPP i5 the develop-

lIlent of miniature short-focus lenses '¥o1i.t:h t:he gradients of 100-1000 kG/ cm. 

10day we consider two kinds of such 1enses. These are the permanent lenses 

lIlade of 8mC05 with the gradient of 100-200 kG/cm for re1atively 10w 100-200 

GeV energies (a sufficient energy variation requires the replaceroent of these 

lenses)， and the pulsed 1enses with the gradients up to 1000 kG/cm for an 

energy of up to 500 GeV. With the sma11 ape~tures being planned， the fie1ds 
in these 1enses wi11 not exceed to technical1y rea1istic ones. 

8. The necessity to focus the beams at the col1ision point into very sma1l 

sizes compels one to impose stringent requiremer:乞son the preparation of 
10，12) 

bunches for their injection lntc. the 1inacs. 80， in the VLEPP project-~'--" • 
12 

the bunches of e-， each containing 10~- particles， 0.5 cm 10ng and with the 
-8 

very sma1l vertica1 emittance of 3・10~ cm-rad， must be injected into the 
linacs at an energy of 1 GeV. 工tis extreme1y difficu1t to prepare such 

bunches direct1y in storage rings-coolers and， therefore， the bunch before its 
injection into linacs is忌ubjectedto a 20-fo1d 10ngitudina1 compression (see 

Section 2). This offers the possibility of working in coolers with the 

bunches of 10 cm 10ng. This substantia11y simp1ifies the 'strugg1e' with the 

coherent instabi1ities of different nature， and helps to suppress to the 
needed 1evel the diffusions caused by a mu]tiple intrabeam scattering. 

With an energy of 1 GeV and the required parameters of a bunch， this 
diffusion proves to be considerably more intensive in comparison with that 

caused by the quantum fluctuations of synchrotron radiation. The ratio of the 

diffusion rate to the rate of radiation co01ing determines the equi1ibrium 

emittance (first of a11， energy spread and radia1 bet司tronemittance). The 
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equilibrium vertical emittance is mainly determined by the coupling of the 

vertical motion with a radial one. As our experience shows, such a coupling 

between the amplitudes of vertical and radial oscillations can be made equal 

to 0.04. If this relation is considered as a given one, thea from the required 

vertical emittance we obtain the requirements on the radial. It is pos sible 

to show that, using sufficiently high bending magnetic fields (20 kG) and 

assigning a sufficient rigidness to the focusing structure of a strong ring 

(dimensionless frequency of transverse oscillations is about 10) and preventing 

the emittance from increasing due to the coherent effects, one can achieve the 

parameters of the bunches necessary for VLEPP. 

To the very important requirements on storage rings are referred a 

sufficient magnitude of the acceptance to receive the e~ newly generated by 

the method described above (see Section 2), and the capability of conserving, 

at the initial level, the degree of polarization of the injected particles 

with vertical spins. Note that the system of primary stacking of electron 

bunches can be useful also for stabilization of the intensity of the VLEPP 

beams. 

An important stage in handling the generation of short intense bunches 

will be the experience on operation of the storage rings of this purpose at 

Stanford for the SLC project. 

9. Let us treat now some questions and problems associated with the design 

of superlinacs for linear colliders. The choice of the parameters of super-

linacs has a decisive influence on the whole view of an installation. In 

addition to physical aspects, a great deal of the other, technological, 

economical and social factors should be taken into consideration. I can dwell 

upon only a few points, and present a variant of their solution in the VLEPP 

project. 

In this project we direct our attention to a high rate of acceleration, 

about 100 MeV/m. This rate allows a proportional decrease in the length of 

the installation, and a proportional increase in the energetically admissible 

number of particles in a short bunch (of a length of the order of 10% of the 

wavelength of the linac). The possibility of attaining the required gradient 

of about 1.5 **» 1.8 MV/cm on the most tense parts of the surface of a dia-

phragmed waveguide was preliminarily demonstrated and tested in experiments 

with a single resonator . So far, in Novosibirsk, the rate of electron 
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equi1ibrium vertical emittance i8 main1y determined by the coupling of the 

ve玄tica1motion with a Tadia1 bne. As our experience shows， such a coup1ing 

between the amplitudes of vertical and radia1 osci11ations can be made equa1 

to 0.04. 工fthis re1ation is considered as a given one， the.l from the required 

vertica1 emittance we obtain the requirements on the radia1. 工tis PO! clib1e 

to show that， using sufficient1y high bending magnetic fie1ds (20 kG) and 
assigning a sufficient rigidness to the focusing structure of a strong ring 

(dimension1ess frequency of transverse osci11ations 1s about 10) and preventing 

the emittance from increasing due to the cohcrcnt cffccts， onc can achicve th己

parameters of the bunches necessary for VLEPP. 

To the very important requirements on storage rings are referred a 
+ 

sufficient magnitude of the acceptance to receive the e~ newly generated by 

the meヒhoddescribed above (see Section 2)， and the capabi1ity of conserving， 
at the initial 1evel， the degree of po1arization of the injected particles 
with vertical spins. Note that the system of primary stacking of electron 

bunches can be usefu1 a150 for stabi1ization of the 1ntensity of the VLEPP 

beams. 

An important stage in hand1ing the generation of short intense bunches 

w111 be the exper1ence on operation of the storage rings of this purpose at 

Stanford for the SLC project. 

9. Let us treat now some questions and problems associated with the design 

of superlinacs for 11near co11iders. The choice of the parameters of super-

linacs has a decisive inf1uence on the who1e view of an insta11ation. 1n 

addition to physical aspects， a great deal of the other， technological， 

economica1 and socia1 factors shou1d be taken into consideration. 工 candwell 

upon on1y a few points， and present a variant of their so1ution in the VLEPP 

proj ect. 

1n this project we direct our attention to a high rate of acce1eration， 

about 100 MeV/m. This rate al10ws a proportional decrease in the length of 

the insta11ation， and a proportiona1 increase in the energetical1y admissible 

number of particles in a short bunch (of a 1ength of the order of 10% of the 

wave1ength of the 1inac). The possibility of attaining the required gradient 

of about 1.5 ~ 1.8 MV/cm on the most tense parts of the surface of a dia-

phragmed waveguide was pre1iminarily demonstrated and tested in experiments 
17 with a sillg1e resonator.1.'. 80 far， in Novosibirsk， the rate of electron 
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acceleration achieved on the many-cell section with a wavelength of about 5 cm 

is 75 MeV/m. At Stanford, the tests have been performed of a section at a 

wavelength of 10 cm; the gradient obtained should give the possibility to 

accelerate the electrons at a rate of 65 MeV/m. It is important to emphasize 

that no breakdown limitations occured in the regular parts of the accelerating 

structure at such gradients. 

A high rate of acceleration ' is reasonable to obtain in the wave

guides wherein the distance between the diaphragms is equal to half of the 

wavelength (naturally, the phases of oscillations of the adjucent resonator 

cells must be shifted in phase by 180° - the so-called ir-structure). The 

needed coupling between the cells is performed with concentric, side coupling 

resonators, and a section of about 1 m long will be filled with an electro

magnetic field during the wave propagation from the centre to the end and 

backward. This duration is much shorter than the time of dissipation in 

the waveguide's walls (about 0.3 s). Here after the reflected wave returns 

to the place of power input, almost the total energy proves"to be concentrated 

in the main waveguide (only a small fraction of it remains in the coupling 

resonators) while a considerable fraction of it can be carried away by the 

short bunch. An important advantage of such a scheme is the fact that in case 

of a breakdown in one of the cells, only an insignificant fraction of all the 

power applied to this section is dissipated in the breakdown zone, while the 

remaining is reflected from the breakdown-closed cell whose impedance is of 

reactive nature. Therefore, in such a structure the breakdowns improve the 

surface quality rather than damage it. 

An important advantage of the developed structure of the linac for the 

VELPP is a relatively small exceeding of the maximum strength of an electric 

field en the metal's surface compared with the mean energy gain (the ratio is 

about 1.6) with a sufficiently large hole in the diaphragm for beam passage. 

The choice of the high rate of acceleration does not lead to the growth 
+ 

of the mean power consumed by linacs from the mains: the e- bunches in the 

planned regime take away about 30% of the energy stored in the accelerating 

section, that constitutes about 30 J/m. However, the high rate of accelera

tion requires to generate a very high pulsed power of the RF generators (over 

200 MW/m). In view of this, the major technical problem associated with the 

creation of a linear collider is the development of RF cm-range generators of 

completely new level of peak power (the total peak RF power of the full VLEPP 
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acce1eration achieved on the many-ce11 section with a wave1ength of about 5 cm 

is 75 MeV/m. At stanford， the tests have been performed of a section at a 

wave1ength of 10 cm; the gradient obtained should give the possibi1ity to 

acce1erate the electrons at a rate of 65 MeV/m. 工tis important to emphasiz色

that no breakdown limitationa occured in the regular parts of the accelerating 

structur.e at such gradients. 
10，17 A high rate of acce1eration-~'-' is reasonab1e to obtain in the wave-

guides wherein the distance between the diaphragms is equal to half of the 

wave1ength (natura11y， the phases of oscil1ations of the adjucent resonator 
cel1s must be shifted in phase by 1800 

- the so-ca11ed n-structure). The 

needed coup1ing between the ce11s is performed with concentric， side coupling 
resonators， and a section of about 1 m 10ng wi11 be fi11ed with an e1ectro-

magnetic field during the wave propagation from thE~ centre 1:0 the end and 

backward. This duration is much shorter than the time of dissipation in 

the waveguide's wa11s (about 0.3 s). Here after the ref1ected wave returns 

to the p1ace of power input， a1most the tota1 energy proves.to be concentrated 

in the main waveguide (on1y a sma11 fraction of it remains in the coup1ing 

resonators) whi1e a considerab1e fraction of it can be carried away by the 

short bunch. An important advantage of such a scheme is the fact that in case 

of a breakdown in one of the ce11s， on1y an insignificant fraction of a11 the 
power app1ied to this section is dissipated in the breakdown zone， while the 
remaining is ref1ected from the breakdown-c1osed cell whose impedance is of 

reactive nature. Therefore， in such a structure the breakdowns improve the 

surface qua1ity rather than damage it. 

An important advantage of the deve10ped structure of the 1inac for the 

VELPP is a re1ative1y small exceeding of the maximum strength of an electric 

fie1d cn the meta1's surface compared with the meεn energy gain (the ratio is 

about 1.6) with a sufficient1y 1arge ho1e in the diaphragm for beam passage. 

The choice of the high rate of acceleration does not lead to the growth 

of the mean power consumed by 1inacs from the mains: the e土 bunchesin the 

p1anned regime take away about 30% of the energy stored in the accelerating 

section， that constitutes about 30 J/m. However， the high rate of acce1era-

tion requires to generate a very higb pulsed power of the RF generators (over 

200 MW/m). In view of this， the major 
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project is about 4.000 GW for 2E = 1 TeV). At present, the commercially 

available generators are far "from providing the operation of linear colliders. 

Our main hopes are connected with the fast developing field of high-power 

electron relativistic beams. 1 would like to stress that merely the level of 

generated RF power close to the required has already been achieved. However, 

it is necessary to develop the technology of powerful RF generators in the 

amplifying regime with a fine control and stabilization of the frequency, 

amplitude and phase of the generation at a considerably high (10 Hz and 

higher) repetition rate and a long working time. 

At Stanford, an interesting variant to simplify the problem of peak power 

being discussed has recently been suggested and is being developed. The point 

is a sharp increase of the dissipation time (and, correspondingly, a propor

tional increase of the admissible time of RF-pumping and the same increase in 

the required peak KF power) by using the superconducting accelerating struc

tures in the pulse regime. There are reasons to hope, and this has been shown 

in the experiments, that one will be able, in the pulsed regime, to raise the 

operating accelerating gradient by several times in comparison with that in 

the continuous regime, while conserving a high enough quality factor of the 

waveguides. The estimates show that it is possible to lengthen the operating 

pulses approximately by one order of magnitude and, consequently, to reduce 

the required total pulse power to RF generators, while keeping the total 

energy consumption (including the power consumed for refrigeration). However, 

with the use of pure niobium, it is apparently impossible to have the gradients 

over 50 MeV/m. Therefore, the search for more promising materials acquires an 

especial significance. Also, an important problem is to extract completely, 

from the structure, the higher harmonics excited by the bunch being accel

erated, otherwise these harmonics can increase substantially the energy 

consumption for refrigeration. 

In conclusion, 1 would like to mention the possibility of using the 

proton-klystron regime in linear colliders with the application of the intense 
18 

beams of modern and future proton accelerators at superhigh energies 

10. The spectra of the reactions obtained can be expanded further on single-

pass colliders. Laser technology is approaching the stage that enables one to 

create highly effective photon targets (at least, of small transverse cross 
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projec乞 i5about 4.000 GW for 2E = 1 TeV). At present， the commer乙ially
avai1able generators are far宣言omproviding the operation of 1inear col1iders. 

Our main hopes are connected with the fast deve10ping fie1d of high-power 

electron relativistic beams. 工wou1dlike to stress that merely the level of 

generated RF power c10se to the required has a1ready been achieved. However， 
it is nece5sary to deve10p the technology of powerful RF g巴neratorsin the 

amplifying regime with a fine contro1 and stabi1ization of the frequency， 
amp1itude and phase of the generation at a considerab1y high (10 Hz and 

higher) repetition rate and a 10ng working time. 

At Stanford， an interesting variant to simplify the problem of pcak power 

being discussed has recently been suggested and is being deve1oped. The point 

is a sharp increase of the dissipation time (and， corresponding1y， a propor-

tional increase of the admissib1e time of RF-pumping and the same increase in 

the required peak RF power) by using the superconducting acce1erating struc-

tures in the pu1se regime. There are reasons to hope， and this has been shown 
in the experiments， that one wil1 be able， in the pu1sed regime， to raise the 
operating accelerating gradient by several times in comparison with that in 

the continuou正 regime，whi1e conserving a high enough qua1ity factor of the 

waveguides. The estimates show that it is possible to lengthen the operating 

pu1ses approximate1y by one order of magnitude and， consequently， to reduce 
the required total pulse power to RF generators， while keeping the total 
energy consumption (inc1uding the power consumed for refrigeration). However， 
with the use of pure niobium， it is apparently impossible to have the gradients 
over 50 MeV/m. Therefore， the search for more promising materia1s acquires an 

especial significance. A1so， an important prob1em is to extract completely， 
f主omthe structure. the higher harmonics excited by the bunch being accel-

erated， otherwise these harmonics can increase substantia11y the energy 
consumption for refrigeration. 

工nconc1usion，工 wou1dlike to mention the possibility of using the 

proton田k1ystronregime in linear co1liders with the app1ication of the intense 
18 

beams of modern and future proton acce1erators at superhigh energies 

10. The spectra of the reactions obtained can be expanded further on sing1e-

pass co1liders. Laser techno1ogy is approaching the stage that enables one to 

create high1y effective photon targets (at least， of sma1l transverse cross 
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section). Owing to the inverse Compton effect, they allow one to convert, for 

one pass, the major fraction of the electrons immediately before collision 

into y-quanta having an energy close to the total energy of the accelerated 

particles. Therefore the possibility arises of attaining real photon-photon 

colliding beams at superhigh energies. 

Let us treat briefly the fundamental problems involved in performing 

these experiments, while paying attention only to the points specific to the 

operation of VLEPF in. this special regime. 
2 

At an energy of the primary photons of E - ty m_c /y (and all the more so 

if higher), photons of almost the total energy E will travel at an angle 1/y 

with respect to the direction of motion of the scattering electron. Let the 

effective length of the primary photon pulse be smaller than the length of the 

electron bunch % , while the light beam is focused to the diffraction limit 

with an area of \Z , wher X is the wavelength of the primary photons, this 

area remaining larger than the area of the electron beam in this region. 

Then, in order to obtain an efficiency of conversion X, the required total 

energy E in the photon pulse will be 

J?hot „, a V 2 l i 

The most promising variant of generating such photon pulses is to use 

coherent radiation in the appropriate undulators with the self-bunching 

(mirror-free electron laser) using the electron beams of the VLEPP installa

tion itself: these beams will have a very high local density, very small 

emittance, and small local energy spread, while the radiation spectrum in the 

technically suitable undulators with an electron energy of several GeV falls 

in the required range. 

The parameters of the high-energy electron beams remaining after passing 

through the laser targets must make possible the recycling of the electrons 

for further cycles. With a sufficient productivity of the system of primary 

stacking of electronsy the mode of operation is possible without their recycling, 

by conversion. 

The angular spread (at a given point) of the electrons in the VLEPP 

outside the collision point is much smaller than 1/y. Therefore, if one 

places the photon target in the convergent electron flux at the small distance 

L from the collision point, then the useful photons fo energy E will form a 
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section). Owing to the inverse Compton effect， they allow one to convert， for 
one pass， the major fraction of the electrons immediately before collision 
into y-quan乞ahaving an energy close to the total energy of the accelerated 

particles. Therefore the possibility arises of attaining real photon-photon 

colliding beams at superhigh energies. 

Let us treat briefly the fundamental problems involved in performing 

these expe.riments， while paying attention onlv to the points specific to the 
operation of VLEPF in. this special regime. 

At aa energy of the pr1mary photons of E Cb m c2fy (and a11themorE so y1 'v --2 

if higher)， photons of almost the total energy E will travel at an angle l/y 

with respect to the direction of motion of the scattering electron. Let the 

effective length of the primary pho仁onpulse be smaller than the length of the 

electron bunch 乱， while the light beam is focused to the diffraction limit 
e' 

with an area of入R._， wherλis the wavelength of the primary photons， this 
e 

area remaining larger than the area of the electron beam in，this region. 

Then. in order to obtain an efficiency of conversion a， the required total 
Phot 

energy Ez in the photon pulse W111be 

2Zm c2 
EPhot山

e R.2 
z ~dZ2  

The most promising variant of generating such photon pulses is to use 

coherent radiation in the appropriate undulators with the self-bunching 

(mirror-free electron laser) using the electron beams of the VLEPP installa-

tion itself: these beams will have a very high local density， very smal1 
emittance， and small local energy spread， while the radiation spectrum in the 
technical1y suitable undulators with an electron energy of several GeV falls 

in the required range. 

The parameters of the high-energy electron beams remaining after passing 

through the laser targets must make possible the recycling of the electrons 

for further cycles. With a sufficient productivit) of the system of primary 

stacking of electronsシ themode of operation is possible without their recycling， 
by conversion. 

The angular spread (at a given point) of the electrons in the VLEPP 

outside the collision point is much smaller than l/y・Therefore，if one 

places the photon target in the convergent electron flux at the small distance 

Lo from the colliSion point，then the usefulphotons fo energy E W111form a 
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2 
spot with the area TT(L /y) • One must apply a magnetic field of moderate 

magnitude between the photon targets and the collision point in order to 

displace the electron beams at the collision point by a distance larger than 

the dimensions of the electron spot (from this standpoint, it is favorable to 

operate namely in the electron-electron regime). To do this, in particular, 

L most be large enough. Then only y-quanta of full energy will effectively 

collide, with a limiting luminosity of the order of 

N 2 ae.2N2Y2f 
L = _X_. f = _JiL-
Y Y S™ 2uL2 

eff o 

The energy spread of the Yy-reactions will be about 10% here. When necessary, 

the monochromaticity of the reactions can be improved by using lasers of 

shorter wavelength (with a proportioanl increase in the energy per laser 

pulse). 

If only one electron beam is converted into photons, one can then obtain 

ey colliding beams of almost full energy with an even smaller energy spread, 

and with the luminosity 

N N XN2Y2f 
T =

 e Y =
 e 

eY s Y
f, ^ 

eff o 

+ -
Note that while the conditions of the e e collisions in an uncompensated 

regime must be chosen so as to keep the filed in the bunches from being too 

large, this restriction does not exist for YY~ and ey-collisions, and, in 

principle, the luminosity can be even higher. 

For an energy per laser pulse of the order of 10 J, one can relay, even 

at an energy of 2 x 100 GeV, on obtaining sufficiently monochromatic YY~ an^ 

ey-colliding beams in the VLEPP, with the luminosities 

L > 3*103* cm-2 s"1, 
YY ~ 

L > 1*1031 cm-2 s"1. 
eY -

We emphasize that one can obtain a luminosity of photon-photon collisions of 
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spot with the areaτ(L_/y)-. One must apply a magnetic field of moderate 

o 
magnitude between the plloton targets and the collision point in order to 

displace the electron beams at tlle collision point by a distance larger than 

the dimensions of the electron spot (from this standpoint， it i5 favorab1e to 
operate n四 elyin the electron-electron regime). To do this， in particular， 
Lo most be large enough.Thea only y-quanta of full energy W111effect1vely 

collide， with a limiting luminosity of the order of 
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The energy spread of the yy-reactions wil1 be about 10% here. When necessary， 

the monochromaticity of the reactions can be improved by using lasers of 

shorter wavelength (with a proportioan1 increase in the energy per laser 

pulse) • 

工fonly one electron beam is converted into photons， one can then obtain 
ey col1iding beams of almost ful1 energy with an even smaller energy spread， 
and with the 1uminosity 

2 2 
N_N~_ ((N':y~f 

Ley =ごTL=-2
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+ -Note that while the conditions of the e'e collisions in an uncompensated 

regime must be chosen so as to keep the fi1ed in the bunches from being too 

large， this restriction does not exist for yy四 andey-collisions， and， in 
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We emphasize that one can obtain a luminosity of photon-photon collisions of 
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full energy approaching that of electron-positron (or electron) colliding 

beams only in the installations with single collisions of 'the bunches of 

accelerated particles. Cyclic storage rings do not have this potentiality. 

The study of yy- and ey-interactions, with arbitrarily selected (by an 

appropriate choice of the polarization of a laser beam) helicities of the 

interacting particles, can become ,an important expansion of the potentialities 

of the VLEPP installation. 

With regard to the main bulk of events involving production of hadrons, 

yy-collisions will resemble hadron-hadron collisions of the same energy, while 

ey-reactions will provide information close to that obtained in deep-inelastic 

ep-reactions. 

Here the total cross section for the production of hadrons in yy-collisions 

will apparently be very large - of the order of 0.3 microbarn. The major 

fraction of such events will yield hadrons travelling at very small angles 

from the direction of photons.. Hence it will be difficult of access to 

study, although in principle one can separate the primary y-beams and the 

produced charged hadrons with a magnetic field. 

It is more promising to study the electromagnetic production of quark 

(antiquark) jets. Here, for all types of quarks having a mass much smaller 

than the energy of photons, the cross sections for jet formation are the same 

(with account taken of the ratio of the squares of their charges). Here the 

photon-photon collisions have a radical advantage over pp- and pp-colliding 

beams, whose quark composition sharply favors the creations of jets containing 

u, d, u, and d-quarks. Moreover, yy-collisions efficiently yield gluon jets 

as well. The partial cross section of these processes at energies of hundreds 
-35 2 

of GeV is of the order of 10 cm . Hence, it is accessible in principle to 

study on the VLEPP. 

In the electro-weak interaction region, it seems especially interesting 

to study the reactions 

yy •*• w V " 

-34 2 
The cross section of this process is of the order of 10 cm , and does not 

decline with energy in the first approximation (in contract, e.g., to e e~ 

W+W~). The study of this process allows one to get information on the completely 

unstudied now yW W~ vertex (anomalous magnetic moment of W, electromagnetic 
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of GeV 1s of the order of 10 --cm-. Hence， it is accessible in principle to 

study on the VLEPP. 

工nthe electro-weak interaction region， it seems especia11y interesting 

to study the reactions 

yy + W+W-

-34 2 
The cross section of this process is of the order of 10 -~ cm-. and does not 

dec1ine with energy 1n the first approximat1on (1n contract， e.g.， to e+e-
W代，~-) . The study of this process a110ws one to get information on the comp1ete1y 

unstudied now yw+w-vertex (anomalous magnet1c moment of w，electromagnetic 
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form factor of W, etc.). 

The same vertex can be studied in the reaction 

+ + 
ye •*• W~v 

whose cross section is at the same level, while the threshold is somewhat 

lower. A specific feature of this reaction is the singleness of the W produced, 

which enables one to study very cleanly the decay properties of these bosons. 

Moreover, the dependence of the evw vertex on the helicity of the electron is 

manifested very strikingly here. 

11. Linear colliders exhibit important additional possibilities while making 

changes, comparatively cheap, in the injection part of the installations: 

starting with an energy of about 10 GeV, the proton acceleration, in the 

regular structure of the VLEPP, with an almost full rate of acceleration up to 

the full finite energy becomes possible. In order to provide high luminosity, 

the same as for e e collisions, it is necessary to accelerate the proton 

beams which have the same intensity and the same small emittance. 

The possibility is already seen now to prepare the bunches of polarized 

protons with necessary parameters. The sources of hydrogen negative ions, 

with polarized protons, are being developed. The charge exchange storing of 

protons has been developed and it is worth mentioning that one manages to 

accumulate circulating currents thousands times higher in comparison with the 

current of the source. The extremely small emittance of the polarized proton 

beam is possible to be completely formed using the cooling by an intense 

'magnetized' electron flux (rapid electron cooling). 

Performing of the ep, yp experiments with the elections and protons 

polarized in a required manner may be referred to the basic application of 

this regime. 

12. Now let us analyze some features of the performance of experiments on the 

VLEPP-type installation. VLEPP differs from usual colliding-beam systems in 

that the collisions of bunches occur very rarely - tens of times per second -

with a very high integrated luminosity per collision. This situation compli

cates the distinguishing of events, including the problems of cutting off the 

background reactions. 

- 260 -

form factor of W， etc.). 
The same vertex can be studied in the reaction 

+ + 
ye--+ W-v 

whose cross section is at the same 1eve1， whi1e the threshold is somewhat 
10wer. A specific feature of this reaction is the singleness of the W produced， 

which enab1es one to study very cleanly the decay properties of these bosons. 

Moreover， the dependence of the e~w veどとexon the helicity of the electron is 

manifested very striking1y here. 

11. Linear co11iders exhibit important additiona1 possibi1ities whi1e making 

changes， comparative1y cheap， in the injection part of the insta11ations: 
starting with an energy of about 10 GeV， the proton acce1eration， in the 

regu1ar structure of the VLEPP， with an almost fu11 rate of acce1eration up to 
the ful1 finite energy becomes possible. 工norder to provide high 1uminosity， 

+ -the same as for e'e c011isions， it i6 nece5sary to accelerate the proton 
beams which have the same intensity and the same smal1 emittance. 

The possibi1ity is a1ready seen now to prepare the bunches of po1arized 

protons with necessary parameters. The 50urces of hydrogen negative ions， 

with polarized protons， are being developed. The charge exchange storing of 

protons has been developed and it i5 worth mentioning that one manages to 

accumulate circu1ating currents thousands times higher in comparison with the 

current of the source. The extreme1y smaJ.1 emittance of the polarized proton 

beam i5 p05sib1e to be complete1y formed using the cooling by an intense 

'magnetized' elect玄onf1ux (玄apidelectron cooling). 

Performing of the ep， yp experiments with the electlons and protons 
polarized 1n a required manne主 maybe referred to the basic application of 

this regime. 

12. Now 1et us ana1yze some feaLures of the performance of experiments on the 

VLEPP-type in~tallation. VLEPP differs from usual col1iding-beam systems in 

that the c011isions of bunches occur very rare1y -tens of times per second -

with a very high integrated 1uminosity per c011ision. This situation comp1i-

cates the distinguishing of events， including the problems of cutting off the 

background reactions. 

-260 -



The most principal restriction of the useful luminosity per collision of 

bunches is the fact that the total cross section for electrodynamical processes 

of the type 

+ - + -
e e -*- e e + X 

increasing rapidly with decreasing the momentum transferred to X. Correspond

ingly, each collision of bunches and each interesting event is accompanied by 

a large number of charged particles and photons with energies much smaller 

than the total energy of the initial particles. Hence one must take measures 

including, e.g., setting an absorbing material in front of the detector, 

introducing a longitudinal magnetic field, preventing particles at small 

angles from recording, developing special variants of triggers, etc., in order 

to make possible the recording, search, and analysis of interesting events. 

Naturally, one can make the probability of superposition of two interesting 

events in a given experiments negligibly small by an appropriate decrease in 

luminosity, while keeping the high rate of collection of the statistics of 

these events. 

Another source of background is the photons of synchrotron radiation that 

accompany the collision, which are created in the coherent field of the 

colliding beam. As I have said above, these fields must be made small enough 

so that the mean energy loss in synchrotron radiation does not exceed, say, 

1%. Here each electron and positron emits several photons, which can interact 

with the photons and electrons coming head-on. The basic background processes 

of this origin will be the production of electron and muon pairs. One can 

combat against this background by the methods mentioned above. When one 

employs the four-beam regime with compensation of the coherent fields, this 

source of background can be practically completely eliminated. 

Also other, more 'technical' forms of background do exist. So, strongly 

deflected particles can accompany the bunch of electrons, which has extremely 

small rms dimensions in the installations being discussed. Such particles 

arise, e.g., due to single scattering by the nuclei of the residual gas in the 

cooling storage ring 'halo' of the beam). The interaction of these particles 

with matter in the region of the detector gives rise to showers at the full 

energy. Therefore one requires a very high level of 'beam hygiene', including 

a very good vacuum in storage rings and linacs, and installing of special 
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diaphragms far from the collidion point. 

Another source of technical background can be the entering into the 

detector region of the products of interaction of beam-beam synchrotron 

radiation with the matter of the vacuum chamber, lenses, etc. This compels 

one to take measure to keep the site of entering these photons into matter 

sufficiently far removed from the collision point. In this case, the moment 

of arriving at the detector of the background particles will be strongly 

shifted with the events being studied. Moreover, one can by collimation 

sharply reduce the solid angle, and correspondingly, the total number of 

secondary particles entering the detector. Naturally, the backgroung of this 

origin disappears in the four-beam regime. 

Thus we see that the study (at any rate, inclusive) of the events in 

which electrons, muons, and photons are produced with an energy consisting a 

considerable fraction of the energy of the initial particles will entail no 

difficulties. This type of processes includes two-particle reactions (electro-

dynamical, weak, and mixed) and the production of intermediate bosons. It 

will also present no fundamental difficulties to study reactions that form 

hadron jets bearing a considerable fraction of the energy of the primary 

particles. At the same time the study of all interesting processes will 

require solution of very complex background problems. Note that the physical 

background in studying YY~ and ey-reactions in the VLEPP will be far lower. 

The pulsed nature of the luminosity of the VLEPP, the high resultant 

multiplicity of the most interesting processes, and also the considerable 

number of relatively low-energy background particles compel one to develop 

highly special detecting systems, especially in their inner, 'geometric' 

track sections. It is not rouled out that one of the possible solutions might 

be to use hybrid, fast cycling bubble chambers with electronic hit detection. 

We stress that the mean luminosity of the VLEPP can be distributed among 

several independent experiments. Here only one collision point is involved in 

a given cycle; the sequence of this involvement can be assigned arbitrarily. 

13. The linear colliders under discussion can be employed in a regime parallel 
13 

to the colliding-beam regime as an accelerator thst yields 10 electrons and 

positrons per second with any required polarization having the full energy E. 

Also, if one employs tne laser conversion of the processed e~, one can use. it 

as a source of polarized y-quanta of almost the full energy with sufficient 
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monochromaticity and an intensity of the order of 10 s for experiments 

with stationary targets. 

We also mention that one can obtain very intense, well collimated fluxes 

of high-energy neutrinos of all types by directing the electron, or even 

better the photon, beams of the VLEPP onto a target. Especially interesting, 

these fluxes will be sharply enriched in vx-neutrinos from the decay of photo-

produced x-leptons (and if they exist, in neutrinos from heavier leptons). 

Here th<* flux can be as great as 10 vx/s in an angle M 2/5 with an energy of 

the order of E/4. 

In a special regime one can obtain polarized electrons, positrons, and 

photons of twice the energy by making the e~ pass successively through both 

linacs (the sections of the second linac in this case must operate with a time 

shift opposite to the normal). 

If one supplements the VLEPP with intense source of charged pions and 

cooled muons, one can also use it to accelerate them. 

Of special interest is the version in which the first 100 GeV are used 

for the acceleration of protons, then a highly-effective conversion into the 

charged pions is made (the coefficient is close to unity), and finally, the 
+ 
it are accelerated up to a nearly full energy, 2E = 1000 GeV. With a planned 

100 MeV/m rate of acceleration, only an insignificant fraction of pions 

decays. Then, these ir may be used, in particular, for generation of very 

intense highly-collimated fluxed v , v at an energy of about 0.7 E. 

14. Finally, the Table of the basic parameters of the VLEPP installation is 

presented. 

This report is prepared together with my Novosibirsk colleagues; T.A. 

Vsevolozhskaya, A.A. Zholents, I.A. Koop, A.V. Novokhatsky, I.Ya. Protopopov, 

Yu.A. Pupkov, G.I. Silvestrov and V.P. Smirnov. 
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Table 

Energy 

Length 

Luminosity 

Number of collision points 

Frequency of cycles 

Number of particles per bunch 

Mean beam power 

Peak RF supply power 

Total consumed power 
from the supply mains 

First stage 

2x150 GeV 

2x1.5 km 

2x250 kW 

1.000 GW 

15 MW 

1A32 -2 -1 
10 cm s 

5 

10 Hz 

io12 

Full project 

2x500 GeV 

2x5 km 

2x900 kW 

4.000 GW 

40 MW 

- 264 -

Tab1e 

First stage Fu11 project 

Etie:cgy 2x150 GeV 2x500 GeV 

Length 2x1.5 km 2x5 km 

Luminosity 
32 -2-1 10--cm s 

Number of collision points 5 

Frequency of cyc1es 10 Hz 

Number of partic1es per bunch 10
12 

. 
Mean beam power 2x250 kW 2x900 kW 

Peak RF supply power 1.000 GW 4.000 GW 

Total consumed power 15 MW 40 !o叩
from the supp1y mains 
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1 - initial injector, 2 - intermediate accelerator, 3 - debuncher-monochroma-
tor, 4 - storage ring, 5 - buncher, 6 - accelerating sections, 7 - RF supply, 
8 - pulsed deflector, 9 - focusing lenses, 10 - collision points, 11 - spiral 
undulator, 12 - beam of y -quanta, 13 - conversion target, 14 - electron 
beam, 15 - experiments with electron (positron) beams with a stationary tar
get, 16 - second stage. 
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1 -initial injec七or，2 -intermediate accelerator， 3 -debu且cher-皿onochroma-
tor， 4 -storage rinε1 5 -buncher， 6 -accelerating sections， 7 -RF supply， 
8 - pulsed deflector， 9 -focusing lenses， 10 - col工isionpoints， 11 -8piral 
undulator， 12 -beam ofγ-quanta， 13 -conversion targe七， 14 - e工ectron
beam， 15 -experi且ents札 thelectron (positron) beams with a s七ationarytar-
get， 16 -second stage. 
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Examples of International Cooperation on 

Superconducting Magnets R & D in High Energy Physics 

H. Hirabayashi 

KEK National Laboratory for High Energy Physics 

Oho-machi, Tsukuba-gun, Ibaraki-ken, Japan 305 

Introduction 

There are several cases of international cooperation in the field of 

superconducting magnet technology in high energy physics. For instance we 

know the Saclay-Serpukhov cooperation on the accelerator magnet development 

and the cooperative work on magnets between CERN and European countries. 

In general, international cooperation is useful for mutual information 

exchange on topics, efficient utilization of manpower and experimental 

facilities, and competitive development among the countries or regions. 

In this report three examples of the Japan-US cooperation on 

superconducting magnet R & D in high energy physics are briefly described 

together with their extended developments in Japan. 

1. NbTi alloy superconducting magnets 

In cooperation with Fermilab and NRIM (National Research Institute for 

Metal, Japan), KEK has made a series of basic studies on binary and ternary 

alloy superconducting wires for high field magnets. 

KEK and NRIM made many short samples of binary and ternary wires and 

tested them up to 12 T at 1.8 K. They were also tested several times at the 

Fermilab with the participation of KEK physicists. 

Figure 1 shows the critical current densities versus magnetic fields of 

various binary and ternary alloy superconducting wires. The ternary alloy 

wire of NbTiTa has the largest current density at 10 T and 1.8 K, but the 

increment in its current density is not so much compared with that of the 

binary NbTi wire. Nevertheless, the present cost of the ternary NbTiTa wire 

is three times as expensive as that of the binary NbTi wire. 
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Superconducting Magnets R & D in High Energy Physics 
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KEK Nationa1 Laboratory for High Energy Physic5 
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There are severa1 cases of internationa1 cooperation in the fie1d of 

superconducting magnet techno1ogy in high energy physics. For instance we 

know the Sac1ay-Serpukhov cooperation on the acce1erator magnet development 

and the cooperative work on magnets between CERN and European countries. 

1n genera1， internationa1 cooperation i5 usefu1 for mutua1 information 
exchange on topics， efficient utilization of manpower and experimental 
faci1ities， and competitive deve10pment among the countries or regions. 

工nthis report three examp1es of the Japan-US cooperation on 

superconducting magnet R & D in high energy physics are brief1y described 

together with their extended developments in Japan. 

1 NbTi a110y superconducting magnets 

工ncooperation with Fermilab and NR1M (National Research工nstitutefor 

Metal， Japan)， KEK has made a series of basic studies on binary and ternary 
1) 

a110y superconducting wires for high fie1d magnets. 

KEK and NR1M made many short samples of binary and ternary wires and 

tested them up to 12 T at 1.8 K. They were also tested several times at the 

Fermi1ab with the participation of KEK physicists. 

Figure 1 shows the critica1 current densities versus magnetic fie1ds of 

various binary and ternary a110y superconducting wires. The ternary a110y 

wire of NbTiTa has the 1argest current density at 10 T and 1.8 K， but the 

increment in its current density is not so much compared with that of the 

binary NbTi wire. Nevertheless， the present cost of the ternary NbTiTa wire 

is three times as expensive as that of the binary NbTi wire. 
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On the basis of these data, KEK is now developing 10-T window-frame 

NbTx/Cu dipole magnet with a cooling bath of pressurized helium II. This 

dipole has a coil length of 1 m and an aperture of 60 mm. Its coils are 

basically wound in a race-track shape. Both ends of the median plane coils 

are bent up or down to clear the beam space (see Fig. 2). The coils are 

cured under a pressure over 60 MPa and tightly clamped with laminated 

collars. The main design parameters of this dipole are given in Table 1. 

In this type of dipoles, the largest stress is caused by the bursting 

force in the horizontal direction, which is estimated to be 6.2 * 10 N/m 

at full excitation. The maximum stress in this coil is expected to be 108 

MPa. This value is so large that only a special composition of super

conductor and insulator can survive. 

At first we designed and constructed the dipole coils with NbTi/Cu 

monolithic cable. After several testing at 4.2 K and 1.8 K, we found that 

the cable can not carry a sufficient current for a 10 T dipole. A large 

increment in the critical current of the cable at 1.8 K, compared with that 

at 4.2 K, could not be attained. This might be attributed to the shortage of 

flux pinning force in the cable caused by the insufficient cold working on 

the superconductors. 

Now we are producing a series of window frame coils with high current 

NbTi/Cu compacted strands cables. Each strand consist of 2,000 fine NbTi 

filaments, twisted and embedded in a copper matrix. The strands are 

compacted in a rectangular cross section cable. The cable of 27 strands can 

carry 6.9 kA at 10 T and 1.8 K. The operating current is estimated to be 90% 

of the critical current. 

A special cryostat is also prepared, for cooling the collared NbTi/Cu 

window frame coils below 2 K by pressurized helium II. Two laminated iron 

yokes surround the collared coils. The inner yoke is cooled with liquid 

helium at 4.5 K, while the outer one is cooled with liquid nitrogen at 77 K. 

This window frame dipole is a trial superconducting magnet for high 

field accelerators. The basic problems on the NbTi/Cu dipole, cooled with 

pressurized helium II, will be studied in detail in comparison with the 
3) 

results of the double shell dipole magnets at KEK. ' 
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NbTi/Cu dipo1e magnet with a co01ing bath of pressurized he1ium I工-， This 

dipo1e has a coi1 1ength of 1 m and an aperture of 60 mm. 工tscoils are 

basically wound in a race-track shape. Both ends of the median p1ane coils 

are bent up or down to c1ear the beam space (see Fig. 2). The coils are 

cured under a pressure over 60 MPa and tightly clamped with 1aminated 

collars. The main design parameters of this dipo1e are given 1n Table 1. 

1n this type of dipoles. the 1argest stress i5 cau5ed by thc bursting 

force in the horizonta1 d1rection. which is estimated to be 6.2 x 10
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N/m 

at ful1 excitation. The maximum stress in this coi1 is expected to be 108 

Maa. This va1ue is so 1arge that on1y a specia1 composition of super-

conductor and insu1ator can survive. 

At first we designed and constructed the dipo1e coi1s with NbTi/Cu 

monolithic cable. After several testing at 4.2 K and 1.8 K， we found that 
the cable can not carry a sufficient current for a 10 T dip01e. A large 

increment in the critica1 current of the cab1e at 1.8 K， compared with that 
at 4.2 K， could not be attained. This might be attributed to the shortage of 

flux pinning force in the cdb1e caused by the insufficient c01d working on 

the superconductors. 

Now we are producing a series of window frame coi1s with high current 

NbTi/Cu compacted strands cab1es. Each strand consist of 2，000 fine NbTi 
filaments， twisted and embedded in a copper matrix. The strands are 

compacted in a rectangu1ar cross section cab1e. The cab1e of 27 strands can 

carry 6.9 kA at 10 T and 1.8 K. The operating current is estimated to be 90% 

of the critica1 current. 

A special cryostat is a1so prepared， for co01ing the co11ared NbTi/Cu 
window frame coils be10w 2 K by pressurized he1ium II. Two 1aminated iron 

yokes surround the c011ared coi1s. The inner yoke i5 cooled with 1iquid 

helium at 4.5 K. while the outer one is coo1ed with liquid nitrogen at 77 K. 

This window frame dipo1e 15 a tria1 superconducting magnet for high 

field accelerators. The basic prob1ems on the NbTi/Cu dipole. cooled with 

pressurized helium 11， will be studied in detai1 in comparison with the 

results of the double she11 dipole magnets at KEK. 
3) 
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2. Nb-Sn Superconducting magnets 

Since 1981 KEK and BNL have carried out the cooperative studies on the 

basic properties of Nb,Sn superconducting wires and cables such as the 
4) stability, critical current density, etc. 

For example the influence of stabilizing copper on the quench charac

teristics of Nb_Sn/Cu wire was studied in detail. For high field accel

erator magnets, high current densities in the coils (several hundreds 
2 

A/mm ) are required to make them reasonably small. This can be attained 

by increasing the current density within the superconductor (Nb_Sn) and 

minimizing the copper stabilizer. In past several years there have been 

substantial industrial developments on Nb_Sn multifilamentary wires: at 
2 

present wires with very high current densities, more than 1,000 A/mm at 10 

T within the superconductor, are commercially available. However, few 

studies have been made on the electromagnetic stability of these Nb-Sn/Cu 

wires, and it is not clear how much copper is required for stabilization of 

the conductor for these magnets. An investigation has been carried out on 

the influence of the amount of stabilizing copper in a Nb-Sn/Cu wire on the 

quench energies and quench propagation velocities at high magnetic fields. 

This study has been made at BNL with the participation of a KEK 

physicist. The conclusions are as follows. Measurements of the minimum 

energy to quench Nb-Sn/Cu wires show that 40% copper is optimum for 

stabilizing the wire (see Fig. 3). In the case of good cooling the minimum 

quench energy for the Nb„Sn/Cu wire at 10 T is almost the same as that for 

the NbTi/Cu wire at 5 T. However, in the case of poor cooling the energy to 

quench the Nb.Sn/Cu wire is approximately a factor of 3 as great as the 

energy to quench the NbTi/Cu wire. There is a clear correlation between the 

MQE (minimum quench energy) and the quench propagation velocity of the 

specimen: the wire whose MQE is large has a low propagation velocity. The 

propagation velocity of 40%-Cu specimen at 10 T is almost the same order of 

magnitude as that of NbTi/Cu wire at 5 T, if we compared them at a constant 

overall current density. 

Besides these basic cooperative studies, KEK has developed two kinds of 

Nb_Sn/Cu dipole magnets. As the first step, a single layer race-track 
5) dipole magnet has been made with a high current monolithic cable. The 
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Besides these basic cooperative studies， KEK has developed two kinds of 
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5) 
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parameters of the magnet and cable are given in Table 2. The magnet 

structure is shown in Fig. 4. 

This race-track dipole was made to study the production technique of a 

real size dipole with the "wind and react" method. The Nb„Sn/Cu cable was 

insulated by synthetic Mica glass tape and wound in a race-track coil. 

Before the heat treatment, trie wound coil was placed in a strong jig. After 

the heat treatment for 48 h at 720°C in inert gas, the Nb-Sn superconductor 

was produced in the copper stabilizer. The jig was disassembled to check the 

insulation and coil dimensions. The insulator could withstand for the hard 

heat treatment; no defect in the insulator was found. Longitudinal 

elongation of the cable and coil of the order of 0.5% were observed. This 

elongation should be taken into account in a long Nb_Sn dipole produced by 

the "wind and react" method. After adding two pieces of Mica sheets to the 

upper and lower surfaces of the coil layer, the magnet was reassembled in the 

magnetic iron plates without impregnation of epoxy resin. 

This race-track dipole magnet was successfully operated to the upper 

limit current of the power supply with two quenches. The minimum quench 

energy, the normal zone propagation velocity and other properties were 

measured. 

As the second step, KEK is now developing twofold and threefold double 

shell dipoles. In these magnets, the dipole fields are generated by two or 

three pairs of double shell coils. Each pair of coil shells generates a 

dipole field in the center of the aperture and the Nb-Sn/Cu cables are 

graded depending on the magnetic fields. 

The total ampere-turns required for 10 T dipole field are approxi

mately 1 MAT and the stored energy is nearly 1 MJ/m. There is a huge 

bursting force of about 7 MN/m. The maximum stress in the coils is 

calculated as 150 MPa at 10 T. In such huge stress, any kind of organic 

insulators can not survive. This is one of the reasons why we are studying 

the inorganic insulators for the Nb_Sn/Cu dipoles. 

Although these shell dipoles are studied with monolithic Nb_Sn/Cu 

cables at present, the monolithic cables could be replaced with the compacted 

strands cables in the future, if the excellent reinforced cables become 

available. Figure 5 shows the schematic half cross section of the twofold 

double shell dipole. 
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3. Superconducting thin solenoid using aluminum-stabilized conductor 

Prior to the construction of the CDF solenoid now being built by Tsukuba 

University and Fermilab for the pp colliding beam experiment at Tevatron, a 

prototype superconducting thin solenoid of 1 m x 1 m was developed by a 

joint group of KEK and Tsukuba University. This development was also 

made as a task of the Japan-US cooperation in high energy physics. Table 3 

summarizes the parameters of the magnet. 

One of the most important issues in this development was the successful 

industrial production of an excellent aluminum-stabilized superconductor. 

The superconductor, used in this prototype solenoid, was produced by a 

special technique of Hitachi Ltd. The NbTi/Cu superconducting wire was 

embedded in a aluminum strip with a metallurgical bond. 

The schematic diagram of the conductor cross section is shown in Fig. 6. 

The volume ratio of A£:Cu:NbTi is 24:1:1. The NbTi/Cu composite consists of 

1,400, 50 urn* NbTi wires. The critical current is 7.7 kA at 2 T and 4.2 K. 

The binding between aluminum and copper was made with the friction welding 

method. The diffusion thickness of the two metals is about 1 urn when tested 

to give the maximum binding strength. Aluminum of high purity (99.99% purity 

and RRR > 1000) was used to provide better stability to the conductor during 

quenches. 

In the excitation test of this solenoid, propagation velocities of the 

normal zone were measured as a function of the magnet excitation current. 

The normal zone propagated mainly in the direction of the conductor. The 

propagation in the axial direction through the coil insulations was 

negligible. 

Measurements on resistivities of the conductor at various sections of 

the solenoid during quenches indicate that the conductor current spread 

promptly from the NbTi/Cu superconducting wire to the aluminum stabilizer 

immediately after the superconducting wire became normal. This means that 

the aluminum-stabilized superconductor, used in this solenoid, has very good 

electrical connection between the NbTi/Cu superconducting wire and aluminum 

stabilizer. 

Resistive voltages in normal zones showed small and smooth rise after 

quenches. Therefore, the temperature of the conductor rose very slowly and 

smoothly and no abrupt local heating took place. 
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In conclusion the aluminum-stabilized superconductor of the prototype 

solenoid has excellent electrical and thermal properties which are required 

for thin and large superconducting solenoids. 

After the successful development of this prototype solenoid, the 

aluminum-stabilized NbTi/Cu superconductor has become commercially available 

in Japan. Using this type of superconductor, Tsukuba University is now 

constructing the CDF solenoid at Tevatron in close cooperation with 

Fermilab. 

Besides the CDF solenoid, two more solenoids with aluminum-stabilized 

NbTi/Cu conductors are now being built at KEK for the TOPAZ and VENUS 

detectors in the TRISTAN project. 

4. Conclusion 

Above examples show that present international cooperation on the 

superconducting accelerator magnets is limited to the basic R & D problems. 

On the other hand, it is widely recognized that the future hadron 

accelerators in multi-TeV region necessitate a large number of high quality 

superconducting magnets and huge cryogenic systems. These circumstances 

compel us to persue high degree international cooperation on superconducting 

technology; therefore, the style of the future cooperation on superconducting 

magnets should be changed. Possible scheme of international cooperation in 

the future magnet technology should be extensively studied. 

So far as the detector magnets are concerned, we have already real 

experiences of the international cooperation. This kind of cooperation 

should be continued in the future. 
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Table 1. Main design parameters of window frame dipole 
and NbTi/Cu cable 

Coil length 1.0 m 
Central field 10 T 
Peak field 11 T 
Operating current 6.9 kA 
Turns per pole 176 „ 
Coil current density 300 A/mm 
Inductance 25 mH 
Stored energy 615 kJ 

Cable: 
Number of strands 27 
Number of filaments per strand 2,000 
NbTi filament diameter 13 urn 
Superconductor to copper ratio 1 to 1 
Current at 10 T and 1.8 K 6,970 A 2 

Cross section of cable 1.67 * 12.35 mm 
Packing factor 85% 
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and NbTi/Cu cab1e 

Coil 1ength 
Centra1 fie1d 
Peak fie1d 
Operating current 
Turns per po1e 
Coi1 current density 
Inductance 
Stored energy 

Cab1e: 
Number of strands 
Number of fi1aments per strand 
NbTi fi1ament diameter 
Superconductor to copper ratio 
Current at 10 T and 1.8 K 
Cross section of cab1e 
Packing factor 
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Table 2. Parameters of Nb„Sn/Cu race-track coil magnet 

Coil: 
Inner width 
Outer width 
Thickness 
Length 
Length of coil straight section 
Number of turns 
Insulation 

25 mm 
181 mm 
6 nun 

956 mm 
800 mm 
30 

Mica glass tape 

Superconductor: 
'"TOSS section 
Process 
Filamert diameter 
•Number of filaments 
Twist pitch 
Matrix 
Barrier 
Copper fraction 
Critical current 
(criterion 10~13 fl-n.) 

2.3 * 6.0 mm 
bronze 
5.3 pm 
121..220 
240 mm 

Cu-Sn (14.5 wt%) 
Nb 
35% 

11,700 A at 4.65 T, 4. 2 K 
4,600 A at 10 T, 4.2 K 
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Table 3. Parameters of prototype solenoid wound with 
aluminum-stabilized NbTi/Cu conductor 

Coil: 
Inner diameter 
Outer diameter 
Length 
Number of turns 
Number of joints 
Inductance 
Resistance 

Superconductor: 
Cross section 
Material ratio A£:Cu: 
NbTi wires 
Design current 

Bobbin and banding mate 

Cooling 

978 mm 
1090 mm 
1140 mm 
269 
2 
48 mH 
320 mfi at 290 K 
0.3 mfi at 10 K 

20 mm x 3.59 mm 
24:1:1 . 
1400 x 50 jim<p 

4.45 kA 

A5083 

Indirect forced cooling 
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Table 3. Parameters of prototype solenoid wound w1th 
aluminum-stabi1ized NbTi/Cu conductor 

Coil: 
工nnerdiamete玄
Outer diameter 
Length 
Number of turns 
Number of joints 
Inductance 
Resistance 

Superconductor: 
Cross section 
Material ratio Ai:Cu:NbTi 
NbTi wires 
Design current 

Bobbin and banding materia1 

Coo1ing 
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INTERNATIONAL COOPERATION IN DETECTOR RESEARCH AND DEVELOPMENT 

C.W. Fabjan 

CERN, Geneva, Switzerland 

1. Introduction 

This report on aspects of international collaborations dealing with 

research and development (R&D) of detectors followed a Round Table on 

'Detector-Related Machine and Instrumentation Issues'. Both contributions 

focused on a hadron collider in the /s = 20 to 40 TeV range, and with 
33 -2 -1 

luminosities up to L <v 10 Cm s , i.e. interaction rates 

approaching 100 MHz. 

Such issues had already been studied during several workshops [1], 

reaching conclusions which were also voiced by the members of the 'Round 

Table': 

~ Conceptually the technical problems of the required instrumentation 

appear solvable and those experimental studies feasible for which the 

construction of such a machine is advocated; 

- The extrapolation from the known experimental environment at storage 

rings is very large: close to a hundred times larger cm. energies at ten 

to a hundred times higher interaction rates; 

- Experimentation at the '1 TeV mass scale' will rely heavily on the 

relatively novel tool of hadronic calorimetry replacing the familiar 

method of charged-particle momentum spectroscopy. 

lllD-mm 
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With the Round Table discussion as a starting point, this report 

attempts to analyse which and in what form interregional R&D on detectors 

may prepare us for experimentation at such a hadron machine. Calorimetry 

is used as an example to illustrate the range of developments required. 

Present forms of collaborations are described, and it is shown that 

plausible extrapolations should provide a reasonable framework for the 

future. Collaboration with industry is expected to strengthen as our 

search for detectors Producing increasingly refined information is pursued 

and 1 highlight this topic by commenting on the 'Japanese style'. An 

important and very successful aspect of iaterregional collaboration 

Concerns the definition of standards in the field of data acquisition. The 

present level of co-ordination is described and possible future directions 

are indicated. 

2. EXAMPLE CAXQRIMSTRY: PREPARING ITS FUTURE ROLE 

So far, high_energy physics experimentation has predominantly relied 

on charged-particle momentum analysis; typical momentum resolution 

Ap/p "v 0.01 p (GeV/c) (at least at storage ring detectors). With 

increasing energies emphasis is shifting from the detection of individual 

particles to the reconstruction of particle systems as the signature of 

energetic constituents, created in the collision or themselves" decay 

products of massive states. For useful sensitivity the reconstruction of 

the complete system ~its Invariant mass- at the few percent level is 

required; this implies the measurement of all particlfes -charged and 

neutral, strongly, electromagnetically, and weakly interacting- and is only 

possible with caloriinetric techniques. Apart from this fundamental physics 

motivation, the instrumental improvement of the calorimetric energy 
-1/2 

measurement, o(E)/E M E , further enhances its benefit. 

The insistence on measuring simultaneously all particles belonging to 

a multijet system has several important consequences: 

- discrimination between particles belonging to a jet and the multitude 

of soft particles as a by-product of the collision. This requires 
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adequate jet-defining algorithms, sufficiently high spatial granularity, 

and a very large dynamic range in signal response. 

- The electromagnetically interacting particles, photons and electrons, 

leave a characteristic signatiu-n, frequently used for identification. 

Isolated muons may perhaps be identified in a calorimeter through their 

minimum ionizing signature, but their momenta cannot be determined 

calorimetrically. Therefore, an unbiased total-energy experiment must 

include a muon detector providing commensurate muon momentum detection. 

-Neutrinos (and weakly-interacting neutrino-like objects, e.g. certain 

supersymmetric particles) are identified and their momenta evaluated 

through the absence of an energy deposit, resulting in an apparent 

momentum imbalance or 'missing' momentum. This technique requires a 

fine-grain detector of sufficient angular resolution. 

Calorimetry is a relatively young experimental tool. It will require 

conceptual developments of the method (Table 1) as well as instrumental 

work (Table 2) to refine it to a level imposed by the physics and 

accelerator environment. Both lines of R&D will require different 

resources and skills, as will be developed in Section 3. 

There is unanimous and rather deep concern about the many implications 

of experimentation at collision rates approaching 100 MHz. This appears to 

be the principal difficulty, and it will require many conceptual and 

technical developments to overcome it. During these preparatory years it 

will be very important to evaluate potential detection techniques not only 

in the laboratory and the test beam, but also assess their performance in 

physics experiments which ressemble from a detector point the experimental 

environment at a super-collider (see Section 3.1). 

I mention just a few points to indicate the present state and lines of 

future work: 

At the CERN Intersecting Storage Rings (ISR) luminosities of 1.8 x 
32 -2 -1 

10 cm s were achieved with the Axial Field Spectrometer in 
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Table 1 

Calorimetry: Methodical developments 

Topic 
Energy resolution of jets versus 
calorimeter performance 

Angular resolution for single 
particles or jets 

Role of longitudinal momentum balance 

Auxiliary measurements: 
- position of event vertex 
- privileged particles: 

muon momentum 
electrons 

high-pT photons 
simulation 

electromagnetic cascade 
hadronic cascade 

Action 
The need to evaluate 'jet' algorithm 
data may be obtained by using SPS 
/Tevatron beams 

Only very limited data available-
tests; simulation + tests (?) 

Physics, detector and machine 
interrelated question 

Needed for invariant mass 

Evaluate existing concepts; 
Isolated: feasible; 
inside jet: impossible? 
Needs case study. 

EGS (SLAC) de facto world standard; 
enormously helpful to use the same 
simulation code everywhere. 

Number of pile-up events 
Fig. 1: Estimate of the degradation of the two-jet invariant mass resolution 
as a function of the number of minimum bias events being detected during the 
sensitive detection time. A hadronic energy resolution of c(E)/E = 0.38//E 
was assumed and the jet particles measured in a jet cone of a = 45° half 
opening angle (adapted from Ref. 1). 
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Table 2 

Calorlmetry: Technological Developments 

Requirement Solution Open questions 

Response independent 

of particle type 

Uranium compensation 

Other methods? 

Response for energies 

E >_ 100 GeV? Improved 

understanding of compen

sation mechanism. 

Spatial uniformity Favour charge-collect. Suitability of room-

don chamber mode) temperature liquids or 

silicon as active R/0? 

Short integration 

time (< 50 ns) 

Fast liquid argon; 

Si, scintillator 

In U-cal charact. time of 

compensation mechanism 

is > 50 ns. 

Dense active R/O Scint; LA; Si Benefits and trade-offs 

of very compact 

calorimeter (very short 

radiation and 

Interaction length). 

Systems integration! 

High granularity Favours charge-

collecting R/0 

Practical aspects: 

cables, electronics, 

data volume! 

Monitoring of performance 

below 1% level 

- Relative energy scale 

- Absolute energy scale 

(beams, resonances.etc.) 

Radiation resistance Charge collection 

in liquids 

Different techniques 

may be used in different 

regions of rapidity. 
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operation (momentum analysis and calorimeter). Based on the successful 

operational experience a physics proposal was submitted with the aim to 

study very rare events for which the highest luminosities were required 

[2]. Similarly, at a super-collider these extreme collision rates will not 

be useful to all experiments, but only to those aiming to study the very 

rare processes, for which the maximum luminosity is absolutely essential. 

One example, studied in detail during the Lausanne Workshop [1], emphasizes 

the very close connection between the precise physics aims and the 

corresponding technical requirements. The estimate of the invariant mass 

resolution for a di-jet system (each jet with p = 0.5 TeV/c) is shown in 

Fig. 1 together with its degradation due Lo the accidental overlap of 

'minimum bias' events. Even a pile-up of 10 additional 'average' events, 

as would be the case with a detector of 100 ns integration time at 100 MHz 

collision rate, would degrade the invariant mass resolution not 

significantly. More generally, the high rate performance of a detector 

depends critically on the characteristic features of the rare events of 

interest, compared with the background of average events, which are 

characterized by a relatively low particle density and low momenta. 

So far we stressed only the changing role of calorimetry but in 

parallel that of the tracking and momentum analysis will require 

reassessment. Whilst the physics case for large-volume spectrometers at 

the super-collider has yet to be argued convincingly, tracking will be 

essential for several auxiliary measurements: 

- selection and position information on the event vertex associated 

with the event of interest is necessary for good multijet mass 

resolution; 

- tracking and signing of leptons may be advantageous; 

- measurements of secondary decay vertices for particle identification 

may be required. 

There are formidable tasks for tracking devices considering the very 

high rate requirements and many instrumental questions will need to be 

addressed: 
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- the form of the magnetic field; 

- the trade-off between magnetic field strength and spatial resolution 

of the tracking device; 

- the evaluation of different vertex chamber techniques and possible 

applications to large tracking chambers; 

- the study of techniques for second coordinate determination along 

the wire direction; 

- the luminosity lifetime of the detectors. 

3. LEVELS OF DETECTOR RESEARCH AND DEVELOPMENT 

In the preceding section the example of calorlmetry was used to 

emphasize that these developments will require a parallel approach at 

different levels: 

i) Technological developments in detector physics, usually require 

efforts commensurate with university facilities ('home institute') and 

should preferentially be carried out there. 

11) Large-scale evaluation of a method or an instrument necessitates the 

facilities of a large accelerator laboratory. Increasingly, such work 

is being done by consortia of groups with different physics but common 

detector interests, 

iil) Standardization: world-wide collaboration and co-ordination, primarily 

in the area of signal processing and data acquisition, have been very 

successful and important. 

3.1 R & D detector physics and technology 

In recent years an impressive arsenal of detection techniques has been 

made available to us. These developments became essential because of the 

increasing energy range of accelerators and storage rings, with their 

greater variety of physics programmes; our motivation to gather 

increasingly more detailed and complete information about increasingly more 

complex interactions forces us to continuously improve the cost/perform

ance ratio of our experiments. These trends will continue as shown in 

Table 3, which gives an incomplete list of areas where future work will be 

advantageous. The size and scope of these studies makes them particularly 

well suited for the intellectual environment of universities: 
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- progress in many of the areas will require an interdisciplinary 

approach (chemistry, solid state, microelectronics); 

- frequently this research is well suited to the training of the students; 

- there may be cross-fertilization of methods and techniques between 

high-energy physics and other sciences; 

- the appreciation of high-energy physics by the other sciences will be 

enhanced. 

Benefits are undisputed, and increased effort in this direction is 

well justified. A particularly important role could and should be played 

by the National Laboratories or Academy Institutes in catalysing increased 

participation of university departments in this field. Attention to 

practical problems will be helpful, e.g. access to documentation which is 

not always easily available, particularly in smaller institutes. The 

required systematic and detailed summaries of detector activities exist 

only in some very rare cases [3], but I am encouraged that an 

ECFA-organized Europe-wide survey on microprocessor activities could serve 

as a model for similar exceedingly useful documentation efforts [4]. 

Table 3 

EXAMPLES OF R&D TOPICS OF INTERDISCIPLINARY CHARACTER 

Scintillators 

efficiency, response to densely ionizing particles; crystals; gaseous, 

liquid scintillators. 

Charge transport 

in gases: drift with low diffusion, low/high saturated v , 

magnetic field; UV-lonizlng (large-area single-photon detectors'.); 

- in liquids: same as above; role of impurities (& diagnostics), 

recombination. 

Radiation damage 

solids (semiconductors, scintillators) 

gases (wire detectors). 

X-ray detection 
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At the other end of the spectrum of detector R&D we find the large-

scale evaluations of an expensive instrument or the concepts of a new 

detector method, requiring access to facilities provided at only a few 

centres. These 'tests' represent a major commitment in money, manpower, 

and beam time resources comparable in scale to typical major high-energy 

physics experiments of a few years ago. A clear indication of the level of 

the efforts involved is the trend to share the load between different 

groups with different physics Interests but similar detector needs. A few 

examples of 'test' collaborations will amplify this point. 

i) Ring-Imaging Cherenkov (RICH) tests: One R&D effort on this method is 

at present being carried out at the CERN Super Proton Synchrotron (SPS) by 

a group participating in a CERN pp Collider experiment (UA2) and by a 

second group with an approved LEP experiment (DELPHI). Besides jointly 

developing this novel technique, the groups are preparing RICH counters to 

be installed in the UA2 experiment in the coming months. This will ensure 

the essential step needed to assess a new method in the rough experimental 

environment and to prove its worth by the level of new physics results. 

These two groups were recently approached by yet a third group committed to 

a totally different physics programme and interested in evaluating certain 

aspects of the method which was not originally planned by the other two 

groups. But the spirit of interregional collaboration, very characteristic 

of high-energy physics, is perhaps best illustrated by the fact that the 

DELPHI expertise in these detectors was freely transferred to an experiment 

at Stanford, which has decided to adopt these techniques and which plans to 

operate their experiment at SLAC in direct competition with DELPHI. 

ii) Uranium calorimeter tests; The only existing large instrument of this 

kind is at present being jointly tested by members of a group with an 

approved SPS physics programme and by representatives of several European 

universities interested in the HERA physics programme. The efforts are 

being shared and arrangements made to ensure that the somewhat different 

test requirements imposed by the different physics programmes will be met. 

Besides the study of technical questions of interest to the groups and of 

more general interest attempts are being made to evaluate the physics 

performance of such instruments. 
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iii) As a third example I mention the test of a uranium/liquid argon 

hadron calorimeter, planned for 1985 at the CERN SPS. This device will 

measure energies in the TeV range with <_ 1% energy resolution and with a 

time response which would be adequate for operation at a hadron collider 
33 -2 -1 

with L = 10 cm s Technically it will therefore be very 

similar to the super-collider calorimeters under consideration, albeit with 

a ten times smaller sensitive area. 

Rather generally, experimentation and the necessary detector 

development for the SPS and Tevatron fixed-target programmes can be 

considered of direct relevance for future facilities (HERA, Super-collider). 

Novel experimental methods such as calorimetry can be evaluated now in an 

experimental environment. It is also a very effective way to combining 

goal-oriented detector development with participation in a physics 

programme. 

The scale of these development efforts with their diverse constituen

cies suggests increased participation of the Programme Committee in the 

allocation of beam time, in reviewing the goals, and in monitoring the 

progress. As for experiments, the status reports and Committee Minutes 

would be a useful means of disseminating information. The groups involved 

in these frequently unique tests share the responsibility to carry out 

rather complete evaluations even if this goes beyond their own immediate 

physics requirements. 

4. COLLABORATION WITH INDUSTRY 

Typically, half of the experimental construction budget is spent on 

contracts with industry, yet their relations with the high-energy physics 

community have not always received adequate attention. Efforts to attract 

or develop interested industries have been sporadic, but our drive for more 

finely tuned and diversified instrumentation has strongly increased the 

need for joint effort. Broadly one may distinguish two categories, which 

will be descrived below with some examples. 
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4.1. Joint development and construction 

We cannot point to many striking examples of successful collaboration 

in this area. There are many obstacles, such as the technical and 

commercial risks associated with such ventures or inadequate contractual 

provisions. The field is therefore strongly marked by the enterpreneurship 

of some companies, or, more precisely, of individuals in these companies, 

who have a certain style when dealing with this special market. Amongst 

some of the recent successes (apart from collaboration in the field of 

electronics) can be counted the development of silicon microstrip 

detectors, of photomultipliers with 50 cm diaraetre spherical cathodes, and 

of vacuum photodiodes and triodes, or the construction of large, 

intricately shaped parts made from composite materials. 

This delicate art of collaboration with industry has been most 

successfully cultivated by our hosts, and I wish to describe this 'Japanese 

style'. As one example I quote the impressive construction of the time 

projection chamber (TPC) for the TOPAZ detector. This chamber will have a 

length and diameter of 260 cm and will be operated at 4 atm. The signal 

end-plates carry 16 x 180 proportional wires and are read out by 

approximately 12,000 signal channels. The physics group has ordered, or is 

in progress of ordering, from industry -with price, delivery, and 

performance guarantee- the following items: pressure vessel, high-tension 

field cage, end-plates with wires, and possibly the digital electronics. 

The physicists of course participate closely in the prototype stage and in 

the definition of the critical parameters. In parallel, studies are 

carried out in the industrial R&D laboratories, and I get (from the 

outside) the impression of a highly integrated collaboration, where the 

physicists provide the conceptual input and industry contributes with the 

technical and managerial know-how. 

Several reasons explain the attitude of the Japanese industry: 

- High-energy physics projects present one of the few ways of 

participating in very advanced technology, in a country where there 

are no major military or space programmes. Spin-off and the 

reputation resulting from these high technology collaborations are 

highly valued. 
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- Industry effectively uses the resources available at the high-energy 

laboratories, which provide special test facilities, test and 

performance data, etc. 

- Japanese industry does not always expect financial profit from these 

collaborations. It is considered part of their R&D effort and some of 

their own R&D money is used for it. 

- However, these collaborations are always undertaken with the 

expectation of long-term business advantages. 

4.2. Supply of special goods 

This is the more traditional role of industry, the supply of 

electronics instrumentation being a typical, rather successful, example. 

However, a coherent policy towards industry has not yet emerged, which is 

reflected in a lack of continuity in our business relations. One of the 

difficulties comes from the very large fluctuations that characterize the 

demands in our field on a time scale which is much shorter than the typical 

industrial scale of 10-15 years. As an example, during the last few years 

more than 100 tons of scintillator were used in only a few major 

experiments. Contrast this with the LEP experiments, for which very little 

sheet scintillator will be required. 

However, even with the big fluctuations in demand, and with the 

typically rather small quantities required, we may still be an interesting 

customer for companies who can tailor a standard product or production line 

to our specific requirements (example: acrylic scintillator is delivered by 

the acrylics industry). 

Apart from these general comments, a few simple guidelines may help to 

improve industrial contacts: 

- make actively available any technical information produced by our 

instruments (high-statistics reliability evaluation; long-term 

stability of instruments; ageing of photomultipliers; radiation damage 

to integrated circuits and Si detectors, scintillator crystals, or Pb 

glass; properties of materials, evaluation of electronics circuits, 

etc.). 

- recognize and periodically evaluate technological spin-off [5]; 
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- improve contacts with industry: industry participation in conferences 

[6] or industry exhibits at the major laboratories; 

- facilitate contacts with newcomers (provide an 'early warning 

system' for emerging technologies, issue technical summaries of 

proposals, include an industry column in laboratory journals). 

Finally, I wish to show with a few examples that sometimes very 

spectacular successes may be achieved with an imaginative combination of 

resources, skills, and goodwill, frequently involving the central 

laboratories, universities, institutes, industry, and government agencies. 

i) Uranium metal procurement for hadron calorimeters 

European and US institutions collaborated in the construction of a 

large hadron calorimeter for an ISR experiment for which approximately 200 

tons of depleted uranium metal were required [7]. The group suggested 

that, through discussion between the CERN and BNL directorates and their 

counterparts in the US Department of Energy (DOE) having responsibility 

for High Energy Physics programmes, an agreement might be reached to obtain 

this metal on loan from the DOE reserve - a prerequisite if such an 

instrument were to be built within available funding. Not only was 

agreement obtained, but also the numerous technical and political 

difficulties of this novel approach overcome. This network of contacts and 

negotiations made possible the construction of the calorimeter, which 

subsequently, through the operation, demonstrated the superiority of 

uranium calorimeters for hadronic energy measurements. Under a similar 

arrangement the Soviet participants in the L3 LEP experiment plan to obtain 

several hundred tons of uranium from the Soviet authorities for the 

construction of the L3 hadron calorimeter. 

ii) Procurement of BGO crystals for the L3 LEP experiment 

The exceptional performance characteristics of these crystals for 

photon energy measurements induced this group into using these crystals for 

their LEP experiment. When proposed, it was anticipated that the world 

production rate was insufficient - and the world price far too high. The 

strategy planned to achieve this new level of price and availability is the 

following, unusually elaborate, collaboration: the raw chemical substances 
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are provided by the USSR part of the collaboration; they are subsequently 

purified and. shipped to the People's Republic of China (which has a group 

participating in this experiment), where the crystals are grown for later 

use at CERN. This solution might result in improved and cheaper production 

methods which would make this material accessible to many other experiments. 

iii) Our needs for unusual or rare materials in especially large 

quantities is steadily growing. Already people are considering the 

advantages of calorimeters where scintillator is replaced by thousands of 

square metres of silicon-detectors, provided a price reduction of a factor 

of 100 is obtained. Thus one can imagine constellations combining unique 

resources in different countries to obtain such products. 

These examples will suffice to indicate that within our geographically 

and culturally widespread interregional collaborations, the imaginative 

combination of resources and skills may provide us with instruments of an 

effective value far beyond the means or capability of an individual region. 

One should stress the fact that for these large scale procurement 

operations all regions may co-operate very effectively and productively, 

frequently in a in a very complementary way. 

5. INTERREGIONAL COLLABORATION ON STANDARDIZATION 

5.1 Standards for signal processing 

This is perhaps the area with the longest history of successful 

collaboration. The advantages of standardization in this area are 

undisputed with benefits not limited to an individual experiment. Already 

in the early 1960's the need for standardization was recognized, which led 

to the first universally accepted IJuclear instrumentation Modules (NIM). 

Subsequently, during the 1970's the CAMAC standard was developed -mostly 

through European Initiatives- which defines the protocol of communication 

between signal processing units and a data-acquisition computer, as well as 

their mechanical and electrical environment. It became the rather 

universally accepted standard for electronics instrumentation in high 

energy physics, making also some inroads into Industrial control 

applications. Although CAMAC was well adapted to experiments in the 1970's 

- 304 -

are provided by the USSR part of the collaboration; they are subsequently 

purified and shipped to the People's Repub1ic of Ch1na (合hichhas a group 

participating 1n this exper1ment)， where the crystals are grown for 1ater 

use at CERN. Th~s solut1on m1ght result 1n improved and cheaper production 

methods which would make this mater1a1 access1b1e to many other exper1ments. 

1ii) Our needs for unusua1 or rare materia1s 1n especial1y 1arge 

quantities 1s stead11y grow1ng. A1ready people are cons1dering the 

advantages of ca10rimeters where scintil1ator 1s replaced by thousands of 

square metres of si1icon-detectors， provided a price reduction of a factor 

of 100 is obtained. Thus one can imagine conste11ations combining unique 

resources in different countries to obtain such products. 

These examp1es wi11 suffice to indicate that within our geographica11y 

and cu1turRl1y widespread interregiona1 co11aborat1ons， the imaginative 

combination of resources and ski11s may provide us with instruments of an 

effective value far beyond the means or capabi11ty of an individua1 region. 

One shou1d stress the fact that for these 1arge scale procurement 

operations主主主 regions may co-operate very effective1y and productively， 
frequently in a 1n a very ~omp1ementary way. 

5. INTERREG工ONALCOLLABORAT!ON ON STANDARD工ZATI0N

5.1 Standards for signa1 processing 

This is perhaps the area with the longest history of successful 

collaboration. The advantages of standardization in this area are 

undisputed with benefits not limited to an individua1 experiment. A1ready 

in the ear1y 1960's the need for standardization was recognized， which 1ed 
to the first universa11y accepted Nuclear .!.nstrumentation旦odules (N工M).

Subsequently， during the 1970' s the CAMAC standard was developed -most1y 

through European initiatives- wh1ch defines the protoco1 of cOlDIDunication 

between signa1 processing units and a data-acquisition computer， as we11 as 
their mechanica1 and e1ectrica1 environment. 工t became the rather 

universa11y accepted standard for e1ectronics instrumentation io high 

eoergy physics， making a1so some inroads into indus tria1 contro1 

applications. A1though CAMAC was wel1 adapted to experiments in the 1970's 

-304 -



it was too limited for the new generation of detectors of the 1980's. A 

new standard FASTBUS was elaborated, this time initiated by US 

laboratories. The definition of the mechanical and electrical environment 

reflects the large increase in the number of signal channels and defines 

the protocol for interactions with several computers and intelligent 

controllers. From its early conception the US/NIM Committee (responsible 

for the US nuclear instrumentation), together with ESONE, their European 

counterpart, elaborated the specifications. In 1980 a preliminary version 

was jointly issued as a basis for co-ordinated investigations of hardware 

and software, culminating in specifications, issued by the US Department of 

Energy and the European Economic Community in 1984, followed by endorsement 

by several International Standards Committees. Since then, ESONE has set 

up an 'Advanced Systems Study Group' to co-ordinate the implementation of 

general-purpose software and hardware. In a relatively short time this new 

standard has won the acceptance of the experimental community (the LEP 

experiments, the Tevatron Collider experiments, SLAC experiments, TRISTAN 

experiments) and intensive industry support. 

The secret of this success? It is a general-purpose 'product', not 

tailored to the details of an experiment. The NIM and ESONE Committees are 

relatively small groups of highly motivated professionals, representing In 

a rather democratic way the many smaller laboratories as well as the few 

major centres. c 

Repeated attempts have been made to extend these concepts of 

standardization to other areas, e.g. to define 'standardized' signal 

processing blocks, but so far these efforts have met with only limited 

success: the typical number of units per experiment is in the range of 
4 5 

10 -10 and is rather well matched to present techniques of custom 

circuit fabrication. It is an order of magnitude below the economically 

attractive technique of custom integration. However, a few notable 

exceptions may indicate a changing trend: 

- a fast (300 MHz) discriminator shift/register was developed for 

chamber readout at BNL and was subsequently commercialized; 

- a 128 channel charge amplifier with sample-and-hold and built-in 

register for multiplexing sampled signals to a common ouput was 

jointly developed between SLAC, the University of Stanford and CERN; 
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and software， cu1minating 1n specificatlons， issued by the US Department of 
Energy and the European Economic Community 1n 1984， fo11owed by endorsement 
by several 工nternational Standards Comm1ttees. Since then， ESONE has set 

up an 'Advanced Systems Study Group' to co-ordinate the imp1ementation of 

general-purpose software and hardware. 工na relatively short time this new 

s tandard has won the acceptance of the experimenta1 communi ty (the LEP 

experiments， the Tevatron Col1ider experiments， SLAC experiments， TRISTAN 
experiments) and intensive industry support. 

The sec re t of this success? 1 t is a genera1-purpose ' produc t'， no t 

tailored to the details of an experiment. The NIM and ESONE Committees are 

relatively sma11 groups of highly motivated professionals， representing in 
a rather democratic way the many sma11er 1aboratories as we11 as the few 

major centres. 
C 

Repeated attempts have been made to extend these concepts of 

standardization to other areas， e.g. to define 'standardized' signa1 

processing b10cks， but so far these efforts have met with on1y 1imited 

success: the typica1 number of units per experiment 1s in the range of 
4 ~ ~S 

10~-lOJ and is rather well matched to present techniques of custom 

circuit fabrication. 1t is an order of magnitude be10w the economical1y 

attractive technique of custom integration. However， a few notab1e 

exceptions may indicate a changing trend: 

- a fast (300 MHz) discriminator shift/register was deve10ped for 

chamber readout at BNL and was subsequently commercialized; 

- a 128 channel charge amplifier with samp1e-and-hold and built-in 

register for multiplexlng samp1ed slgnals to a common ouput was 

jointly developed between SLAC， the University of Stanford and CERN; 
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- an internationally co-ordinated effort is being made to obtain 

custom integration of the electronics required for handling the 

FASTBUS protocol on modules. This would primarily save board space 

and power, perhaps even money. The industrial collaboration is 

jointly financed by CERN, FNAL, NBS, TRIUMF, and SLAC. 

- The Munich Max Planck. Institute for High-Energy Physics and the 

Dortmund University Institute for Micro-Electronics are collaborating 

in the production of a general purpose CMOS preamplifier for the 

readout of Si strips detectors, IPC's, and other detectors requiring 

low-noise charge amplifiers. 

I will end this section by noting a few examples where increased 

interregional collaboration would be helpful: 

- SLAC is working on a uVAX-FASTBUS board for trigger and event 

filtering; 

- Emulators, an example of a very successful SLAC-initiated- CERN 

followed co-operation, are increasingly being used; 

- coordination in the field of networks, emulators, and off-line 

requirements is being tackled on a Europe-wide scale by the 'Computer 

Coordination Committee'. 

5.2. Standards for data management 

The needs of the LEP experiments gave a strong impetus to the efforts 

to arrive at a standardized environment for data handling and processing. 

ECFA was instrumental in setting up various working groups which surveyed 

the needs and made recommendations that could be accepted on a Europe-wide 

basis. A few timely examples may indicate present directions: 

i) EPIO stands for EP-division-Input-Output-package. It comprises the 

definition of a 'carrier' format for any kind of data, and a set of 

routines for reading and writing. Originally developed for the 

experiments at the CERN pp Collider, it is being ever more widely used 

in CERN experiments for all I/O operations from data recording to DST 

analysis. 
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Memory Managers: several approaches have been developed, such as HYDRA 

or, more recently, ZBOOK and BOS. These are packages to handle the 

dynamic management of data 'banks' and associated book keeping 

chores. A new system (ZEBRA) is under active preparation at CERN and 

will be recommended for general use. 

iii) Source—Code Managers: the need here is for a method of 

maintaining and updating source code, and distributing it to the 

several different makes of main-frame. Despite its advancing years, 

the CERN-written PATCHY is almost unique for fulfilling these two 

functions, although the commercial product HISTORIAN is currently 

being evaluated. Computing away from CERN could not be done on the <? 

many different machines of outside laboratories without such 

facilities. 

iv) Standards for Detector Simulation: There are three aspects of 

detector simulation: 

1) the physics event generator (e.g. ISAJET, Lund model); 

2) definition of detectors and tracking to them; 

3) detailed simulation of detector response (e.g. EGS for 

electromagnetic showers); 

For (1) and (3) there will always need to be a wide choice to cover 

the various applications. For example, EGS is extremely expensive in 

computer time, and faster, cruder simulations are often sufficient. 

For item (2) there is a discernible trend towards GEANT as a standard 

package, and it is to be noted that present developments of GEANT place 

considerable emphasis on displaying events and detectors on the whole range 

of 'screens'. 

It is interesting to note that European efforts to arrive at certain 

standard utility programs are not yet matched by equivalent efforts in the 

in other regions, e.g. the United States. With ever-growing collaborations 

a stronger degree of co-operation would provide obviously important 

benefits. 
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6. Conclusions 

We have a conceptual understanding of the experimental requirements at 

a future hadron collider in the 10 to 40 TeV range, although the technical 

difficulties, particularly associated with 100 MHz collision rates, are 

formidable. 

Reassessement of various experimental methods and the reliance on 

calorimetry as the principal tool suggest different levels of 

c ollaboration: 

i) A wide spectrum of detector physics R&D will be desirable, one 

well-suited to the interdisciplinary university environment. National 

institutes might act as catalysts, 

ii) Large-scale expensive 'tests', including the evaluation of the physics 

performance of a new method are required. Intergroup collaborations 

will carry out these tests. The help of programme committees and 

large laboratories is required. 

Wide-spread interregional collaborations facilitate the procurement of 

rare or unusual products. 

It is in our own interests to nurture our relations with industry. 

Standardization in signal and data handling has been very successful, 

and it provides the basis for physics on an interregional scale. The 

methods by which this has been accomplished may be borrowed by other groups 

who wish to achieve similar results. 

I have concentrated on those positive aspects which should prepare us 

for the next round of experimentation. We have not forgotten and have all 

suffered from the problems encountered in interregional dealings 

-essentially of a bureaucratic nature and origin- which stifle these 

efforts and which range from mere irritation to major stumbling blocks. 

This is the dimmer side of the interregional style, but its discussion 

belongs to the history books. 
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I. Introduction 

On May 17, 1984 there took place a panel discussion on Future R and D 

Cooperation, with members of the panel G. Brianti, Y. Kimura, M. Tigner, G-A. 

Voss, V.A. Yarba and chairman A.M. Sessler. In this brief report I will des

cribe the main points covered in the presentation and, then, the audience 

response to that presentation. 

The meeting opened with the chairman remarking that the primary purpose 

of the ICFA Seminar was, in fact, cooperation. Not, he hastened to add, 

cooperation for its own sake, but because some of us feel that it is good for 

high-energy physics. Is this really true ? Is cooperation good, or does it 

cut down on competition which is essential to the health of our science ? 

Thus, it was proposed that the first topic to be addressed be just this of 

whether or not more cooperation was called upon. 

It was noted that in industry, where the product is money, not new know

ledge, it appears that cooperation is advantageous and most of the govern

ments of the world have regulatory agencies to prevent undue collision: 

"trust breakers", "cartel destroyers". Yet the balance is delicate: forced 

cooperation doesn't appear to work and undue competition can be counterpro

ductive. 

So, first it was necessary to examine R and D on accelerators so as to 

judge whether, or not, more cooperation is called upon. All of us would agree 

that the competition of the past has been beneficial, even essential, to our 

field, but perhaps it has been, or is now excessive. 

Thus, the first three items were placed upon our agenda. (Items II, III, 

IV in the Outline) 

Our examination of the past suggested the need for new mechanisms and a 

particular scheme was proposed. (Item V and the Appendices) But, of course, 

the Panel only consisted of five people and it was very important to obtain 

the audience reaction to the proposal. This reaction is covered in the final 

section (Item VI). 

II. A Brief Look at the Past 

Each of the Panel Members, in turn, gave a 5' to 10' presentation of 
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anecdotal information concerning R and D cooperation experiences in his coun

try. This information was not comprehensive, often personal in nature, but 

served to illustrate the extent, variety, and effectiveness of past cooper

ation. 

In this report we will not Include this material; for, as I have noted, 

it was not comprehensive in nature. It did, however, perform a useful purpose 

in the overall presentation; for it gave the audience a good "feeling" for the 

present degree of cooperation. 

III. A Survey of R and D Activities in the US 

In order to understand the extent and nature of R and D on accelerators, 

the> "advanced" portion of accelerator R and D in the US was presented. The 

"advanced" reseach is not that research, both theoretical and experimental, 

which is directed towards improving the day-to-day operation of accelerators 

or storage rings. This work tends to be the development of solutions to 

specific facility-related problems. Rather, "advanced" research is that which 

is directed towards solution of general problems and hence the extension of 

accelerator technology. 

Thus the following list, which only includes "advanced" items, tends to 

be a bit arbitrary, because there is no clean line between accelerate R and D 

and advanced accelerator R and D. 

National Laboratories 

Argonne National Laboratory 

Advanced R&D on H sources, wakefield effects, and phase space cooling (elec

tron and stochastic). Development of advanced superconducting magnets for use 

in high energy beam transport systems has been done and the laboratory sup

ports an advanced capability in superconducting RF acceleration under its 

program in nuclear physics. 

Brookhaven National Laboratory 

Advanced R&D capability and facilities to support all phases of superconduct

ing magnet and wire development. Special R&D capability in H - sources, laser 
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accelerators (inverse free electron and grating accelerators)*, radio frequency 

quadrupole, large cryogenics systems, RF systems, ultrahigh vacuum technology, 

beam instrumentation, and advanced computer control systems. 

Cornell University - Wilson Synchrotron Laboratory and Newman Laboratory 

of Nuclear Studies 

Development of advanced superconducting RF systems, special beam instrumenta

tion, and theoretical studies of collective effects and wakefields in electron 

positron storage rings and advanced devices such as grating accelerators. 

Fermi National Accelerator Laboratory 

Advanced R&D capability and facilites to support all phases of superconducting 

magnet and wire development. Special R&D capability in phase space cooling of 

particle beams (stochastic and low and intermediate energy electron cooling), 

H ion sources, antiproton source technology, large cryogenic systems, RF 

systems, advanced power supply systems, and advanced computer control systems. 

Los Alamos National Laboratory 

Special R&D capability in theory and hardware development of radio frequency 

quadrupoles. Special R&D capability in H ion sources, beam instrumentation, 

RF systems, laser accelerators (inverse free electron laser and beat wave 

acceleration), RF systems and specialty electronics. 

Lawrence Berkeley Laboratory 

Advanced R&D for superconducting magnets and wire development with special 

emphasis on very high field (B > 8 T) magnets and on the use of super-fluid 

helium cooling of magnets. Theoretical studies and hardware development of 

stochastic cooling of particle beams. Special capability in superconducting 

materials, beam instrumentation, RF systems and computerputer control. Theory 

group is particularly strong in magnet lattice design for accelerators and 

storage rings, long-term orbit tracking, nonlinear beam dynamics, and collec

tive phenomena. 

Stanford Linear Accelerator Center 

Advanced R&D capability and facilities to support all phases of electron llnac 

development with special emphasis on iris loaded wave guide structures. R&D 
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in high power RF sources with extensive special tube fabrication capability. 

Active program of high power klystron technology. Special R&D capability in 

surface physics of conventional and superconducting RF structures, supercon

ducting RF acceleration systems, beam instrumentation development, advanced 

computer control, RF systems, advanced power supplies, electron gun develop

ment, and high gradient accelerating structures. Special program of R&D on 

large linear collider technology. Theory group has special capabilities in 

nonlinear beam dynamics, beam-beam interaction, wakefield phenomenon, numeri

cal computation and simulation of electron guns, advanced magnet lattice and 

beam transport system design, and polarization phenomenon in storage ring?. 

Special Research Projects 

Brookhaven National Laboratory - C. Pellegrini 

Theoretical and computer simulation studies of the inverse free electron laser 

and the similar "two wave" device. The study includes the development of con

ceptual designs of these devices. 

University of California at Los Angeles - C. Joshi and F. Chen 

Theoretical and experimental study of the laser beat wave accelerator. 

University of California at Santa Barbara - J. Fontana 

Theoretical study of the physics of laser acceleration of charged particles 

via the inverse cerenkov effect including the use of analytic and computer 

simulation techniques to study the effects of multiple scattering, breakdown 

discharge threshold, and laser power density. 

Clarkson College - T. Bountis 

Theoretical study of the nonlinear dynamics of particle beams in electron-

positron storage rings with special emphasis on applying the analytic tech

niques of current nonlinear mechanics research to the development of compre

hensive models of the beam-beam interaction. The research includes a com

parison of computer simulations with actual storage ring performance. 

Columbia University - W.Y. Lee and R.R. Wilson 

Study of the accelerator and storage ring requirements for an electronproton 
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colliding beam facility with special emphasis on accelerator physics problems 

effecting luminosity and electron beam polarization and on problems related to 

carrying out physics experiments with such a facility. 

Cornell University - L. Hand 

Theoretical study of accelerator physics issues involved in the design of an 

isochronous storage ring free electron laser and its use as an intense source 

of radiation. 

Cornell University - J. Nation 

Theoretical and experimental study of the acceleration of positive ions using 

slow space charge waves propagating on weakly relativistic, high current elec

tron beams. The theoretical studies involve extensive simulation by Cornell 

and by Mission Research Corporation as a subcontractor to Cornell. The 

experimental apparatus provides a demonstration of staging in a collective 

effect accelerator. 

Georgia Institute of Technology - J. Ford 

Theoretical and computational investigations of the mechanisms of slow dif

fusion in undamped and damped oscillating systems. This work uses the tech

niques of theoretical nonlinear mechanics to study the effects of diffusion 

and storage ring parameters on stability questions related to the beam-beam 

interaction in electron positron storage rings. 

Houston Area Research Center - R. Huson and P. Mclntyre 

Design studies of superferric magnet technology and associated support systems 

and accelerator physics questions in support of the U.S. National study of the 

proposed Superconducting Super Collider. Houston Area Research Center is the 

management and contracting representative for a consortium of unversities and 

U.S. national laboratories formed for the purpose of carrying out this partic-

ular R&D study. 

University of Illinois - R. Dowing 

Development of special circuits, software and protocols for the Fastbus in

strumentation standard developed for high energy physics. 
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Lawrence Berkeley Laboratory - A. Sessler 

Theoretical and computational studies of the "two beam" accelerator concept in 

which one beam of low energy very high current electrons is used to generate 

one intense RF pulse which is in turn used to accelerate a high energy low 

current electron beam. Work is in collaboration with Lawrence Livermore 

National Laboratory (LLL) and is expected to lead to an experimental test of 

the two beam accelerator concept. 

Los Alamos National Laboratory - S. Singer 

An experiment using the Helios laser to generate space charge waves in a 

plasma and a search for "hot" electrons emitted by such a plasma. Also 

includes theoretical computations and simulations. This work is part of the 

R&D effort to study the plasma beat wave concept. 

University of Maryland - A. Dragt and R. Gluckstern 

Task A, Dragt - Theoretical and computational studies of charged particle 

beams in transport lines, accelerators and storage rings using Lie Algebraic 

techniques. Includes further development of the Lie algebra method, which was 

pioneered by Dragt in this application for the purpose of developing a new, 

more effective method of handling nonlinear phenomena in magnet optical 

systems. 

Task B, Gluckstern - Development of advanced methods for the computation of 

electromagnetic fields in cavities and permanent magnets and their application 

in transport systems, accelerators, and storage rings. 

University of Maryland - M. Reiser 

Task A - Experimental and theoretical study of instabilities and emittance 

growth of low energy, space charge limited particle beams in periodic focusing 

channels. 

Task B - Experimental and theoretical study of collective ion acceleration in 

slow wave structures and in pulse powered plasma focus devices. 

Massachusetts Institute of Technology - Y. Iwasa 

Development of acoustic emission diagnostic techniques and associated instru

mentation and methodology for analyzing the performance of high field, high 

current density superconducting magnets. 
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Mathematical Sciences Northwest - J. Slater 

A study of laser and related technology as applied to the acceleration of 

charged particle-beams. The purpose is to assess the suitability of present 

laser technology for use in various proposed laser acceleration schemes, 

identify and describe special devices or techniques of particular interest and 

indentify special problems and shortfalls which require R&D. 

National Bureau of Standards - L. Costrell 

Development of the new interface and instrumentation standard for high energy 

physics known as "Fastbus". (cf. DOE/ER-0189, "Fastbus, a Modular High Speed 

Data Acquisition and Control System for High Energy Physics and other Applica

tions", December 1983.) 

National Bureau of Standards - A. Clark 

R&D in support of the development of "consensus standards" for the properties 

of superconducting materials. 

Naval Research Laboratory - P. Sprangle and CM. Tang 

Theoretical studies of the laser beat wave and inverse free electron laser 

concepts. Development of fully-relativistic, nonlinear one dimensional model 

of the formation of plasma waves in the beat wave device and extension of this 

model to include stimulated two-dimensional processes. Study of the special 

problem of focusing of intense laser beams over extended distances and appli

cation of this to the inverse free electron laser concept. 

Physical Dynamics - R. Helleman 

Theoretical study of the long term stability of particle orbits and beams in 

accelerators and storage rings. A combination of numerical particle tracking 

with recently developed analytic methods involving the concepts "invariant 

tori" and "basins of attraction" used in the study of stochastic systems. 

Supercon Inc. - J. Wong 

Development of the metallurgy, fabrication processes, and quality control 

methods for the development of an advanced Nb.Sn superconducting wire for 

application in very high field dipole magnets for high energy physics. 
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University of Wisconsin - D. Cline 

Experiments and theoretical study of the problems of "intermediate energy" 

electron cooling of particle beams in storage rings at proton energies above 1 

GeV. Being carried out in collaboration with Fennilab (F. Mills) and the-

National Electrostatics Corporation (M.L. Sundquists). 

University of Wisconsin - D. Larbelestier 

A study of the basic relationships which exist between fabrication processes, 

the metallurgy, and the resulting critical current density in NbTi supercon

ducting composite materials. The purpose of the study is to raise the criti

cal current density of NbTi materials used in the fabrication of superconduct

ing magnets for high energy physics. An extensive interaction with U.S. 

superconducting wire manufactures to understand the impact of production 

processes on wire performance and to improve quality control is part of the 

study. 

IV. A Categorization of R and D 

Recently, there was convened a Technical Sub-Panel on International 

Cooperation in High Energy Physics. That Panel, following the suggestion of 

Burton Richter, produced a categorization of R and D cooperation which is 

helpful to those thinking about the subject. 

They defined three classes of R and D work: 

A Parallel R and D 

No joint funding, no formal coordination. 

Information exchange through meetings, reports, visits 

(this has been highly effective and represents 94±5% of our collaborative 

effort. Examples: Accelerator design, strong focusing, superconducting 

magnets, accelerator theory) 

B Collaborative R and D 

Two or more groups pool resources (money, people, installations) 

(e.g. superconductive rf work between DESY, CERN, Karlsruhe). 
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C Coordinated R and D 

Work gets divided among participating group. 

(Sometimes formal agreements are made, but more often there are informal 

agreements such as that on superconducting rf between CERN-DESY-Dniv. of 

Wuppertal). 

V. A Proposal: ICFA Sponsored Standing Panels 

It was the view of the panel that a more formal system of cooperation is 

called for. We proposed that ICFA sponsors such a mechanism, which could take 

the form of groups of working scientists, meeting on a regular basis, to share 

information, to exchange results, to divide up (on a voluntary basis) tasks, 

to motivate particular research, etc. 

The specifics will vary from activity to activity. Note that we didn't 

propose setting up one group, a super HEPAP or Wood's Hole, but rather many 

groups. How this might be done, in some example working groups, was discussed 

by members of the panel and is included, here, as Appendices A through E. 

VI. Audience Reaction 

The audience reaction was quite favorable to the proposed scheme. A 

number of important points were, however, raised in the discussion: 

It was emphasized that publication of information was an important 

activity. The various panels must inform others of their existence, and where 

various activities are underway, especially as to include new people in their 

work. 

It was pointed out that a panel on New Acceleration Schemes should not 

restrict, or dampen, crazy ideas. 

There was considerable discussion about "facilitation" vs. "planning". 

It was difficult for me to clearly understand this difference, but it was very 

clear to me that the audience did not want the proposed panels to become 

"heavy handed" and restrict the initiative of the various laboratories. Of 

course, we agreed with this, but noted that the active participants on one of 

the ICFA Panels might well agree to have certain groups carry out some work, 
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while other groups carry out different work: i.e., engage in "planning". 

There was discussion of commercialization, both a recognition of the pro

blems this presents and a hope that the proposed panels might, especially by 

setting standards, facilitate this process. 

There were some remarks, on a very high plane, concerning the fragility 

of the present human condition and the hope that the proposed panels, although 

small steps, indeed very small steps, in the direction of international 

cooperation were, nevertheless, in the correct direction and that they should 

be taken. This spirit was echoed by a number of other participants from the 

audience and the discussion closed on this very positive note. 
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Appendix A: Development of Superconducting Magnets and Cryogenics 

G. Brianti 

After two decades of development of superconducting magnets, a number of 

very important achievements have been made in the last few years. The most 

significant of these is the Tevatron at Fermilab. Very successful prototype 

magnets have been built for HERA, UNK and the proton ring of Tristan. All 

this work demonstrates that large superconducting magnet systems can be built 

and operated. This permits not only to increase the beam energy in a given 

tunnel, but to reduce the investment cost per Tesla meter, and even more the 

power consumption. The magnet systems mentioned above operate at field levels 

of 4 to 5 T. The development should continue toward higher fields of 8 to 10 

T with adequate current density. It is indeed very important for small bore 

magnets (40 to 50 mm inner diameter of coil) to achieve overall current 
_2 

densities in the coil cross-section a.s high as possible (300 to 500 A mm ) , 

which in turn implies current densities in the non-copper part of the wire of 

1,300 to 2,000 A mm" . 

Two lines of development are open here: Nb3Sn of <v» 4.5°K and NbTi at <x* 

2°K. In principle the most promising material is Nb,Sn because of its higher 

critical field and temperature (more relaxed cryogenic system). Its drawback 

is brittleness and fragility, which requires either final reaction of the 

composite to obtain the superconducting state after winding, or else magnet 

coils wound with relatively large radii using pre-reacted material. The 

alternative line of development is to use NbTi conductors at lower tempera

tures ('v- 2CK). The advantage is that the material can be wound in the reacted 

state, but the disadvantages fall on the cryogenic system. An assessment 

should be made as to whether or not a 2°K cryogenic system is practical and 

economically acceptable for multi-Tev hadron colliders. 

The development of high field magnets consists of different phases: 

1) definition and production of new enhanced superconductors and their 

testing 

2) model work on coil packages, force retaining structures, etc. 

3) prototypes for a given well-specified project. 

The international coordination, or eventually collaboration, would be most 

profitable and probably easier to organize for phase 1) and, possibly, for 

phase 2) than for phase 3). 
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Proposal to ICFA 

To encourage the formation of an international group of people 

active in the field to: 

i) review progress, enhance exchange of information, etc. 

(Parallel R and D) 

ii) promote sharing out of work and attempt to avoid 

duplication (Coordinated R and D) 

iii) constitute the possible frame-work for collaborative R and D. 
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Appendix B: Uses of rf Superconductivity 

M. Tigner 

As we struggle to find ways of making economical but very high energy 

accelerators, the understanding of how we might exploit rf superconductivity 

for this purpose is important. Our understanding of this technology is now 

such that it will be used extensively in the generation of electron storage 

rings now being built. In looking beyond these machines to make higher 

energies, there are two major questions which must be answered about the 

further potential of rf superconductivity: How might we exploit it and can we 

achieve its theoretical peak performance in large apparatus. These break down 

into number of scientific and engineering questions which must be addressed. 

Under the rubric of scientific questions are those having to do with perform

ance limits: to what basic and proximate causes can we attribute the socalled 

residual losses which limit Q's, what is the nature of the high field surface 

losses and, is there a fundamental limit to Q's below the critical fields, 

what is the physical and chemical nature of the magnetic breakdown centers 

that are observed. Spanning the categories of scientific and engineering 

questions are questions about materials: can we improve the quality of the 

niobium we use, can we exploit the potentially even more effective materials 

such as niobium-tin and other A15 components, can we learn to engineer complex 

surfaces to produce a stabilized homogeneous current-carrying layer exhibiting 

only the BCS losses. Engineering questions of great weight are: what are 

appropriate modes of exploitation such as storage rings, linacs, hybrids 

excited either continuously, or in a pulsed fashion; what are the best struc

tures and rf circuits, what are the best fabrication and repair methods, what 

are the best surface preparation methods. In addition to these issues there 

remains the need to develop much better instrumentation for dealing with sur

face phenomena in a cryogenic environment. 

All of these are difficult questions whose resolution will require the 

devotion of significant resources, particularly physicist manpower resources. 

Currently there are a number of groups around the world, each addressing some 

of the substantive issues. They are in good contact with each other and fre

quently exchange manpower and material resources. Of great utility have been 

ad-hoc Workshops arranged by verbal agreement among the participating groups, 

the next one to be held at CERN this year. Also of considerable help have 
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achieve its theoretical peak performance in large apparatus. These break down 

into number of scientific and engineering questions which must be addressed. 

Under the rubric of scientific questions are those having to do with perform-

ance limits: to what basic and proximate causes can we attribute the soca11ed 

residual 10sses which limit Q's. what is the nature of the high field surface 

losses and， is there a fundamental limit to Q' s below the critical fields， 
what is the physica1 and chemica1 nature of the magnetic breakdown centers 

that are observed. Spanning the categories of scientific and engineering 

ques tions are ques tions abou t ma teria1s: can we improve the quality of the 

niobium we use， can we exploit the potentially even more effective materials 

such as niobium田 tinand other A15 components， can we 1earn to engineer complex 

surfaces to produce a stabilized homogeneous current-carrying layer exhibiting 

on1y the BCS losses. Engineering questions of great weight are: what are 

appropriate modes of exploitation such as storage rings， linacs， hybrids 

excited either continuously， or in a pulsed fashion; what are the best struc-

tures and rf circuits， what are the best fabrication and repair methods， what 

are the best surface preparation methods. 工n addition to these issues there 

remains the need to develop much better instrumentation for dealing with sur-

face phenomena in a cryogenic environment. 

All of these are difficult questions whose resolution wil1 require the 

devotion of significant resources， particular1y physicist manpower resources. 

Currently there are a number of groups around the wor1d， each addressing some 
of the substantive issues. They are in good contact with each other and fre-

quently exchange manpower and material resources. Of great utility have been 

ad-hoc Workshops arranged by verbal agreement among the participating groups， 
the next on 
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been special sessions of the various accelerator conferences. There have been 

a few semiformal and formal collaborative efforts which have been and continue 

to be useful. 

Voluntary association of institutions carrying out this work, into a 

standing ICFA panel on exploitation of rf superconductivity could serve in two 

ways. The panel could formalize the ad-hoc workshop activities to promote the 

widest possible participation in this branch of AARD and could serve as a 

forum for discussion of voluntary coordination of R&D activities to enhance 

effectiveness of resources used in the work. 

While it is clear that the best possible information exchange and coopo-

ration are absolutely necessary, we must not lose sight of the fact that many 

of the problems to be addressed are of great scientific difficulty. Thus in 

carrying out our duty to minimize wasteful duplication of efforts and facili

ties, we must take care to cultivate individual initiative and ingenuity. 
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Appendix C: Surface and Material Physics Related to Accelerator 

Technologies 

V. Kimura 

Recently research on surface and material physics is most relevant to 

accelerator technologies such as UHV beam chambers, high gradient accelerating 

structures, high power tubes, and rf superconducting devices, which are vital 

to raising the possibilities and removing the limitations of high energy 

accelerators. The followings are some examples of such subjects. 

1) Preparation of low out-gassing surface for UHV applications. 

2) Preparation of surface which stands very high field gradient in UHV. 

3) Surface phenomena associated with irradiation by particle beams and 

synchrotron radiation. 

4) Ceramics for UHV and high power rf devices. 

These items are associated with different fields of research, but in some 

sense they face common problems. Those are, for example, gas adsorption and 

desorption, field emission, secondary electron emission, surface glow dis

charge, and so on. Resolving those problems will require technical develop

ments in preparation of new materials, heat, chemical and/or electrical treat

ments, and surface coating. 

Research on such subjects has, however, been done on a small scale, and 

rather independently in each laboratory, or separately in each research field, 

so far. Then, we propose that ICFA plays a role of finding a way to promote 

an international exchange of informations and peoples on those subjects. 
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Appendix D; Beam Dynamics 

G-A. Voss 

In the past accelerators were built with rather limited understanding of 

all the effects which might have an influence on their performance. The 

result was, that in almost all new machines new effects were observed which 

needed careful experimental and theoretical analysis in order to solve the 

problems they posed for machine performance. As individual bunch currents 

increased, with the introduction of sophisticated new machine optics, with the 

increase in size of these new accelerators and storage rings, a host of new 

phenomena appeared: Instabilities, resonances, beam-beam interactions and 

many others. It often took a very large effort to understand these new phe

nomena and it was not always possible, despite great efforts, to reach the 

original design goals of the new machines. The description of these effects 

in analytical terms is often quite difficult. On the other hand modern com

puters have reached capabilities, which make it possible to simulate particle 

bunches, calculate exactly the fields they produce and which after interaction 

with the accelerator environment may act back on the particle bunches. This 

mutual interaction can be simulated over many turns. This then gives a very 

realistic picture of the beam behaviour. 

Computer simulations may be the only way to analyze complex phenomena 

such as: 

i) Chromatic corrections and their effect on acceptance, 

ii) Effects of nonlinear field errors (to establish, for example, the re

quired quality of superconducting magnets), 

iii) Beam-beam interactions in storage rings (An area which, for example, is 

widely unexplored is the incoherent beam-beam interaction limits for 

bunched beams in a crossing geometry). 

iv) Instabilities (single bunch instabilities of a new and unexpected kind 

have begun to plague electron storage rings, as their size increased). 

Coupled synchro-betatron resonances (They seem to assume more and more 

importance in circular electron machines, as bunch currents and radio-

frequency voltages increase). 

This is only a small sample of the problems, which need to be solved 

before a very large new project is started bacause the remedies for these 

problems may be too expensive to be installed after such large machines are 
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completed. The problems cited are important to many laboratories and to many 

new projects (SSC, HEPA, TRISTAN, LEP, UNK etc.) On the other hand computer 

simulations require a large amount of computer time, particularly for proton 

machines, for which many turns have to be calculated. A collaboration in this 

area would therefore be very beneficial. In a collaborative R&D effort momey 

and people should be pooled, to do these calculations on the most suitable 

computer. A coordinated program might help to get work divided among the 

participating groups. 

Almost as important as computer simulations are experiments on existing 

machines to check the validity of these calculations. An agreed-on multi

national and multi-laboratorial program will carry more weight and will have a 

better chance of being made part of a laboratory's machine program. 

Other areas for an ICFA sponsored panel on beam dynamics might be beam 

dynamics in linear colliders and work on beam polarization. The effect of 

common R&D effort in these areas might be better communication and avoidance 

of uncoordinated parallel work. 
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Apendix E: New Acceleration Schemes 

G-A. Voss 

Theoretical and experimental work on new accelerator ideas is going on in 

many places. Some of these are listed in Table I. 

At present there are many workshops and special meetings which make the 

communication in these areas quite good. Despite this there is a valid reason 

to suggest an ICFA sponsored panel to further work in this areas. 

Much of this new work is going on in small groups at universities or 

small laboratories. The contributions from these small groups are most im

portant. Very often though these groups do not have the equipment and the 

unique facilities which are necessary for experimental work and which large 

laboratories have at their command. (for example, high power lasers, rf 

equipment). A panel on new acceleration schemes might help to coordinate 

these efforts and be a link between small university groups and large labo

ratories. 
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New Acceleration Schemes 

Table I 

Wake field 

Inverse free electron laser 

Laser beat wave 

Two beam 

Near field (grating LINAC) 

Very high power tubes 

Exp. work Theoretical, work 

(in progress) 
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Washington 

Japan 

LBL/LLNL 

Maryland 

Stanford 
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DESY 

Japan 
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Stanford 

BNL 

NRL 
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Stanford 

CERN 

Rutherford 

Mission Reseach 

BNL 

Cornell 
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ICFA MEETING SUMMARY REPORT 

PANEL DISCUSSION ON COOPERATION IN ACCELERATOR CONSTRUCTION 

I - GENERAL IDEAS 

MAY 17, 1984 

W. K. H. PANOFSKY - CHAIRMAN 

The members of the panel were Lederraan, Rubbia, Sandweiss, Schopper, 

Skrinsky, Thresher, and Nishikawa. 

Panofskv opened the meeting by stating that international collaboration 

on accelerator construction had diverse goals: cost sharing, deepened 

international commitment and high symbolic significance on international 

collaboration in science. He stated that today's and tomorrow's panel 

meetings were to be divided into "what" and "how" sessions. This means that 

today's session is to provide a frank discussion of the diverse views of the 

panel members and other ICFA participants on what they perceive to be a 

logical program for the world's accelerators and colliders over the next 

decade from the scientific point of view. The "how" panel of tommorrow, to 

be chaired by Telegdi, would deal with methods of achieving deepened international 

collaboration. 

Panofskv emphasized that decisions on new facilities are made by national 

authorities unless formal international conventions decree otherwise. ICFA 

is the only worldwide body now existing charged with promoting cooperation in 

respect to new facilities. However, ICFA has no authority beyond making its 

counsel known. In turn, today's panel is not charged with trying to attempt 

consensus; its purpose is to air a range of views. Panofsky emphasized that 

this is neither the first nor the last time for discussion of this subject. 

However there is increasing pressure from national constituencies to consider 

international cooperation on accelerator construction, and therefore these 

deliberations are of more than casual interest. 

Lederman opened the discussion by showing a chart of his projected time 

table for construction of international facilities. He presented the various 

machines in terms of their center-of-mass energy measured in quark-quark col

lision frame rather than by the more conventional center-of-mass system of 

the colliding electrons or protons. This method of presentation, of course, 

presents electron-positron colliders as yielding a higher available energy 

than in the usual presentations. 
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Lederman went through a more detailed discussion of the physics Teach of 

a 20 TeV x 20 TeV collider in support of a current planned U.S. program. 

He made a strong case for making the SSC international and advocated that 

the HERA model might well be followed as an example. 

Skrinsky emphasized that electron-positron colliders and proton-

antiproton colliders were complementary. He said the tools for the un

expected should be emphasized and he discussed the advantage of considering 

collisions among particles (ev, YY, e p, Yp, and uu) which are ordinarily 

not considered as primary collision tools. He did not make special recom

mendations for a spectrum of installations on a worldwide basis. 

Nishikawa presented a graph indicating the percentage of Gross National 

Product for Western Europe, the United States and Japan which is dedicated 

to high energy physics. He showed the distribution of high energy physics 

personnel in Japan and identified the predominance of theorists. His data 

indicated that the ratio of experimentalists relative to theorists has been 

gaining, partially as a result of the TRISTAN project. He said that since 

TRISTAN is occupying their principal attention,consideration of the future 

beyond that was "very theoretical." He then enumerated a wide spectrum of 

alternatives for the Japanese program. He said he will organize a working 

group of young scientists this year to make suggestions for future plans after 

TRISTAN has been completed. 

Schopper enumerated a number of criteria which he believed to be suitable 

to guide worldwide decisions for future facilities. These criteria were: 

1. At least two regions should have valid programs operating at 

the frontiers of highest energy. 

2. Facilities in different regions should be complementary but 

should be open to the entire world. 

3. Choice of future facilities should be based on their conjectured 

physics potential. 

A. Existing facilities should be used as a basis of new facilities 

wherever possible. This would avoid attacks on high energy physics 

from other fields based on the alleged wastefulness of continually 

beginning new facilities. 
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5. The time scale for new projects should stretch out over 

no more than 10 years, although this will be questioned by 

critics. 

Schopper made the following specific proposals: he suggested that 

there should be a moratorium of a few years before specific decisions are 

taken. During that time the pp colliders, the SLC and detector develop

ment could proceed. A future program should use the Tevatron, LEP and 

HERA as a basis. Schopper presented two models: 

1 - Europe - 20 TeV pp center-of-mass energy at high luminosity 

U.S. 2-4 TeV e+e~ 

USSR - 3 TeV fixed target 

Physics use of these machines might start in 12-15 years. 

II - Europe - 12 TeV pp with a later e-p option 

U.S. - A proton-proton collider above 40 TeV center-of-mass energy 

USSR - 3 TeV fixed target 

U.S./USSR - 2-4 TeV e+e~ 

Schopper said other scenarios could be discussed and he felt the entire 

matter should be gone over again in two years. 

Sandweiss remarked that availability of new frontier facilities is 

slowing down and this had many adverse consequences. He proposed that the 

diversity of the program be maximized. 

Thresher commented that one should look at the program with a critical 

eye from the point of view of an outsider to direct participants. From such 

external critics the USSR program was too slow, in particular UNK should go 

faster, and he would like to see immediate use of UNK as a pp collider rather 

than as a fixed target machine. The critic would feel that CERN should con

sider LEP as its highest priority, reaching highest e+e~ energy in the early 

'90's. Alternate use of the LEP tunnel for e-p, pp and pp should follow on 

afterward. A critic would be very excited by the potential of an electron-

positron linear collider but would fully understand that the USA's first 

logical step was the SSC. Thresher emphasized that the picture until the end 

of the century looked reasonable but that a totally new approach was needed 

beyond that. 
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Rubbia made comments on the LEP Hadron Collider (LHC). He pointed 

out that the reach of a hadron collider into new mass regions increased 

only roughly with the square root of the energy and that the LEChad 

considerably higher reach in those terms than HERA. Rubbia felt that the 

LHC and LEP could operate simultaneously without trouble by the use of 

"modest" bypasses. Rubbia felt that cost estimates for the LHC operating 

at 6.5 T could be made reliably scaling from the HERA experiments. He 

felt the total cost of the LHC was less than $400 million and therefore 

very much less than the SSC. 

Discussions from the floor followed. Numerous questions were asked. 

Telegdi asked whether techniques are available to handle the expected high 

data rates from the SSC or the LHC as far as that goes. Ledennan replied 

that a luminosity of 10 cm'^sec'l could be handled only at great cost, 

while 1032Cm
_2Sec""l would not require major development. Koshiba felt 

that the SSC was a "brute force" approach and he had hoped for more crea

tive ideas. Mulvey remarked that the widest diversity of tools should be 

made available decades from now and he questioned whether the SSC cost of 

six times the LHC was justified. Lederman doubted the quoted LHC/SSC cost 

ratio based on scaling from Fermilab experience. Schopper pointed out that 

LEP cost less than the SPS. Panofsky pointed out the steeply decreasing 

costs measured in dollar per MeV in the center-of-mass, and pointed out that 

the SSC is following that decreasing cost curve. Telegdi drew attention to 

the high cost of equipment needed to exploit the new generation of high lumi

nosity colliders. Ellis expressed doubt that the SSC could be built along 

the HERA model with international participation from Europe, since European 

finances would not permit this. He felt that the cost ratio from the SSC to 

the LHC was too large to justify the SSC, and recommended construction of a 

large electron-positron linear collider. Panofsky said that although he did 

not disagree with Ellis' physics, a linear electron-positron collider could 

not be built "by purchase order" until the technology was ready. Everyone 

hopes that the SLC will work, but as a practical matter no decision on large 

electron-positron linear colliders can be contemplated before that event. 
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Richter pointed to his past record as a reliable cost 

estimator and said he felt that the cost ratio between the SSC and the 

LHC was in reality closer to 3 than to 6. He agreed that this would 

extend the "reach into unknown masses" by a factor of /T~ but felt this 

was well worth it. This remark was followed by further cost discussions 

involving Richter, Rubbia and Brianti. 

There followed a general discussion about the SSC. Tollestrup 

remarked that it was not clear whether the SSC should also be the "VBA" 

(Very Big Accelerator). His feeling was that the VBA should read the highest 

energy that is considered practical and he was not sure whether the SSC met 

that criterion. McDaniel said the SSC represents the most ambitious project 

which could now be built within the state of the art. He did not believe 

that the promise of other technologies would become clear in less than four 

years. Schopper said that there was no known physics argument which defined 

what energy to choose. Sandweiss said this was true but there are thresholds; 

the problem is that we do not know what they are. Rubbia agreed that the 

energy was quite important but that there were legitimate arguments about the 

optimal number of steps to get to the highest point. 

Telegdi asked Skrinsky how long it would take to build an electron-

positron collider at Novosibirsk, ignoring for a moment political constraints. 

Skrinsky said that such a question would be difficult to answer; the technology 

is growing. He is not prepared to give a complete design since technology had 

to be developed. He would prefer a "creeping"approach to reach 100 GeV. 

Once that is attained he would suggest a new proposal to get to, perhaps, 

3 TeV energy. 

Lederman felt that details of what is to be built were not critical but 

the drive and the "scientific imperative" were essential. Jackson asked 

Schopper for the planned schedule for the LHC, but Schopper said no such 

schedule had been proposed, let alone established. A question was asked 

whether the plans for the Novosibirsk linear collider were authorized and 

Skrinsky said the project was not approved beyond the R&D stage. Voss empha

sized that the economics of technical solutions for an e+e~ linear collider 

were far from established and looked very unfavorable if one simply extrapolated 
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existing designs. Williams questioned why the European speakers-were 

eemphasizing the longevity of LEP I and II; he felt these machines 

would support creative physics for a long time. 

Rubbia concluded the session by saying that he considered the 

physics of e+e~ collisions to have been a great success. He agreed 

that everyone would be happy if this history would repeat itself for 

LEP I and II, and of course even raore so at higher energies. 
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Conclusions 

V.L. Telegdi, ETH Zurich 

To summarize this Seminar is, for me as bhe chairman of ICFA, a 

rather delicate task. Were I a simple participant, foolhardy enough to 

accept the task of condensing the contents of 3 days of formal 

presentations and discussions into a short summary, then I would have more 

freedom to present my general impressions in addition to reciting facts 

and figures. Indeed, these facts and figures serve mainly to formulate 

scenarios, while the choice between these scenarios is the key issue 

where, at least at the present moment, emotional arguments were 

occasionally been evoked. Such arguments can be summarized only through 

impressions, and my own would be, of necessity, subjective, and thus ruled 

out of order. Fortunately — or unfortunately, depending on one's 

idiology — we have here reached the clear conclusion that ICFA's role 

should be to facilitate collaboration rather than to arbitrate between 

options. 

ICFA is a creature of IUPAP, and both I»s stand for "international", 

actually the I in ICFA rather signifies "interregional". Nevertheless, I 

shall reiterate that there are two kinds of internationalism, i.e. 

idealistic and pragmatic. The first, starting from the inherently 

transnational nature of science, wants to go international wherever 

possible — perhaps to strengthen the bonds between different nations or 

to show the way for other undertakings. The second, the pragmatic one, 

wants to go international (or, really, interregional) only when forced by 

outer constraints to do so. This latter point of view, expressed by as 

great a leader in our field as R.R. Wilson, is not as embarassing as it 

seems, CERN was founded for this reason, and emulated later by others, 

both within and without HEP. The comparison between comparable facilities 

in two regions could, as emphasized here by Boyce McDaniel, even be 

constructive. It should however not be forgotten that each of those 

regions would have to convince their authorities of this added advantage 

of "separate but equal". I should on the other hand add, as a summarizer, 
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that it was pointed out here (by T. Ekelof) that the "idealistic" approach 

has hidden pragmatic advantages. Time does not permit me to analyze these 

in detail. 

The survey of on-going accelerator projects has convinced us that the 

world of high-energy physics will be swinging towards the end of the 

eighties or at worst at the beginning of the "naughty nineties", 

— HERA, LEP, SLC, Tevatron and Tristan will all be running or in fact 

will have been running for a number of years! Nay, it is even probable, 

if not certain, that some striking discovery will already have been made 

at one or the other of these accelerators. It is only regrettable that 

another great and fundamentally distinct facility, UNK, is proceeding at a 

relatively slow rate. This remark is not intended as a criticism of our 

Soviet colleagues, who have shown themselves so inventive in accelerator 

physics (just think of phase stability, cooling, electron polarization, RF 

quadrupoles), but rather as a form of moral support by the international 

community. 

Two more signs of health: 1) with HERA, a second major Western 

European center is launched with a new transnational way of financing 

which many here have proposed as a funding mode for anticipated 

interregional projects; 2) BEPC is proceeding well in Beijing, showing 

that China, a country with still so many "practical" needs to be 

fulfilled, has the wisdom to invest in the frontiers of science. As 

W.K.H. Panofsky has pointed out here, such comparatively small projects 

can have large value for the international community. 

The two theoretical talks on Tuesday p.m., both delivered on and with 

energy and luminosity, were intended to show us the way where flowers 

bloom in the desert. To ?ut it more bluntly, they gave us reasons for the 

energy scale that we ought to investigate in the "naughty nineties". 

Their main points were (a) that an "available" cm. energy of 1-2 TeV is 

needed, (b) that this "available" energy is, for hadron colliders, only 

1/5 to 1/10 of the total cm. energy, and (c) that e+e" colliders might 

have, as seen by the theorists, some distinct advantages. It must be said 

that there is at present no detailed design and hence no price tag for a 

SSLC's of the requisite size. Nevertheless, this option, pursued with 

admirable persistence in Siberia, should not be lost out of sight for one 
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moment of the next few years. 

It is well-known that, except for the Bevatron and the SppS, the 

glories of every accelerator have come from discoveries not predicted, or 

at least not emphasized, by theorists. "Who needs them?" might some 

intrepid voyagers exclaim (there are 1000 of them in Japan alone!). Their 

usefulness, at least in this context, is illustrated by the following 

anecdote. 

Before telling it, I must explain that Austrians consider Germans to 

be pedantic and punctilious, while Germans think of Austrians as being 

sloppy and disorganized. A German tourist, riding on the Austrian 

railway, noticed that his train was 20 minutes behind schedule. He 

remarked to the conductor: "What a slovenly country! What do you people 

really need a time-table for?!" To which the conductor replied: "Sir, if 

we did not have a time-table, you would not know how late we are ...". 

Anyhow, to quote myself, "Last year's (decade's) discovery is this 

year's (decade's) calibration", to which Feynman added "and next year's 

(decade's) background". 

In the nineties, we — that is the "hatched" group in my graph — 

should then explore masses around 1-2 TeV, presumably with hadron 

colliders. Zacharov promised us SUSY particles ab a mere bargain mass of 

0.1 TeV, and he also emphasized that for large values of x the antiquark 

content of p's makes up for their smaller absolute flux. 

The subsequent panel discussion on detector related machine and 

instrumentation issues taught us mainly two things: (1) The requested 

luminosities of the next generation of hadron colliders will stretch the 

current experimental techniques to their very limit, and, in some cases, 

perhaps beyond. (2) The megabit data flow might cause indigestion and 

perhaps even constipation. To throttle it by reducing the intake of 

luminosity is not a recommended, if expensive, remedy. In this context 

the critical comments of Carlo Rubbia, who has never posed as a pessimist, 

ought to be heeded. 

Clearly this is an area where much effort, as coordinated as 

possible, is needed. It is also an area where cooperation between 

experimentalists and machine designers is more critical than ever. 

Fortunately, the panel convened here at KEK suggested that ICFA initiate 
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panels to promote international collaboration. 

The talks on future options were rather different. The hadron 

colliders, SSC and LHC, were presented as well within the reach of current 

technologies, if not necessarily of current regional budgets (actually, 

the most ambitious option for the LHC would require the development of the 

technology for the series fabrication of 10-T superconducting magnets). 

The linear colliders, probably the most rewarding devices of this century, 

were viewed in different lights by the two leading experts. Skrinsky, 

proposing an evolutionary, say Darwinian, construction approach, was 

cautiously optimistic, while Richter, perhaps more along the Lysenko line, 

spoke very pedagogically, but with surprising understatement, about 

parameters for 1+1 TeV. As was later pointed out pointedly, the 

relatively close turn-on of the SLC may provide a shock treatment to its 

very originator and a benefit to all of us. Good luck, SLAC! 

Having dedicated my Wednesday afternoon, togather with one of our 

founding fathers, to Tokyo art galleries, I cannot honestly report on what 

was said. My personal knowledge of the speakers and my fear of making yet 

more enemies inspires me to say that the talks must have been excellent. 

The Sessler panel on Future R&D cooperation produced the unanimous 

suggestion that ICFA had found itself another valuable task — to organize 

standing panels for international collaboration in the following areas: 

A.1 Super-conducting Magnets and Cryogenics 

A.2 Super-conducting RF 

A.3 Surface and Material Physics related to Accelerator Technologies 

A.4 Beam Dynamics 

A.5 New Acceleration Schemes 

B.1 Instrumentation Innovation and Development 

B.2 Physics Advice on Future Requirements for New Accelerators. 

In yesterday's meeting, as I have already had the pleasure to report, 

ICFA has agreed to do so either for at least several of these areas. This 

is a very positive step indeed. 

We had a so-called "WHAT" panel discussing possible scenarios for the 

nineties. The frank exchanges that took place, in regard to the proposed 
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SSC and the potential LHC, prompted me earlier to refer to the "naughty" 

nineties. The interdependence of the projects, even if clearly meant as 

regional undertakings, was perhaps not sufficiently stressed by the panel, 

nor discussed by interventions from the floor. It should be noted that L. 

Lederman injected a note of internationalism by mentioning the possibility 

that the SSC be built a la HERA — presumably however only in certain 

circumstances. Leon even called it a "possible VBA". 

There are good reasons on both sides of the Atlantic for building 

these hadron colliders, and perhaps even good reasons for building them 

both. I am confident that the proper balance will be found by the time 

the next seminar of this type will be held, and I am relieved (but not 

necessarily happy) that it's not ICFA's job to arbitrate. 

Thu final session was that of the "How" panel, which you might have 

called the "ways and means committee", followed by vigorous audience 

participation. As was pointed out, we can't use our know-how if we don't 

have a know-what. It did however not become ICFA's task to solve this 

logical puzzle, since it was agreed by a clear consensus that ICFA's 

charge was to facilitate the construction of new high-energy accelerators 

rather than to arbitrate between various national and regional options. 

This clarification, and the consequent simplification of our tasks, makes 

it easier and also more important to carry out those new tasks that have 

been handed to us with enthusiasm and vigor. There is, we all know it, no 

room in our field for people who lack these two qualities. 

The greatness of our field lies not only in its uninterupted chain of 

successes in uncovering and explaining the structure of matter on deeper 

and deeper levels, but also in the incessant rate at which novel 

techniques of acceleration and detection have so far always been invented 

and actually put into practice. If we don't want Livingston's exponential 

plot to flatten out, and we certainly do not, then we should not put all 

our hopes into the VBFA (very brute-force accelerator), but we should 

strive for a VBIA (very brilliant idea accelerator). I can forecast 

already how the VBIA might come about. The basic idea will probably be 

invented by an immigrant, from another country or region. The flaws of 

this idea will then be castigated and ultimately corrected by somebody in 

yet another region. Several regions will engage in a race to design a 

- 340 -

SSC and the potentia1 LHC， prompted me ear1ier、torefer七o乞he"naugh七y"

nineむiea. The inter、dependenceof the projects， even if c1ear1y meant as 
regiona1 'undertakings， waa perhaps not aufficien乞lystressed by the pane1， 
nor discussed by in乞erventionsfromむhefloor. 工tshou1d be noted that L. 

Lederman injected a nο乞eof internattonalism by mentioning the possibility 

that the SSC be built a la HERA --presumab1y however、onlyin certain 

circumstances. Leon even called it a "possib1e VBA"・

There are good reasons on both sides of the Atlantic for building 

these hadron colliders， and perhaps even good reasons for building them 
both. 工amconfident that乞heproper balance will be found by the time 

the next seminar of this type will be held， and工amrelieved (but not 

necessarily happy) thaむ it'sno乞 ICFA'sjob to arbitrate. 

Thu final session was that of乞he"How" panel， which you might have 
ca1led the "ways and means committee"， fo1lowed by vigorous audience 
pa凶 icipation. As was pointed out， we can't use our 担盟主~ if we don'七

have a know-wha色 Itdid however not become工CFA'stask to solve this 

1ogica1 puzz1e， since it was agreed by a clear consensus that工CFA's

charge was to faci1itate the construc七ionof new high-energy accelerator、s

ra乞herthan to arbitrate between various nationa1 and regional options. 

Thia clarification， and the consequent simp1ification of our tasks， makes 
iむ easierand a1so more important to carry out those new tasks that have 

been handed to us with enthusiasm and vigor¥There is， we all know it， no 
room in our fie1d for people who 1ack七hesetwo qua1ities. 

The greatness of our field 1ies not only in its uninterupted chain of 

successes in uncovering and exp1aining the structure of matter on deeper、

and deeper levels， but also 1n the incessant rate at which novel 
techniques of acce1eration and detection have旦 i包 alwaysbeen invented 

and actually pu七 intopractice. If we don't want Livingston's exponential 

p10七むofla乞tenout， and we certainly do not， then we should not pu七all

our hopes in乞othe VBFA (very brute-force acce1erator)， but we should 
sむrivefor a VB工A(very brilliant idea acce1erator). 工canforecast 

already how the VBIA might come about. The basic idea will probab1y be 

invenむedby an immigrant， from another country or region. The flaws of 

this idea wi11 then be cas七igatedand u1timate1y corrected by somebody in 

yet another reglon. Sev 

-340 -



practical accelerator, to the great benefit of all. ICFA will say that 

the VBFA is not the VBA in its charter, and will not arbitrate. The 

machine will however be built, perhaps a la HERA, and be freely accessible 

to rich and poor alike under ICFA guidelines. Perhaps the sole conclusion 

is that all countries of the world should allow free emigration and 

immigration. 

It is now my pleasant duty to thank the local organizers of this 

seminar, in the name of all the participants, for their boundless 

efficiency, infinite kindness and unlimited hospitality. Everything was 

done by them to make our work effective and our stay pleasant, and they 

succeeded along both fronts admirably. Here is a list (hopefully 

complete) of the people we would like to thank in particular. 

TETSUJI NISHIKAWA, Director General of KEK 

YOSHIO YAMAGUCHI, Director of INS 

SATOSHI OZAKI, Chairman of the Local Organizing Committee 

S. KATOH, INS 

K. TAKAHASHI, KEK 

H. HIRABAYASHI, KEK 

Scientific Secretaries, 

K. ABE 

H. IWASAKI 

S. KAZAMA 

S. KUROKAWA 

Y. MIZUMACHI 

T. OHSHIMA 

F. TAKASAKI 

and 

Y. FUKUSHIMA 

S. IWATA 

J. KISHIRO 

A. MAKI 

M. MORIMOTO 

H. OKUNO 

C. TANAKA 

Administration Department 

R. HAYANO 

S. KABE 

M. KOBAYASHI 

K. MARUYAMA 

K. NAKAJIMA 

Y. SHIMIZU 

T. TSURU 

S. 

S. 

T. 

Y. 

S. 

T. 

Y. 

Plant Engineering 

HIRAMATSU 

KAMATA 

KONDO 

MIURA 

ODAKA 

SUMIYOSHI 

UNWO 

department. 

S. 

S. 

M. 

T. 

A. 

K. 

Y. 

INAGAKI 

KAWABATA 

KUMADA 

MIYACHI 

OGATA 

TAKAMATSU 

WATANABE 

Sayonara, and thank you all. 
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Concluding Talk 

Tetsuji Nishikawa 

National Laboratory for High Energy Physics 

Oho-machi, Tsukuba-gun, Ibaraki-ken, 305, Japan 

I am pleased that the ICFA Seminar has gone well and wish to express our 

thanks to all of the distinguished participants gathered here across the 

world, particularly to the speakers, panelists and chairmen, for their active 

cooperation in making the Seminar successful. 

As repeated manytimes throughout the Seminar, the first aim of this 

Seminar was to assemble and exchange the informations on the national or 

regional accelerator plans and on R&D programs for the next generation high 

energy physics. By establishing better mutual understanding, we also have 

aimed at seeking a better international or interregional collaboration for 

promoting high energy physics research in succeeding years. 

At the beginning, however, we were anxious about achieving such a 

purpose of this Seminar, and we even felt a crisis of raison d'etre of the 

ICFA task in this way. A feeling of the audience throughout the Seminar 

might be such that only a chaotic state of the present high-energy 

accelerator plans proposed from various national and regional laboratories 

would be revealed. My personal feeling, however, is that the Seminar has 

been very successful and informative more than we expected in the beginning, 

mostly because of the frank and active participations of all the attendants. 

In particular, as Professor Telegdi summarized on behalf of ICFA, it is our 

great pleasure that the participants in the Seminar have reached to some 

consensus on the ICFA's role for new accelerator plans, their international 
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collaboration in all phases, formation of panels on specialized topics (such 

as advanced accelerator and detector R&D), and holding this type of seminar 

regularly. 

So before closing, 1 would like to show you some of the old Japanese 

traditional woodblock prints, Ukiyoe, to depict this situation of ICFA. 

Ukiyoe, in Japanese, means "pictures of the floating world" and is one of the 

well-known arts in Tokugawa era, a few hundred years ago in Japan. The word, 

floating, is used here in the Buddhist sense of the uncertain nature of the 

human world. 

I have here five OHP copies of these pictures. The first one is printed 

by the most famous artist, Utamaro Kitagawa, who painted ten typical 

portraits of a lady and this one is named as her "Inconstant Phase". She is 

alone, ogling a charming national or regional plan, and shows that the top 

does exist. 

The second is a picture by another world-wide famous printer Hiroshige 

Ando, who painted the "53 stages on the Tokaido", the old travel route 

between Tokyo and Kyoto. Near the stage of Shono, a strong storm attacked 

travelers. Note a passenger, in palanquin, and two palanquin-bearers 

cooperate against the rain storm in carrying their important guest safely 

from a chaotic stage. Other three travelers run in different ways, including 

the opposite direction. 

This is another Hiroshige's Ukiyoe entitled "Yodogawa, Kyoto". Again 

three boatmen, "Sendo", work together to lead their large ship towards the 

destination with boatful of guests of different classes or professionals 

including a lady who gives the breast to her baby, the next-generation 
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successor. The fourth boatman in another small ship with his lovely wife 

wishes to sell some novel goods to the guests in the large ship. 

Now the third famous artist Hokusai Katsushika printed a picture taken 

from a "Waka", a 31-syllable Japanese poem. In this picture, four workers 

cooperate in sawing a very big tree. The saw they use is a product of 

advanced technology at that time and they "know a hawk from a handsaw". The 

conclusion of this Seminar also says that ICFA should do its utmost to 

promote such a collaboration for future. la this picture, a lady comes with 

her child, i.e. again the next generation worker, and brings a pail of water 

upon her head to give workers a tea break in their hard work. 

The last picture is not an Ukiyoe, but taken from an old Japanese 

folding screen, "Byoubu", preserved at the Sohoji temple. The age of this 

picture is set at a little earlier than the heyday of Ukiyoe and name of the 

painter of this beautiful picture is no longer known. The picture, of 

course, shows a wonderful party blessing their happiness. One of the most 

beautiful lady is dancing and the ICFA chairman sit here with his 

satisfactory feeling1. 

Here, I would like to mention that both Professor R. R. Wilson and 

Professor V. L. Telegdi love the traditional Japanese painting very much and 

they have a good collection of Japanese woodblock prints similar to the 

traditional ones but painted by modern famous artists, such as Munekata, 

Saito and others. 

I selected just old prints and pictures from a book of large 

photographic collections of Ukiyoes and old Japanese arts. I believe, and I 

do hope, that the future perspectives in high energy physics will take such a 
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way just as I showed by a series of these traditional Japanese pictures, and 

that our next-generation successors will enjoy their research programs, as 

well as their seniors have, with their new ideas and new progress. 

Finally, on behalf of the host institutes, I would like to express our 

sincere thanks to all of the participants again. Thanks also to the ICFA 

Secretary Dr. Owen Lock and the member of the organizing Committee which is 

chaired by Professor Satoshi Ozaki for their efforts in making the Seminar 

organization successful. Furthermore, I wish to acknowledge with thanks the 

moral and financial supports from the Monbusho, the Institute for Nuclear 

Study at the University of Tokyo, the Nishina Memorial Foundation, the Yamada 

Science Foundation and the Foundation for the Promotion of High-Energy 

Accelerator Science in Japan. 

Thank you. 

Those IIUkiyoe"s are reproduced from the book, "Genshoku Nihon no 

Bijutsu" (Arts of Japan in color), published by the Shogakukan Co. Ltd, 

Hitotsubashi 2-3-1, Chiyoda-Ku, Tokyo, by courtesy of the publisher. 
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