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HIGH ENERGY PHYSICS IN THE UNITED STATES

Melvin Month
Brookhaven National Laboratory. Upton, NY 11973

I. INTRODUCTION

A. Overview of the Field

High energy physics is the field of basic research which ad-
dresses the most fundamental questions concerning the nature of the
physical universe, i.e., the basic nature of matter, energy, space,
and time. Its objective is to find the fundamental constituents of
matter (the elementary particles) and the forces that act between
them. Recent developments in experimental and theoretical physics
point the way to an increasing understanding of the basic structure
of matter and to an overall synthesis encompassing all the forces
observed in nature.

Exploration of the ultimate constituents of matter requires two
essential tools: particle beams of high enough energy and intensity
to probe the structure within the nucleons, and detectors sensitive
and complex enough to detect and decipher that structure.

The particle beams are generated by complex and large accelera-
tors of various types, including linear accelerators, circular acceler-
ators (synchrotrons), and colliding beam machines. The more fundamen-
tal the structure to be probed, the higher are the energies needed;
therefore, attempts to probe deeper into the structure of matter re-
quire new accelerate, capabilities and often new accelerator
technologies. In recent years, devlopments in superconducting acceler-
ator magnets and in colliding beam technology have provided the base
for the next step in major facility development and construction.

Accelerating particles and bringing them into collision with
targets and other beams is only half the task. The other half is to
observe and distinguish the particles that emerge from these colli-
sions with particle detectors. Much ingenuity has gone into the
conception, development, and fabrication of these devices that can
simultaneously register the passage of many subatomic particles
traveling at essentially the speed of light, recognize their nature,
and measure their energy and other properties.

Particle detectors have come to have a highly sophisticated set
of capabilities due to the rapid development of electronics and other
technology developments in recent years. Conversely, R and D to meet
detector requirements has contributed to developments in a variety of
technologies. This process, in response to the increasingly stringent
requirements of experimentation at higher energies, has resulted in
great improvements in precision and sensitivity and given rise to the
modern detector, a large, complex multicomponent instrument.

The increased detector capability coupled with the higher energy
and intensity of accelerator beams has resulted in massive amounts of



data for analysis, which is.done with powerful computers. Some com-
puters are integrated into the detectors and are used to control the
apparatus and to analyze data in real time in order to provide rapid
feedback of results to guide the conduct of the experiment. Theoreti-
cal physicists and accelerator physicists have also come to rely on
computers for the complex calculations needed to solve forefront theo-
retical problems and to simulate the properties of accelerators under
design.

B. Planning for the U.S. High Energy Physics Program

High energy physics research is dependent on large complex
particle accelerators, colliding beams, and detector facilities, and
requires long lead times for planning and implementing intricate ex-
periments and for designing and constructing advanced facilities.
Typically, the time from the original concept for an experiment to
the publication of results is 3 to 6 years and the time from conceptual
design to operation for a major facility is 5 to 10 years or more. In
an endeavor with such long lead times effective long-range planning is
essential. High energy, physics has a long record of efficient long-
range planning. Since 1967 planning for the U.S. High Energy Physics
Program has benefited substantially from advice from the High Energy
Physics Advisory Panel (HEPAP) and its subpanels. Figure 1 indicates
the role of the Department of Energy (DOE) as the lead agency responsi-
ble for this Program.

Institutionally, the program structure has at its core the large
national accelerator laboratories (BNL, Fermilab, and SLAC managed
by DOE and Cornell by NSF). Experimental support for the High Energy
Physics Program is provided by 120 groups from 64 universities and
laboratories with DOE funding and by 90 groups from 52 institutions
with NSF funding; theoretical expertise derives form 57 DOE funded

' PI.ANNING FOR
NATIONAL PROGRAM

LEAD AGENCY RESPONSIBILITY

ADVICE FROM ^ N .
HIGH ENERGY PHYSICS )

ADVISORY PANEL J

Figure 1. The role of the Department of Energy as the lead agency re-
sponsible for the U.S. High Energy Physics Program. The other U.S.
go/ernment agency responsible for support to High Energy Physics is
the National Science Foundation (NSF).



universities and laboratories and 47 NSF funded institutions. The
DOE management of the program is governed by a program philosophy
which can be summarized as follows:
• Ideas and proposals are generated by scientists in the field.
• The agency, with input from the field, establishes policy, plans,

and budgets.
The agency provides funding allocations and general guidance to
the field.
The laboratory management or university principal investigator is
entrusted with the responsibility for the day-to-day detailed
management of the program.

• The agency reviews and monitors progress and takes corrective
action where appropriate.

The annual budget process by which funds get allocated is a
rather elaborate one, beginning with proposals from the field and
culminating in a funding decision process involving the Congress,
the Office of Managment and Budget (OMB), and the Department of
Energy (DOE).

Within the DOE, the Division of High Energy Physics (DHEP)
first puts together a proposed High Energy Physics budget. This
budget then moves to the Office of High Energy and Nuclear Physics
(OHENP) where it gets folded in with the Nuclear Physics Budget. As
the budget proceeds up the organizational ladder, there is negotia-
tion and budget fitting and reworking. After OHENP, the Office of
Energy Research (OER) has a budget which includes Fusion and Basic
Energy Sciences. Finally, the budget goes through the Undersecre-
tary of Energy and the Comptroller and becomes a total DOE Budget
including other pcrts of the Department's concerns such as Nuclear
Energy and Nuclear Weapons. The OMB acts for the President and pulls
together from all the agencies the President's Budget, which is then
sent to the Congress. The House and the Senate each act on the
President's Budget through three committees: the Budget Committee,
the Authorization Committee, and the Appropriation Committee. Hear-
ings are held before subcommittees of each of these in both the House
and Senate. Coming out of the hearings, House and Senate bills pro-
vide budget figures. If they differ there is a House and Senate con-
ference, and from this conference comes a joint House and Senate bill.
The bill returns to the President and with his signature it becomes
lav. The bill then returns down the line essentially the same way it
went up, and apportionment is made at each level.

The government operates on a fiscal year basis. The fiscal year
begins on October 1. The budget process begins with the receipt of re-
quests from the field about 18 months before the beginning of the fis-
cal year. The DOE then sends its request to the OMB about 13 months
before the fiscal year begins. Sometime in January, the President's
Budget is released and sent to Congress about 9 months before the fis-
cal year starts. Under ideal circumstances, Congress will return the
budget bill to the President about 3 months before October 1; some-
times this doesn't happen, and no budget bill is passed into law by
the beginning of the fiscal year. Since government operations must
continue, the government then proceeds on the basis of a continuing



resolution, a temporary bill that Congress must pass just for this pur-
pose.

The steps in the DOE process are reviewed in Table I, and the
annual budget process is outlined in Figure 2. An example of a High
Energy Physics Budget allocation, including figures for the FY 1986
President's Budget, is shown in Table II.

Planning for the DOE High Energy Physics Program during FY 1979
-FY 1982 was based on a long-range funding plan agreed to in early
1978 by the DOE and the Office of Management and Budget COMB"). The
objectives were to maintain a productive and viable High Energy
Physics Program in the U.S. effectively utilizing three accelerator
centers (Brookhaven, Fermilab, and SLAC^; to maintain U.S. world lead-
ership in the field; to permit construction of new facilities as
required: and to accomplish these goals within an approximately con-
stant budget level of $300 million per vear in FY 1979 dollars.

Since the time of the DOE/OMB agreement, many profound scien-
tific and technical insights have been gained. Ma-jor physics develop-
ments include the discovery at CERN of the W and Z particles, which
are crucial to theories that unify the weak and electromagnetic
forces; the emergence of the theory of quantum chromodynamics fQCD),
which describes the strong force in terms of the interactions between
quarks and gluons; and progress toward grand unified theories which
link the strong force with the electroweak force in one comprehensive
framework. Breakthroughs in understanding are expected to occur in
the mass region where elementary subnuclear constituents interact with
energies of a few TeV (10 electron volts). Many theoretical
approaches point to the existence of hitherto unobserved forms of mat-
ter in this mass region. The discovery of such new forms of matter
would have a profound impact on our understanding of the underlying
symmetries of nature and the mechanism for generating the masses of el-
ementary particles.

Major technology and facility developments have also occurred.
These include the successful operation at Fermilab of the Energy
Saver, the world's first high energy accelerator using superconducting
magnets, the TEV II fixed-target: project, and the TeV I collider pro-
ject; the construction of the SLAC SLC and the CERN LEP electron-
positron collider proiects; the successful achievement of adequate lu-
minosity in the pp collider at CERN; and the decision not to proceed
with the CBA project at Brookhaven. The success of the Energv Saver,
together with R and D progress in the CBA superconducting magnet pro-
gram, give confidence that very large accelerators using
superconducting magnets are feasible. In view of these developments
it was prudent that the goals and directions of the U.S. High Energy
Physics Program be reassessed.

First steps toward a review and reevaluation of the U.S. High
Energy Physics Program plan were taken in mid-1981. A HEPAP Subpanel
on Long-Range Planning reviewed and evaluated in depth the high energy
physics facilities currently in operation, those under construction,
and those proposed for construction. A report with long-range plan-
ning recommendations at two assumed budget levels was completed in
January 1982. In 1983, a HEPAP Subpanel on New Facilities conducted
an in-depth review of the scientific requirements and opportunities
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Table II. An example of a High Energy Physics Budget
B/A = Budget Authorization (authorization to use funds)
B/0 = Budget Outlays (funds that can be costed)

Operating Expenses

Physics Research
Fac i l i t y Operations
H ĝh Energy Tech.

Capital Equipment

Construction

A1P & GPP
Tevatrort I ($84.0)
Tevatron I I ($49.0)
ISABELLE
SLC (S115.4)
Fermi Comp. Upgrade ($23
PEP Claims

Total

$

$

$

$

.9)

$

$

Actual
FY 1983

94.1*
154.0*
78.2*

326.3

47.5

14.5
18.0
18.0
5.0

2.2

57.7

431.5

$

$

$

$

$

$

Final
FY 1984

99.5
158.9
82.0

340.4

51.5

16.0
20.0
13.0

32.0

81.0

472.9

Pres.
Budget
FY 1985

$ 107.7
182.1
91.8

$ 381.6

$ 65.4

$ 20.2
21.3
12.0

60.5

$ 114.0

$ 561.0

Latest
FY 1985

$

$

$

$

$

$

107.5
175.2
90.2

372.9

58.7

20.2
21.3
12.0

60.5

114.0

545.6

Pres.
Budget
FY 1986

$ 111.3
187.8
92.4

$ 391.5

$ 63.1

$ 20.9
8.6

22.9
3.1

$ 55.5

$ 510.1

*3/0 given here. Because of GSO adjustments between subprograms, B/O gives
indication of program activity.

for a forefront U.S. program in the next five to ten years. This re-
port was unanimously endorsed by HEPAP and was published in July 1983.
More recently, a HEPAP in-depth examination of the entire U.S. program
was made. This study culminated in a meeting at Berkeley Springs, WV,
June 2-8, 1985. Its conclusions are detailed in Report of the 1985
High Energy Physics Advisory Panel Stu^y of the U.S. High Energy Phys-
ics Program 1985-1995, published by the U.S. Department of Energy Divi-
sion of High Energy Physics. It reaffirmed the highest priority for
the SSC, identified top priority elements in the present Program, and
considered the transition to the SSC.

These reports provided valuable input on high energy physics re-
search and facility status, future facility needs, and program
priorities to the HEPAP, which reviewed the reports and forwarded its
advice and recommendations to the Department of Energy.

C. Goals and Status of High Energy Physics

The goal of high energy physics is to find the ultimate constituent-?
of matter and the forces acting between them. The purpose of the pro-
gram is to examine the transformations and interactions among the
ultimate constituents of matter, to search for new fundamental laws
of nature, and to seek a better understanding of the established laws
of nature. Research into the inner structure of matter has proceeded



from the level of molecules to atoms, to nuclei, to nucleons, and
recently to constituents inside the nucleon called "quarks." Quarks
and leptons (electrons, neutrinos, and massive electron-like
particles) form simple families and are the most basic constituents of
matter so far understood (Figure 3). High energy physics deals with
distance scales (Figure 4) of < 1 0 ~ ^ cm. Such deep penetration into
matter can be accomplished only by using particle beams of very high
energy (and thus very short wave-length), available from today's giant
particle accelerators.

As newer accelerators have probed to smaller distances in mat-
ter, a theory has evolved to account for the multitude of observations
which has become so widely accepted that it is called the "standard
picture." The elemental constituents of matter are currently viewed
as six quarks and six leptons, which have distinct physical properties
but no internal structure and no size. Quarks combine under the
strong force, a residue of which binds protons and neutrons into
atomic nuclei and is responsible for fusion processes that power the

BASIC CONSTITUENTS OF MATTER

NESTED
STRUCTURE
OF MATTER

MATTER MOLECULE NUCLEUS PROTON QUAHK

Constituents in the Standard Picture

Quarks Leptons

u
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c
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t ?

b

Up
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Charm

Strange

Top
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e

"a

M

V
H

T

Electron

Electron neutrino

Muon

Muon neutrino

Tau lepton

Tau neutrino

Figure 3. Successive levels in the nested structure of matter dis-
covered through more than a century of research at the "high rnergy"
frontier, and the elementary constituents of matter as indicated by
the standard picture, grouped into families of leptons and quarks and
into three generations.
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subatomic scale.
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stars; leptons are unaffected by this strong force but are subject, as
are the quarks, to the electromagnetic force that binds leptons (i.e.
electrons) to nuclear matter to form atoms and to a weak force that
generates transitions among quarks and leptons and manifests itself as
radioactivity. Gravity is a fourth force, relatively so weak that it
would require the combined effect of an enormous number of particles
to make it measurable at the scale of distance so far studied (see
Table III). Physicists hope ultimately to unify and so describe all
fundamental forces by a single unified theory (Einstein's dream).

This standard picture has brought high energy physics to a turn-
ing point. During the last decade, work in the gauge theory of parti-
cle interactions has shown how the fundamental forces of nature might
be unified. The electromagnetic force has been unified with the weak
nuclear interaction even though these two forces differ in strength by
a factor of nearly 100,000. This has encouraged the hope that unifica-
tion of all the fundamental forces may be within reach during this cen-
tury (Figure 5). Gauge theory now dominates nearly all phases of high
energy physics, and the decision to perform new experiments is often
based on their relevance for testing its predictions. The potential
applications for gauge theory extend far beyond elementary particle
physics, to areas as diverse as condensed matter physics, nonlinear
wave phenomena, and even pure mathematics.

The primary principle of modern gauge theory is that forces have
a property designated "local gauge invariance, ' a mathematical symme-
try such that the various basic forces have a common mathematical
structure so that the different forces appear to be manifestations of
a greater unified whole. A second principle is that a phenomenon
called "spontaneous symmetry breaking" generates the large differences
between the strong, weak nuclear, and electromagnetic forces. This
mechanism generates the masses of the elementary particles which re-
flect the differing natures of the forces observed; the photon, car-
rier of the electromagnetic force, is massless, whereas its analogues,
the vector bosons (W~ and Z°), which carry the weak nuclear force, are
quite massive. The recent discovery of these bosons at CERN confirms
their huge mass—almost 100 times that of the proton—in agreement
with the prediction.

To understand the generation of the masses of vector bosons and
other elementary particles requires that one understand how spontane-
ous symmetry breaking is manifested in nature. A likely manifestation
is an as yet unseen type of subnuclear particle—one with no intrinsic
spin (as contrasted with quarks and leptons, which have internal spins
of half units, and the carriers of the strong, weak, and electromag-
netic forces, which have a spin of one unit). This particle, called
the Higgs boson, is predicted by gauge theory. A primary goal of re-
search in the next decade is to discover the Higgs particle or some
manifestation of the mechanism for spontaneous symmetry breaking.
This could lead to the discovery of a class of matter with fundamen-
tally new properties which would complement the quarks, leptons,
photons, and other gauge bosons found at the smallest scale of dis-
tance now attainable. This would have far-reaching intellectual and
scientific consequences.
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Table III The characteristics of the four basic forces

Type of force:

Behavior over
distance:

Gravita-
tional

Extends to

very large
distances

Electro-
magnetic

Extends to

very large
distances

Strong
nuclear

Limited to

<^10"13 cm

Weak
nuclear

Limited to

<^10"10 c

Strength relative
to strong force
at a distance of
10"13 cm:

Time for a typical
hadron to decay
via these forces:

Particle that car-
ries the force:

10-38

10 1 7 yr

Gravitron
not
discovered

Not known

10-2

10" 2 0 sec

Photon

0

1

10" 2 3 sec

Gluon (has
been iden-
tified in-
directly
but has not
been, and
perhaps can
not be,
isolated)

Assumed 0

10-13

10" 1 0 sec

W+, W", and
Z° inter-
mediate
bosons

*r90 GeV

GRAVITATIONAL
- CARRIED BY GRAVITONS
- AFFECTS ALL MASSIVE PARTiCLES
- EXPLAINS FALLING APPLES, TIDES. SOLAR

GALAXIES, BLACK HOLES
SYSTEMS,

• ELECTROMAGNETIC
- CARRIED BY PHOTONS
- AFFECTS ALL CHARGED PARTICLES
- EXPLAINS LIGHTNING, LIFE PROCESSES, RADIO,

ATOMS AND MOLECULES
• WEAK NUCLEAR

- CARRIED BY WEAK BOSONS
- AFFECTS ALL PARTICLES
- EXPLAINS RADIOACTIVE DECAYS OF PARTICLES,

NEUTRINO INTERACTIONS, EARTH'S MOLTEN CORE
• STRONG NUCLEAR

- CARRIED BY GLUONS
- AFFECTS QUARKS BUT NOT LEPTONS
- EXPLAINS STARFIRE, EARLY UNIVERSE, NUCLEAR

STRUCTURE. ATOMIC ENERGY
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Figure 5. The process of unification of the basic forces of nature
over the past quarter century.

All current theories predict fundamental new phenomena at mass
values of a few TeV or less. The need to probe the mass region up to
a few TeV sets the basic requirements for beam energy aad luminosity
(beam collision rate) for the next step in the construction of high
energy accelerator and colliding beam facilities. The overall prior-
ity in high energy physics for exploring the few-TeV mass region
arises from the critical question of spontaneous symmetry breaking and
the strong expectation that major breakthroughs can be made when the
right energy range is probed.

Theory has pushed even further into the unknown and several
trial models of "grand unification" unify the description of quark
and lepton matter at higher energies and predict that quarks may turn
into leptons and vice-versa. This implies the exact equality of
lepton and nucleon electric charges and leads to the prediction that
protons, long thought to be stable, will be found to decay. These
models further indicate that magnetic monopoles, trillions of times
heavier than protons, may exist; and some predict that matter may
change to antimatter, which implies that neutrinos, previously
thought to be massless, may have very small masses that have escaped
detection. Finally, these models may provide an approach to under-
standing why certain microscopic processes do not proceed forward
and backward exactly reversibly (CP violation). Many of the predic-
tions are subject to test in experiments already in progress or being
designed for facilities now under construction.

A primary goal of the next decade is therefore to continue
unifying the four basic forces of nature. Present theories are
expected to be developed and extended, and their predictions will be
experimentally tested at facilities existing and under construction.
Early in the next decade a new colliding beam accelerator giving ac-
cess to the TeV mass region will provide insight into the breaking of
gauge synmetry and hence allow physicists to formulate the scientific
foundation of higher-order unification schemes. Research in high
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energy physics may help to ultimately clarify how the universe evolved
from the "big bang" to its present state and how it will continue to
evolve. The study of proton decay and CP violation may explain why
the universe evolved almost exclusively into matter rather than
equally into master and antimatter. The observation of a neutrino
with nonzero mass may indicate whether the universe will expand for-
ever or contract eventually to another fireball. The high energies
achieved by accelerators allow the small-scale simulation of tempera-
ture conditions thought to have existed a fraction of a second after
the big bang.

Other directions for high energy physics research include the
search for new or more elementary constituents more massive than any
now known; the search for structure within constituents now considered
elementary; the study of the fundamental forces at a distance smaller
than that accessible with existing facilities; and the role of the
gravitational force in the small-distance domain of the elementary
particles. The most significant discoveries could be totally un-
expected. High energy physic3 research, as it probes deeper into mat-
ter has in the past seen many of the surprises nature has to offer,
and in the next step—to higher energies and smaller subnuclear dis-
tances—we can only wonder what nature has in store for us.

D. Evolution of Accelerator and Detector Facilities

1. Accelerators

In this century the push to identify the ultimate constituents
of matter and the basic forces that bind them has led to the construc-
tion of large and powerful research instruments such as the high
energy accelerators at CERN (near Geneva), at DESY (near Hamburg, West
Germany), at Stanford University (SLAC; in California), at Brookhaven
National Laboratory (near New York City), and at Fermilab (near
Chicago). Since the 1940s* significant discoveries about nuclear and
subnuclear structure have been closely related to the availability of
increasingly more powerful accelerators providing particles of higher
and higher energies. The energy growth of accelerators between 1930
and the present is shown in Figure 6.

The smaller the domain to be studied, the more powerful must be
the instrument. The tremendous binding forces within and between
subatomic particles require the high energy of a particle accelerator
to split the particles into new components, which can then be observed
individually and as they interact. P*rt of the immense energy is
converted into matter, producing a profusion of particles of varying
degrees of stability.

Particle accelerators can be linear accelerators (such as the
30-GeV electron linac at SLAC) in which the particles go through only
once, reaching maximum energy at the end, or circular synchrotrons
(such as the 80o--GeV Tevatron at Fermilab or the 30-GeV Alternating
Gradient Synchrotron at Brookhaven), in which the particles travel
around a circular path, gaining energy with each revolution. Elec-
trical energy is used to accelerate the particles; whereas in synchro-
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trons powerful magnets keep the particles in the circular path and
focus them into a narrow beam.

During the 1960s and 1970s major advances in accelerator technol-
ogy (the accumulation and long-time storage of intense beams of
hadrons and leptons) made possible the head-on collision of high
energy particle beams in circular accelerators. This dramatically
increased the energy available for initiating new forms of elementary
processes and probing smaller subnuclear distances. For example, in
order to reach the available energy produced in a head-on collision
between two 1000-GeV protons, a proton colliding with a fixed target
proton would have to have an energy of 2 million GeV, requiring an
accelerator with a diameter of ̂ '8000 miles.

In addition to particle beam energy, another basic accelerator
parameter is the beam intensity,, or the associated collider luminos-
ity. The luminosity of a collider determines the rate at which the
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particles in one beam collide with those in the other beam. The greater
the beam intensity and density, the greater the luminosity. Increased
density for a given beam intensity is achieved by focusing the beams
to reduce their cross section and by radiofrequency systems to reduce
the bunch length. Improved focusing techniques have achieved lumi-
nosities high enough to permit detailed investigation of interesting
and rare reactions.

Colliding beam systems have the advantage over fixed-target ma-
chines of high reaction energy for a given beam energy but the disad-
vantage that interactions amenable to study are restricted to colli-
sions between the stored particles. In addition, positron and elec-
tron beams colliding in a storage ring annihilate each other and pro-
vide a simple initial state of pure energy, uncomplicated by strong
interactions. On the other hand, proton-proton and proton-antiproton
colliders can provide the highest reaction energies, which would be
prohibitively expensive if obtained by other means, but pay a price in
that the variety of collisions that can be studied is restricted to in-
teractions of particles with complex internal structure. However, by
storing other particles and with suitable modifications to the colli-
sion configuration, colliders could achieve electron-proton (as in the
HERA project at DESY) and deuteron-proton collisions and even colli-
sions of heavy nuc'ai.

A beam of accelerated particles colliding with a fixed target,
although not attaining the high reaction energy of colliding beams,
has the virtue of providing a large interaction rate and a large vari-
ety of secondary particle beams. From the products of the primary
collision, intense secondary beams of various types of strongly
interacting particles (pions, kaons, neutrons, etc.) can be produced
to allow many different approaches to the study of interactions. In
this way, the properties of hadrons other than the proton can be di-
rectly explored. It is also possible to produce secondary beams of
neutrinos, electrons, unions, photons and other particles, which are
valuable for studying weak and electromagnetic interactions of hadrons
and the properties of '."heir internal constituents.

Schematics of these modern high energy physics accelerator
facilities, emphasizing their special features, are shown in Figure 7,
including fixed target, e+e~, pp and pp facilities.

2. Detectors

As their energy has increased, particle accelerators and
colliders not only have increased in size and complexity but also have
come to depend on large and intricate detectors to record the pattern
of particles emanating from the collisions, often in time intervals of
billionths of a second. These detectors, consisting of a number of de-
vices (bubble chambers, Cerenkov counters, proportional wire chambers,
drift chambers, charge coupled detectors, time projection chambers,
scintillation counters, etc.) require advanced technology and high
precision.

Detectors extract the physics from particle collisions by mak-
ing "visible" the products of the interactions of the high energy
particles. Elementary particles cannot be seen directly; their path
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and energy as they come out of an accelerator or out of a collison
must be determined indirectly. It is also important to identify the
type of particle: is it an electron, muon, proton, photon and so
forth. Thus detectors are often very complex. The strong interest in
rare processes (such as W and Z production in the recent CERN
experiments), and the need to completely characterize events, have led
to the development of detectors sensitive to almost the total solid
angle. At all accelerators, but particularly at .particle colliders,
it is essential to provide detectors capable of making the fullest use
of the particle beams. A wide range of detectors exists including the
small but often very sophisticated instruments designed for fixed-
target work, the very large detectors used for recording rare events
such as the interactions of neutrinos or the decays of nucleons, and
the large collider detectors that provide almost complete angular cov-
erage and characterization of the interacations occurring in these
machines. This latter class of collider detectors is among the most
costly and demanding. Their technological problems and solutions are,
in large part, shared with the other clasjes of detectors.

The MARK I detoctor first used at SPEAR in 1972 was the first
electronic detector for a particle collider with close to full angular
coverage and with a magn t:ic Held to provide momentum and energy mea-
surements for charged particles. Two "iews of the MARK I are shown in
Figure 8, and a reconstructed "picture" of a J/^ Cpsi) event is shown
in Figure 9. This detector was sophisticated for its era, allowing
the discovery of the 4J, the tau lepton, and charmed particles.

A bare decade later comparably important results have begun to
flow from the detectors at the CERN proton-antiproton collider with
the discovery of the Z and W particles. The enormous advances in de-
tector technology over this last decade are best illustrated by
constrasting the view of a J/^ event in the MARK I detector with the
enormously more detailed "picture" from the UA1 detector at CERN of an
event with a Z°, shown in Figure 10. The actual configuration of the
immense 5000 ton UA1 detector is shown in Figure 11.

Fixed-target detectors typically have a more precise area of
physics interest than the large collider detectors. The neutrino de-
tectors are vast instrumented targets, usually incorporating magnetic
analysis of produced muons and calorimetric measurements of produced
hadrons. The target of a Fermilab neutrino detector, shown in Figure
12, has an instrumented mass of 690 tons, consisting of 20-cra iron
slabs interleaved with drift chambers, followed by 420 tons of momen-
tum analyzing toroidal magnets. Such large masses are required to
achieve a reasonable interaction rate from the weakly interacting
neutrinos. Tn fixed-target experiments, the kinematics of high-energy
relativistic collisions results in most of the final-state particles
from an interaction being thrown forward into a relatively narrow
cone. Consequently, fixed-target experiments generally appear as a
linear sequence of detector elements downstream from the target, as
Figure 12 clearly illustrates.

The larger detectors constitute major facilities, with a life-
time of usage tvpically more than 10 years. They cost in the range of
10 to 50 million dollars and compete for resources with even the large
parent accelerators. Unlike the early pioneering experiments of
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Figure 9. Reconstruction of J/ij; event.

particle physics, a modern experiment may well require the simultane-
ous collaboration of several hundred physicists from 20 or more
institutions. These major facilities require resources comparable
with those used in the construction of the parent accelerator.

A detector system should be able to measure, as completely as pos-
sible, all the characteristics of the produced particles within an
event. This implies that the detector should function over the
largest possible angular range, measure with the best attainable preci-
sion, be provided with instrumentation to identify particle
characteristics, and simultaneously provide a wide range of cross
checks to protect against measurement artifacts. Additionally, for
use with hadron colliders, detectors must be able to extract
interesting classes of physics events from backgrounds of events per-
haps a hundred million times more frequent. These challenges must be
met while simultaneously keeping the combined costs of construction,
operation, and daf.a-reduction within reasonable bounds.

The basic physics underlying detector operation can be
summarized as follows:

• Charged particles lose energy by ionization processes and
leave a "track" or trail of ionized atoms and electrons as
they pass through gasses, liquids, or solids. A wide range
of techniques serve to measure the position and magnitude of
these ionization trails. The magnitude of this energy loss
per unit length is a measure of particle velocities.
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• Velocities of particles may be determined from the time inter-
val required to pass between two points. In general this
technique differentiates velocities only for relatively
small particle energies.

• In the presence of a magnetic field, charged particles are
deflected into curved orbits. Measurements of this curvature
permits the momenta of these tracks to be determined. The
particle's energy can be calculated from its momentum if the
mass is known.

• Characteristic, but weak, radiation is coherently emitted by
particles passing through material—Cerenkov radiation; or by
particles as they cross an interface between different mate-
rials—transition radiation; or as they pass through magnetic
fields—synchrotron radiation. The intensity and characteris-
tics of these radiations can serve as the basis of a velocity
measurement.

• When electrons or photons pass through matter they produce
characteristic electromagnetic cascades of secondary radia-
tion which in turn leave an intense core of ionized atoms.
The energy of the original electron or photon is ultimately
completely converted into ionization by these processes. Mea-
surement of this converted energy in a sufficiently thick
block of material determines the total incident electromag-
netic energy and constitutes a calorimetric shower-energy mea-
surement. A detector constructed to make use of this prop-
erty is an electromagnetic calorimeter..

• Hadrons, such as protons and mesons, interact strongly as
they pass through matter, producing secondary hadrons. This
again results in the production of intense cores of ionized
atoms. The total energy of the incident particles can be
measured from the total energy deposited in the form of ioni-
zation. Hadronic cascades can be differentiated from the
electromagnetic cascades that develop in much thinner layers
of material. The technique of measurement is known as hadron
calorimetry. Typically a hadron calorimeter might require a
thickness of three to four feet of instrumented steel with a
total weight of hundreds of tons.

• Energetic muons are uniquely characterized by the property
that, although charged, they penetrate very large thicknesses
of material and emerge with a relatively small change of
energy at the outside of a detector.

Modern detectors typically make use of many or all of the above
properties to characterize detected events. The characteristics of
these detectors have many features in common and share very similar de-
sign architectures. The detectors for collider experiments are based
on a series of concentric shells or layers, one behind the other, each
of which is devoted to some particular aspect or aspects of the detec-
tion process. The initial detector layers are used to characterize
the charged-particle component and are designed to be "nondestructive"—
i.e, to contain very little material so that charged particles will
not interact or degrade in energy and thus will maintain their



25

identity while traversing the layers. The outer detector layers
deliberately use large amounts of material in order to materialize the
neutral particles and to convert the energy carried by the particles
into detectable ionization; such a device is known as a calorimeter.

The outer layer of the calorimeter, or an additional detection
layer, is frequently used to detect muons. As mentioned earlier,
energetic muons are usually the only particles that can reach this
outermost layer.

Inevitably, as the layered levels of detection systems are built
up, a detector will become very large and correspondingly complex and
expensive. A prime objective of detector development is, therefore,
to keep detection systems as compact as possible and to combine detec-
tion roles whenever possible.

Additional demands are imposed on detector systems associated
with hadron colliders by the high ambient radiation levels at the de-
tector, and by the fact that events of interest mav be separated only
by very short times from uninteresting background events.

The elements or layers constituting a typical modern detector
can be seen in the schematic of the CDF detector at the Tevatron
collider facility at Fermilab ''Figures 13a and 13b").

Detectors for the new colliders face many new challenges. For
example, experiments at the Stanford Linear Collider (SLC) with its mi-
cron-size beams would benefit from improved spatial resolution if the
existing 50 to 100-micron resolution of drift chambers could be
improved to a level of about 5 microns. Micro-vertex detectors that
can identify the secondary vertex when bottom or charm quarks are
produced are being developed. Another important area for R and D is
in the use of charge-manipulation structures of silicon or gallium
arsenide for particle detection. Silicon strip detectors are being
used successfully in particle physics experiments and have
demonstrated 5-micron spatial resolution. Two-dimensional Charge-
Coupled Devices (CCD) are being developed for television cameras and
other optical imaging applications by industry; there is a clear bene-
fit here in a collaborative approach both between laboratories and be-
tween laboratories and the micro-electronic industry.

To be effective and productive, the U.S. High Energy Physics
Program requires a diversity of particle acccelerator and colliding
beam facilities with adequate detector facilities. In the study of
fundamental particles, valuable information comes also from sources
other than accelerators. The detection of cosmic rays, measurements
at nuclear reactors, the search for rare decays in the shielded envi-
ronment of deep tunnels and mines, and the precise study of atomic
transitions have all contributed to high energy physics. The most cru-
cial and fundamental questions, however, can be answered only by
probing deeper into the nucleon with increasingly energetic particle
collisions.



BACKWARD MAGNETIZED
STEEL TOROIDS $$

BACKWARD ELECTROMAGNETIC
I HAORON CALORIMETER

CENTRAL OETECTOR

DUMP RESISTOR

FORWARO MAGNETIZED
STEEL TOROIDS

\ >^2

LOW BETA QUADS

N

EQUIPMENT TRANSPORTATION CART

FOflWARO ELECTROMAGNETIC
4

HAORON CALORIMETER

' "7«L" Figure 13a.
Perspective of CDF Detector.

O\



a-740 fL

^•-rT^T^—ifeUPERCONOUCnONG COL

FORWARD SHOWER
CALORIMETER

- E N D PLUG SHOWER
! CALORIMETER

/INTERACTION POIhfT

ELEVATION VIEW LOOKING SOUTH
EL-706»U

Figure 13b. Crosa Section of CDF Detector.



28

II. U.S. PROGRAM 1985-1995

A. Overview

The U.S. program through 1995 will clearly have to depend on the
major facilitijs now operating and under construction. Assurance of
a forefront U.S. program in this period will require that the already
operating facilities (the AGS at Brookhaven, the Energy Saver at
Fermilab, the linac and the PEP and SPEAR colliders at SLAC, and the
colliding beam device CESR at Cornell) be thoroughly utilized and
upgraded to the extent required by physics developments, and that the
Fermilab Tevatron I and Tevatron II and the SLAC SLC facilities under
construction be completed expeditiously and utilized effectively. The
Fermilab and SLAC facilities are expected to carry the major burden of
serving U.S. high energy physicists during this period.

These facilities coupled with the use of unique foreign facili-
ties will permit a comprehensive program of research in the mass range
below a few hundred GeV. The existing ones will permit detailed
studies of weak interactions, study of charm and bottom quark spectros-
copy, and tests of QED and QCD. The new ones coming on line between
now and 1987 at Fermilab and SLAC will open the regime of the Z° and
W and the electroweak interaction, top quark states, and any un-
expected discoveries in the new energy regions.

The program will also provide opportunities for U.S. scientists
to work at foreign facilities with unique capabilities not available
here. The program will in addition include diverse nonaccelerator ex-
periments aimed at exploring very low energy phenomena, which reveal
critical features of the grand unified theories, as well as cosmic-ray
physics and astrophysical processes.

As discussed in Section IV, there is an essential need for a
major new facility to come into operation in the mid-1990s, the
proposed Superconducting Super Collider (SSC), a device which would
collide head-on two beams of protons, each of energy 20 TeV. An exten-
sive program of preconstruction research and development will be
carried out for several years beginning in FY 1984 to establish a
cost-optimized design for this facility. This R and D will provide
the data for a conceptual design, will integrate technical require-
ments with cost-effective fabrication methods, and will provide re-
alistic cost and schedule estimates.

If the SSC is approved for a start at the end of the 1980s, then
the late 1980s and early 1990s will be a period of extensive prepara-
tion for experiments at this facility. Probably some existing
capabilities would have to be redirected so that the needed fiscal and
manpower resources are available to develop the new detectors required
for effective utilization of the opportunities provided by the SSC
(see Figure 14).

In this period, the program would include a strong component of
advanced technology R and D on future accelerator and colliding beam
systems with even higher energies or with different particle capabi-
lities. Of major interest, assuming success of the Stanford Linear
Collider (under construction), would be the investigation of energy
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utilization of major DOE-funded accelerator facilities.

efficient acceleration structures and power systems for a large elec-
tron positron linear collider in the TeV energy range. Advantage would
be taken of novel acceleration or detection schemes as the
opportunities arise.

B. Details of the Program

The U.S. High Energy Physics Program at present depends primar-
ily on the accelerator facilities at the three DOE-supported national
accelerator centers: Brookhaven National Laboratory (BNL^, Fermi Na-
tional Accelerator Laboratory (Fprmilab'), and Stanford Linear Accelera-
tor Center fSLAC). In addition, there is the CESR colliding beam fa-
cility at Cornell University supported by the National Science Founda-
tion. Each has unique features complementary to those of the others,
and together they provide the capabilities essential for a forefront
U.S. program in the late 1980s and early 1990s. The DOE three-center
approach for high energy physics facilities has proven very effective
in the past and, though faced with serious challenges from abroad, the
U.S. continues to be recognized as a world leader in the field.

This section describes U.S. accelerator facilities (see Table
IV); those in other countries are described in Section III. For com-
parison, Figure 15 shows the energy and luminosity at world-class high
energy colliding beam facilities in operation, under construction, or
being designed, and Tables V and VI give more details of the U.S.
high energy physics research centers and the major foreign ones. The
U.S. High Energy Physics Program from 1985 to 1995, with emphasis on
the major facilities existing or under construction, will be a
vital program for the next decade. The planned SSC, if approved,
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is anticipated to come on line about 1995. The transition to the SSC
is discussed in Section IV.

Table IV Major U.S. High Ensrgy Physics Facilities
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Table V U.S. High i-nergy Physics Research Centers
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Table VI Major Foreign High hnergy Physics Research Centers
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1. Brookhaven National Laboratory (BNL)

The fixed-target experimental program at BNL is based on the Al-
ternating Gradient Synchrotron (AGS), a 30-GeV proton synchrotron that
provides intense external beams of high energy protons and also second-
ary beams of pions and kaons and low energy neutrino beams. A sche-
matic of the present BNL accelerator facility is given in Figure 16.
Many major discoveries have been made at the AGS, such as the finding
that the neutrino associated with the electron is different from that
associated with the onion; the omega minus hyperon, which gave strong
evidence for the quark hypothesis; CP violation and, indirectly, the
violation of time-reversal invariance, which led to a Nobel Prize for
J. Cronin and V. Fitch in 1980; the J/i> particle, which led to a Nobel
Prize for S.C.C. Ting and B. Richter in 1976; and the charmed baryon.
Currently the physics program at the ACS focuses on studies of the
weak interactions via neutrino interactions and rare K-meson decays;
the search for neutrino oscillations; hadronic spectroscopv, including
the study of gluonium states; a program of spin physics using the pol-
arized proton beam; OED, via measurements on muonic atoms with helium
nuclei; intermediate energy nuclear physics studies on hypernuclei
including hyperon-induced atomic x-ray emission; an^ a search for an
exotic six-quark state, termed H.

The AGS is the only proton accelerator in the world operating
for physics experiments in the energy range up to 30 GeV. In addi-
tion, it provides more than 1 0 ^ protons per pulse every 1.2 seconds
for neutrino physics and, with a one-second flattop every 2.5 seconds,
for electronic counter experiments.

Vigorous work is in progress to improve the AGS performance so
that more sensitive experiments can be done in the very interesting
areas of rare K decays and neutrino oscillations. In addition, a more
intense polarized proton source is being developed and will enhance
this unique BNL capability. Soon it will be possible to accelerate
heavy ions in the AGS with initially the availability of ions up to
mass 32 and energies up to 15 GeV per nucleon. A booster synchrotron

EXPERIMENTAL
HALLS

ACCUMULATOR/BOOSTER

UNAC

TANDEM
VAN DE GRAAFF

ALTERNATING '
GRADIENT

SYNCHROTRON
RING

Figure 16. BNL high energy accelerator facilities.
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is being considered as an addition to the AGS in the late 1980s to
allow operation with significantly increased proton and polarized pro-
ton beam intensities, to permit simultaneous operation of the Fast Ex-
ternal Beam and the Slow External Beam as well as to extnd the mass
range of accelerated heavy ions. In the future, it may be possible
that these facilities could be used to inject heavy ions into a 100 on
100-GeV/nucleon collider located in the now unused CBA tunnel. This
proposed Relativistic Heavy Ion Collider (RHIC) could allow the study
of the high baryon density phase transition and quark-gluon plasmas.

2. Stanford Linear Accelerator Center (SLAC)

The SLAC linear accelerator is the highest energy and highest
intensity electron accelerator in the world. It currently provides
beams of 33-GeV electrons and 22-GeV positrons and serves as injector
for the SPEAR and PEP colliding beam facilities. Its energy is being
upgraded to 50 GeV so that it can serve as the central element in the
Stanford Linear Collider fSLC). A schematic is given in Figure 17.

a. SLAC Fixed-Target Program. Since its start in 1966, the
fixed-target experimental program at SLAC has contributed greatlv to
the elucidation of the laws of physics. It gave rise to such pio-
neer-ring experiments as electron-nuclaon inelastic scattering, which
gave the first dynamic evidence for the quark and gluon composition of
the nucleons, and the parity violation in polarized electron-deuteron
scattering, which helped to establish the validity of the Glashow-
Weinberg-Salam model of the unified electroweak force. The program
also included extensive photoproduction experiments and a spectrum of
experiments with secondary hadron beams to study the hadron spectros-
copy and weak interactions in K-meson decays.

In recent years, the linear accelerator has been used mainly as
an injector for the SPEAR and PEP storage rings, and the fixed-target
program has been winding down. Recent experiments have included an
axion search and a charmed particle lifetime measurement in the SLAC
Hybrid Bubble Chamber facility. This has been completed, and no fur-
ther bubble chamber experiments are planned. Another experiment,
designed to study the scattering of electrons on nuclei and to eluci-

Figure 17. Stanford Linear
Accelerator Center. High
energy physics accelerator
facilities.

PEP COLLIDING
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date some of the recently observed anomalies in these processes, has
also been completed. An off-axis injector has been constructed to
give a relatively cheap way of generating 3- to 4-GeV electrons. This
improvement is motivated mainly by the approved nuclear physics pro-
gram but will also provide an economical way of filling SPEAR.

b. PEP Program at SLAC. PEP is a high energy electron-positron
storage ring, which can provide collisions at reaction energies be-
tween 8 and 30 GeV. Since it started operation in 1980, its luminos-
ity has been steadily improved and has recently readied 3x10^ cm~^
sec . The parameters of PEP are very similar to those of the PETRA
storage ring at DESY in Hamburg, West Germany, and during their ini-
tial operation the experiments at these two storage rings addressed
the same basic physics questions. Subsequently their physics goals
have diverged somewhat. The staff at PETBA has pursued added rf capa-
bility to reach the highest energies possible («̂ 45 GeV total center-
of-mass energy), hoping to exceed the threshold for production of the
postulated top quark; while workers at PEP have been capitalizing on
its high luminosity to obtain very accurate measurements at a single
energy (29 GeV total energy).

Planned future upgrades of PEP include further increases in
luminosity by micro-beta beam focusing insertions as well as
corresponding improvements to the detectors. Five general purpose de-
tectors have been operating at PEP: Mark II, a high resolution spec-
trometer (HRS), a detector oriented around a time projection chamber
(TPC), a magnetic calorimeter detector (MAC), and a detector oriented
around a large threshold Cerenkov counter (DELCO). Recently, a
specialized detector to look for anomalous single photons (ASP),
covering full 4ir solid angle, has been operating in the sixth interac-
tion region to look for missing energy and transverse momentum in the
search for possible long-lived non-interacting neutral particles
postulated in supersymmetric theories. Two specialized experiments
have already been completed: a free quark search and a monopole
search, both with negative results.

These diverse detectors allow a correspondingly diverse physics
program at PEP. In hadronic physics, the emphasis is on detailed QCD
tests looking at quark and gluon jets, particle correlations in
multi-jet events, and studies of the hadronization process for both
the light and heavy quarks. The electroweak sector includes measure-
ments of the neutral weak coupling constants of quarks and leptons by
studying forward-backward asymmetries and determinations of the weak
mixing angles from B-meson decays. Recent upgrading of several detec-
tors with precision vertex chambers has allowed precise determination
of lifetimes of the tau leptons, charmed states, and B-quark states.
An extensive two-photon physics program is under way, and a dedicated
experiment to search for the photino, the photon's partner in
supersymmetric theories, is now in progress.

The recent planned improvements in luminosity will allow several
years of productive research with high statistics experiments.

c. SPEAR Program at SLAC. EJPEAR is a medium energy electron-
positron storage ring with reaction energies between 2.5 and 8 GeV.
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It has been operating for more th*.n a decade, but its physics program
continues to be very productive. Its main value is that it is the
unique e+e~ facility in the world in the 3- to 5-GeV total energy
region—the region that allows study not only of charmonium spectro-
scopy but also of the production and decay of various charmed states
in relatively clean circumstances. Because different studies Q\> decay
modes, D mesons, F mesons, charmed baryons) require different ener-
gies, they cannot be performed concurrently.

SPEAR has two interaction regions, but, since the Crystal Ball
detector was moved to DORIS at DESY, only one has been occupied. It
serves a general purpose detector known as Mark III. This detector
has been optimized for study of the SPEAR energy region and features
good efficiency for low energy gamma rays, a precision time-of-flight
system to separate pions from kaons and protons over most of the kine-
matic range, and good charged particle momentum measurement. It has
large solid-angle coverage and can be used to reconstruct a large
fraction of charmed particle decays.

Recently SPEAR has been running half time as a dedicated
synchrotron radiation source for the Stanford Synchrotron Radiation
Laboratory, and it will continue to do so in the forseeable future.
The Mark III program is expected to remain productive at least until
1988.

d. SLAC Linear Collider (SLC). Construction of the SLC began
in October 1983. Its justification is twofold. First, it provides
for the development of techniques essential for establishing the tech-
nical feasibility of linear electron-positron colliders, whose energies
could reach well beyond those feasible with circular colliders in view
of projections that the cost of linear colliders rises linearly with
the e+e~ center-of-mass energy whereas that of storage ring 'colliders
rises approximately as the square of this energy. Second, the SLC is
designed with a reaction energy high enough to copiously produce di-
rectly the neutral intermediate boson, the Z°, recently discovered at
CERN. The scheme (Figure 18) will bring into collision high-
intensity micron-sized bunches of electrons and positrons, each beam
with an energy up to 50 GeV for a total center-of-mass energy of up
to 100 GeV in the e+e~ system. These bunch pairs arrive at the colli-
sion point from opposite directions, at the pulse rate of the SLAC lin-
ear accelerator (120 per second, eventually to be increased to 180).
After the beams collide, the residual electrons and positrons are
disposed of in beam dumps. SLC will also be capable of collisions
with polarized beams, and its very small beam size will allow
increased opportunities for close-in vertex detectors and hence good
conditions for studies of short-lived particles. It is scheduled to
be completed in the second quarter of FY 1987.

The topics to be studied at the SLC include Z° production and
decays (mass, width, decay modes and branching ratios, number of fla-
vors, number of generations of neutrinos); study of top quarks by
directly producing the vector tt bound state (toponium); search for
new particles such as the Higgs, particles predicted by supersymmetry
or technicolor, heavy leptons, and other new heavy quarks; QCD tests
by studying quark and gluon jets; and study of the mixing between the
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Figure 18. General layout of Che SLAC
Linear Collider (SLC): the injection
system (electron gun and boosters),
storage (damping) rings which serve to
reduce the size and energy spread of
the electron and positron bunches by
radiation damping, the existing linac
which accelerates bunches of electrons
and positrons to 50 GeV, and the trans-
port and final focusing systems which
bring micron-sized bunches of electrons
and positrons into head-on collisions.
The positron target and booster use
electron bunches to produce positrons
for injection into the front end 'f
the linac.

different quark flavors (K-M mixing angles). These objectives are sim-
ilar to those of LEP at CERN. The SLC, although lower in energy than
LEP, has a design luminosity (16x10 cm sec ) that is comparable
with that of LEP, but it is due to have its first physics run about
two years earlier.

The SLC has two technical advantages over storage rings. First,
detectors can be placed closer to the interaction region than in a
storage ring. This allows the position of secondary vertices to be
measured with high accuracy, improving the measurement accuracy of
short lifetimes and increasing the efficiency for tagging heavy quark
decays. The second advantage is the ability to produce longitudinally
polarized electron beams. This allows the Z°s to be produced with a
tunable polarization, aiding in the measurement of felectroweak interac-
tion parameters and the determination of new particle properties. The
ability to produce a polarized electron beam and to measure its polari-
zation will probably not be available until 1989.

During SLC commissioning and initial stages of operation, the
Mark II detector (suitably upgraded) will be used in the single in-
teraction region. This has the advantage that physics results can be
obtained relatively quickly with a detector that is well understood
because of its previous operation at SPEAR and PEP. Fabrication of
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a general purpose detector, designated SLD, designed expressly for
this energy range, is underway so that the full physics potential of
the SLC will be exploited. The characteristics of the detectors for
LEP and SLC are compared in Table VII.

3. Fermi National Accelerator Laboratory (Fermilab)

Until the fall of 1983 the physics program at Fermilab used
beams produced by a 400-GeV proton synchrotron. The Energy Saver
superconducting magnet ring (also called the Tevatron), which is
expected eventually to reach particle beam energies up to 1 TeV, has
recently come into operation. (Although the Tevatron has a 1-TeV
capability, it is being operated at 800 GeV, with the limitation on
energy being due to cryogenic capacity and the presence in the ring
lattice of a small number of field-limited magnets.) The so-called
Main Ring synchrotron, now operated at 150 GeV, serves as the injector
for the Energy Saver. The 1-TeV beam capability will be used in two
different modes of operation: colliding 1-TeV proton and antiproton

TABLE VII
Summary of the New e+e~ Detectors

Vertex
Detector

Tracking
Device

Coil

Tracking
Resolution

Particle Id

EM calor.

EM resolution

Hadron cat.
Resolution

Muon Det.

ALEPH
(LEP)

chamber +
^-strips

TPC
1 atm

r = 1.8 m
n = 300

s.c.
1.5 T

0.13% p

dE/dx
4.5% o

Pb-gas.

18%A/jr

100%/v£

. full

DELPHI
(LEP)

chamber +
^-strips

TPC
1 atm

r=1.2 m
+ outer

s.c.
1.2 T

0.15% p

dE/dx +
RICH

HDPC

18 - 20%/vt

100%/V£

full

L3
(LEP)

TEC

warm
0.5 T

0.03% p
M only

—

BGO

1 %

50%/VT
+ 10%

high res

OPAL
(LEP)

chamber

DC
4 atm

r —1.6 m
n = 160

warm
0.4 T

0.15% p

dE/dx
3.5% a

Pb glass

S.SVO/VE

100% l\f£

full

Mark II
(SLC)

chamber +
possible
^•strips

or CCD's

DC
1 atm

r = 1.5 m
n = 72

warm
0.5 T

0.12% p

dE/dx •
7% o

Pb-LA

12%/V/E

—

55%

SLD
(SLC)

CCD's

DC
1 atm

r=1.0m
n = 80

warm
0.6 T

0.13% p

RICH

U-LA

8%/VE

45%/vfe

full

Key: TEC — Time Expansion Chamber
CCO — Charged Coupled Devica
TPC — Time Projection Chambar
DC — Drift Chamber
RICH — Ring Imaging Cherenkov Detector
HDPC — High Density Projection Chamber
LA — Liquid Argon

(p in GeV)
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beams (Tevatron I project), and fixed-target experiments with 1-TeV
protons (Tevatron II project).

a. Tevatron II Program at Fermilab. The Tevatron II fixed-target
program (Figure 19) provides for extraction of a 1-TeV beam from the
Energy Saver ring; upgrading the switchyard, external proton beam lines,
target stations, and existing experimental halls for 1-TeV operation;
and four new secondary beams including a high flux muon beam, a wide-
band photon beam, a polarized proton beam, and a meson-west pion beam.
The proton beam extraction and proton beam lines in the switchyard
are now in operation, and the entire project is expected to be completed
in 1986. The increased proton beam energy will provide secondary parti-
cle beams with higher energy and increased intensity per pulse; however
with reduced cycle rate. In addition, the use of superconducting magnets
substantially improves the operating performance, in particular the
beam spill time. The result is that the duty cycle (i.e. beam-on-target
vs. cycle time) is as high as 30%. This is a substantial improvement
over the non-superconducting machine (Main Ring), where the duty cycle
was 8 to 10%.

The fixed-target experimental program covers a broad spectrum.
Measurements of leptons produced at large transverse momentum have
resulted in interesting comparisons with quark model predictions as
well as the discovery of the upsilon particle. These programs will
continue to higher energies and will be broadened to include beam par-
ticles other than protons and final state particles other than
leptons. Studies of hadron jets and direct photons are also being
emphasized. Measurements with a new polarized proton beam and with
polarized targets will be possible.

ACCUMULATOR

DEBUNCHER

ANT1 PROTON
TARGET

MESON AREA

POLARIZED PROTON BEAM

NEUTRINO AREA
•
MUON BEAMBOOSTER

ACCELERATOR
BROAO BAND PHOTON BEAM

PROTON AREA

IMPROVED

NEW

Figure 19. The Tevatron facility at Fermilab: the 6-km.-circumference
Main Ring and superconducting (Energy Saver) ring; the switchyard and
external beamlines for fixed-target operation (TeV II); the antiproton
source (antiproton target, accumulator, and debuncher) for the colliding
pp operating mode (TeV I); and the Main Ring injector complex (linac
and booster).
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Several experiments on studies of charm and bottom production
will use various novel techniques in different secondary beams. Of
special interest are efforts to develop vertex detectors and fast on-
line processors to extract the events containing decays of heavy
quarks, providing measurements of the Kobayashi-Maskawa (K-M) mixing
angles.

A series of experiments using neutrino and muon beams will ex-
tend the measurements of nucleon structure functions by about a factor
of three in momentum transfer (Q^). This may turn out to be important
because of the present confusion in the Q^ evolution of structure func-
tions (the value of A Q C D is smaller when it is obtained from data at
higher Q )• The neutrino experiments will be capable of more precise
measurements of neutral current couplings, which can be compared with
measurements from e+e~ colliders operating at the Z° mass. The muon
experiments will study jet fragmentation and atomic number dependence
at very high Q^. The latter has recently been of considerable inter-
est. Study of rare phenomena, like multi-lepton production by both
muons and neutrinos, with much higher event rates at higher energies
will improve understanding of these processes. Holography will oe .
used in the 15-ft bubble chamber to improve track resolution and thus
permit easier observation of heavy quark decays.

Some of the many phenomena from lower energies that are still
not understood will be subjects of Tevatron II experimentation. A
high statistics measurement of the electron asymmetry parameter in the
g-decay of Z~ should corroborate or remove the present large discrep-
ancy between this quantity as inferred from existing data and the pre-
diction of the Cabibbo model. Precision measurements of CP violation
parameters will be made.at levels where effects predicted by certain
classes of theories should become manifest. CP violation may be
observed in channels where it has not yet been seen.

b. Tevatron I Program at Fermilab. The Tevatron I project pro-
vides a proton-antiproton collider with a center-of-mass energy of up
to 2 TeV. Specifically it includes (1) additional refrigeration and
radio-frequency accelerating structures so that the superconducting
Energy Saver ring can operate at 1 TeV in a storage ring mode; (2) an
antiproton source (Figure 20) and accumulation system; and (3) two
large experimental areas suitable for detectors to study the results
of very high energy proton-antiproton collisions.

According to the present schedule, the Fermilab collider program
will furnish up to 2-TeV pp collisions for physics experiments by
1986-87 with a luminosity of 10-^ cm~^ sec~*. Two major collision re-
gions are being planned: one at BO, where the construction is com-
plete, and one at DO, which will be finished in 1987. A large general
purpose detector (CDF) is now being fabricated for the BO area.
Fabrication of a complementary detector for the DO area is under way.
The first round of experiments is expected to run for four J five
years with an integrated luminosity of up to i o " cm~^ or 10^ nb~* per
year of running. The Tevatron I program will divide the available
time with the Tevatron II fixed-target program, in a manner similar to
CERN operation.
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Antlproton Injection

Antlproton Extraction

Antlproton Target

Figure 20. Tevatron I antiproton source.

The CDF detector employs a large solenoidal magnet which con-
tains track chambers surrounding the beam pipe. The superconducting
solenoid magnet is enclosed within a lead-scintillator electromagnetic
calorimeter which, in turn, is enclosed in an iron-scintillator hadron
calorimeter. The calorimeters utilize a highly segmented tower geome-
try in order to define the energy and direction of a jet. It will be
possible to detect electrons and hadrons emerging from the interaction
point at an angle of l" or greater. Muon detection is provided over
part of the solid angle. The construction of the detector will be com-
plete in late 1986. The partially completed detector will be placed
in the Tevatron Collider during a September 1985 beam test, and it
will be used again in another colliding beams test planned for 1986.

Unlike CDF, the DO detector has no central magnetic field, but
emphasizes optimum muon and electron identification and minimizes miss-
ing transverse energy resolution. Its designers have chosen highly
segmented uranium—liquid argon calorimetry, utilizing projective geom-
etry. The calorimeters will measure the energy of particles which
emerge from the interaction point at angles >1° with respact to the
beam axis. A special effort is being made to reduce both the statisti-
cal errors and the systematic errors in the measurement of electron
and hadron energies. Electron identification is achieved through
measuring shower development in the calorimeter and the ionization
deposited in a transition radiation detector. The detector also has
a magnetized iron muon detector covering nearly 4 steradians. On the
basis of the current plan the detector can be completed in 1990, with
a staged turn-on beginning in 1989.

The Tevatron I program has two main features providing physics
opportunities. The primary one is the 2 TeV available for producing
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new heavy particle states. This high energy gives Tevatron I a posi-
tion unique in the world for the 1986-92 period. An added feature is
that the successful construction and operation of an antiproton source
will enhance the development of that complex technology in the U.S.

The anticipated annual yields at the Tevatron of standard model
intermediate bosons that can be exploited for detailed study are 2x10^
W* and 6x10^ Z°. Examples of the discovery potential of the new ma-
chine are ̂ 400-GeV mass for new intermediate bosons, J*100-GeV mass for
new heavy quarks, and j*300-GeV transverse momentum for QCD jets. Dur-
ing the l*te 1980s this program is expected to occupy about 400 U.S.
high energy experimental physicists.

4. Cornell Laboratory for Nuclear Studies

The Cornell electron-positron storage ring (CESR), supported by
the National Science Foundation, has been operating since 1979,
principally in the reaction energy range 9 to 12 GeV, although higher
energies are possible. It has two interaction regions, one occupied
by a large general purpose magnetic detector (CLEO) and the other by
a nonmagnetic detector for high resolution electromagnetic calorimetry
(CUSB).

The CESR energy range is ideal for studying the bottom quark.
Since CESR came into operation, the CLEO and CUSB experiments have
studied the first six S states and the first two triplets of ^p
states in the bb quarkonium system. They have measured the dilepton
and hadron decay widths of the first three ^S upsilons as well as the
branching ratios for irn transitions among them and the radiative tran-
sitions involving the ^p states. The fourth upsilon has served as a
"B-meson factory," allowing studies of the weak decays of the b quark:
semileptonic branching ratios, multiplicities, inclusive K, D, p, and
lepton yields, and exclusive modes. The results have confirmed the
standard six-quark model and have established the b •+• c •*• s cascade
as the dominant decay mode. _

An important gap in the bb bound state spectroscopy is the ^S
Dj) state which should be accessible from the upsilon states by a se-
quence of hadronic and radiative transitions. The systematic recon-
struction of upsilon decay modes permits possible discoveries of
glueballs, Higgs, axions, supersymmetric partners, and perhaps other
surprises. A thorough study of B decays will be required to measure
the generalized Cabibbo weak mixing angles, B°B° mixing, CP viola-
tion, and rare modes such as B •*• TV. Of the higher mass b-flavored
hadrons, B*, B s, Â ,, etc., only the B* has been observed.

The studies of the b quark at CESR are important for progress in
understanding both strong and weak interactions. Because the b quark
is so massive, the bb system is especially amenable to quantitative
QCD predictions. The weak decays of the b quark are unique in that
they permit measurement of branching ratios which depend significantly
on_the weak mixing angles other than the original Cabibbo angle; the
B°B° system (or B|B|) ma^ provide the only chance to observe CP
violation outside the K°K° system. One can hope that this work will
lead to insights as to why there are three generations of quarks and
leptr>us.
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The future CESR physics program requires significant increases
in quantity and quality of data for the following reasons. Relative
to cross sections in the charmonium region, bb cross sections are
suppressed because_of quark charge and because of increased energy.
Moreover, in the bb case there are more states and more decay modes
and, therefore, smaller branching ratios. The CESR luminosity im-
provement program is needed to provide at least a tenfold increase in
rates. In addition, an extensive upgrade of the CLEO detector is
under way and will provide significantly improved charged particle
tracking and particle identification as well as photon energy resolu-
tion. The present CUSB experiment has been upgraded by improving the
photon energy resolution.

5. Non-Accelerator Program

The U.S. High Energy Physics Program has traditionally supported
a modest but diversified program of non-accelerator physics experi-
ments. Recent predictions from grand unified theories have rekindled
interest in searches for nucleon instability, heavy primordial mag-
netic monopoles, neutron oscillations, and other new phenomena. In
fact, a stimulating merging of the interests of traditional high
energy physicists with those of cosmic-ray phvsicists, astrophysicists,
astronomers, and cosmologists is Caking place. Non-accelerator experi-
ments in these areas include searches for gravity radiation, neutrino-
less double beta decay, neutrino mass, neutrinos from gravitational
collapse, proton decay, and magnetic monopoles; studies of atmospheric
neutrinos and neutrino oscillations, extraterrestrial and extragalactic
cosmic rays, and gamma-ray and neutrino astronomy up to several TeV
in energy; and solar neutrino measurements.

It is important to maintain U.S. effort in these areas. These
experiments add significantly to the diversity of the U.S. high energy
physics program and are especially desirable in the present theoreti-
cal climate where seeing what lies beyond the standard model is of
prime importance. Most have direct relevance to the studies at high
energy accelerators, and some explore physics on an energy scale be-
yond that attainable with accelerators. Moreover, constraints on new
theoretical ideas often come from exv- Hments done for an entirely
different purpose. For example, measurements in x-ray astronomy put
constraints on monopole catalysis of nucleon decay, and solar neutrino
flux measurements put limits on the rate of monopole catalysis in the
sun.

During the last few years, the proton decay program has been es-
pecially strong and diversified. Recent results from the large water
Cerenkov experiment (Irvine-Michigan-Brookhaven collaboration) have
put into question the simplest grand unified theories, and refined mea-
surements continue to come from new data. The future tracking
calorimeter experiment (Soudan II) should provide information that is
complementary to that from the water Cerenkov detectors. Reactor
neutrino experiments provide a unique means of studying neutrino
masses and lepton mixing, because of the high fluxes and low energies
of reactor neutrinos.
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During the next decade the non-accelerator elementary particle
program should continue to play a vital role, complementing acceler-
ator-based research. It not only provides a means of glimpsing an
energy scale inaccessible to currently conceivable accelerators, but
also connects the field of high energy physics with many other
branches of physics.

C. University-Based Research

Modern high energy physics research started on the campuses of
U.S. universities soon after the end of World War II, when a large
group of scientists became free to pursue basic research. These
scientists, with funding from the Federal Government, enabled maior
universities, from coast to coast, to establish particle accelerators
on campuses. As the machines reached the GeV energy range and their
costs multiplied, a growing number of universities could not afford
their own particle accelerator. Nevertheless, this field of research
required higher energy accelerator facilities. The result was the ar-
rangement now in effect: accelerators are built and operated.at a few
large national laboratories, (managed by individual or groups of
universities), and the experiments at them are done primarily by uni-
versity-based scientists—in the user mode (see Figure 21 and Table
VIII).

DOE NSF
ACCELERATOR CENTER ~ Q ~ 0 "
LABORATORY PROGRAM • A

UNIVERSITY CONTRACT • O

Figure 2 1. The location of participants in the U.S. High Energy Phys-
ics Program as of 1983. Accelerator centers, national laboratories,and
universities supported by DOE and NSF are indicated.
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Table VIII User group mode

J USER MAKES RESEARCH PROPOSAL TO LABORATORY.
SCIENTIFIC REVIEW BY PROGRAM ADVISORY COMMITTEE

• LABORATORY FITS APPROVED EXPERIMENTS INTO AC-
CELERATOR SCHEDULE

• LABORATORY PROVIDES BEAM AND TECHNICAL SUPPORT

• USER ORGANIZES. SETS UP AND CARRIES OUT EXPERU
MENTS AT LABORATORY

• USER ANALYZES DATA AND PUBLISHES RESULTS FROM
HOME BASE

• LARGE EXPERIMENTS OFTEN REQUIRE COLLABORATION
OF SEVERAL GROUPS

• FUNDING SUPPORT OBTAINED THROUGH SEPARATE RE-
SEARCH SUPPORT PROPOSAL TO FUNDING AGENCIES

This arrangement has been extremely successful, and Western Europe has

also adopted close coupling between large accelerator laboratories and
universities.

The user mode allows the construction of facilities far larger
th^n could be supported by anv one university, and yet maintains the
major advantages of university-based research. Because high energy
physics is recognized as being of fundamental importance by the gen-
eral public as well as by scientists, universities have made an effort
to attract and hold the best scientists ("both from the U.S. and from
abroad^ and have thus remained the principal source of advances in
both theory and experimental work.

A great advantage of keeping scientists at universities while
providing them vith access to forefront research centers is that they
maintain their association not only with the university staff but also
with the students, which is vital to the continuation of scientific
advance. High energy physics needs new entrants, but even students
who do not stay in this field benefit from contact with it.

An important interaction on campus is that between high energy
theorists and experimentalists: the former learn which ideas might be
explored by experiment, and the latter learn which experiments are
needed for theoretical progress. Also important is the flow of ideas
to and from other disciplines. High energy physics results have found
their way into solid state theory, molecular and neurobiology, medical
physics, plasma physics, synchrotron radiation facilities, cosmology,
and astrophysics. In turn, computer science, solid state physics,
cosmology, laser physics, the physics of gases, and electronic engineer-
ing have advanced high energy physics.

In a university environment, scientists are free to change the
emphasis of their research. New opportunities quickly find energetic
proponents, and this fosters the timeliness of research trends. Since
peer review panels and program advisory committees at the accelerator
laboratories include many university scientists, the high energy phys-
ics research community can adapt quickly to new ideas.
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During the academic year 1982-83, a Technical Advisory Committee
on University Programs (TACUP) appointed by the High Energy Physics Di-
vision of DOE carried out a comprehensive review of the entire DOE-
supported university-based program in high energy physics in order to
assess the quality of the individual university contracts funded by
DOE. TACUP was also asked to comment on the balance between the var-
ious components of the DOE High Energy Physics Program and to report
opinions based on its review of the separate contracts and on comments
solicited from the high energy community.

TACUP was asked to review 82 contracts comprising 64 separately
funded theory tasks at 53 institutions, and 107 experimental tasks at
58 institutions. Eight panels, three for theory and five for experi-
mental work, were appointed, and all used similar quality criteria.
The evaluation was based on (1) a dossier submitted by the task lead-
er, and (2) a conference between the panel and the task leader, with
a site visit for larger contracts. Final reports, providing a quality
evaluation for each of the 171 tasks, were submitted to DOE in May
1983.

Such a comprehensive review of all university-based DOE con-
tracts simultaneously has not been carried out before, and the TACUP
review provides a unique overall picture. The main conclusion from
the individual task evaluations i? that, with few exceptions, the uni-
versity-based contracts produce research of very high quality. The
high energy physics community is proud of the scientific achievements
of the last decade and eager to deal with the new and deeper questions
which these successes have suggested. The individual research pro-
grams, even though they address a bewildering array of topics, are
well focused on issues of current rcientific importance, and competi-
tion to obtain significant results is keen.

The High Energy Physics Program has subdivisions beyond theory
and experiment. Experiments can be speculative or can be designed to
add to knowledge in a predictable way; they can depend on accelera-
tors—U.S. or foreign—or be independent of them. Given the totality
of funds available, TACUP concluded that the allocation of resources
to these various program components was reasonably matched to the op-
portunities in each area.

Enthusiasm in the high energy community continues to be high,
but the TACUP panels reported a significant level of concern. The num-
ber of U.S. accelerator facilities that can support front-rank experi-
ments has been decreasing steadily. For example, only three fully
instrumented collider interaction regions, two at Tevatron I and the
other at SLC, will permit access to new energy regimes at the end of
the decade. The number of U.S. research teams planning experiments in
Western Europe is increasing. Many university scientists are
concerned that the shrinking opportunities foreseen in the 1990s will
discourage young researchers from committing their careers to the
field. TACUP found the question of the development of frontier
facilities in the U.S. in the 1990s with adequate opportunities for
university research groups to be a matter of great urgency.

Over the years, funding limitations have not allowed the full ex-
ploitation of the existing U.S. accelerators, resulting in an increase
in the already long time spans between initiation and completion of ex-



47

pertinents and in a reduction in the number of experiments performed.
TACUP recommended, as have many others, that operating funds earmarked
for accelerator operation be increased until these large facilities
are fully exploited.

Universities have opportunities for input into the decision-
making process, but there is probably a need to develop further effec-
tive channels for participation in shaping the High Energy Physics Pro-
gram. The Snowmass meeting of 1982 was useful in this respect, and
workshops under APS Division of Particles and Fields sponsorship
should be continued, with broad university participation.

TACUP did not study the program funded by the Advanced Technol-
ogy R and D Branch of DOE, but many of the task leaders told the
panels that research on advanced accelerator concepts is not being
pushed as vigorously as it should. This would be an appropriate ac-
tivity for universities since accelerator laboratories must be
concerned also with more immediate improvements. The advisability of
additional funding for universities for advanced accelerator research
should be determined.

TACUP found that opportunities for young physicists to enter
faculty positions has somewhat improved. The staffs of many large and
medium-size research tasks now include a tenure-track faculty member
hired in the last six years. The DOE Outstanding Junior Investigator
fOJI) program has contributed significantly to this improvement.
Since its inception in 1978, more than 50 theorists and experimenta-
lists have been OJIs.

Since 1974, DOE support of its university-based physics program
has been essentially constant at $53 million per year (in 1982
dollars), but indirect costs have increased by about 10%, and the ex-
periments have become much more complex and costly. The TACUP panels
found most tasks to be handicapped by serious funding constraints. On
the theory side, funding shortages impede the training of students and
postdoctorals and restrict travel and visitor exchanges. On the exper-
imental side, universities have infrastructures that are deteriorating
and apparatus that is no longer up-to-date, and few of them can main-
tain a stable group of engineers and technicians. Th»se trends should
be reversed by additional funds, especially for equipment moderniza-
tion and for support of R and D projects not directly tied to approved
experiments.

The use of computers by theorists is burgeoning. A major new
development is their application to clarifying basic mathematical
ideas such as lattice gauge theories. This requires computers that
not only are large but also have special characteristics designed to
handle such calculations efficiently. The pressing needs in this area
cannot be met by a small fractional increase in the theory budget, and
DOE should set up a panel to study computer needs and estimate budget
requirements.

The assignment of VAX (or eqivalent) computers to a number of ex-
perimental tasks has been most welcome. The need for more computers—
of higher power and greater variety—will continue and should be given
high priority, with at least one VAX (or equivalent) planned per medium-
size research team, plus one located at the experiment and shared
by the collaborators. The panels also found a large unmet need for
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"networking," i.e., communication between the computers of a collabora-
tion situated on various compuses, even though a few large collabora-
tions are developing their own systems. DOE h a convened a panel to
evaluate various networking approaches, and ccommendations to the
funding agencies are continuing.

TACUP emphasized the importance of graduate and postdoctoral
training in the High Energy Physics Program. Summer study institutes
have in fact been initiated for the training of postdoctoral theorists
and experimentalists. Such institutes provide discussions of
important current work, produce relevant pedagogical literature, and
enhance interactions between students. Many graduate students doing
experimental work at accelerator laboratories must interrupt or discon-
tinue their formal education, and this is a growing problem as the
time needed at the accelerator site lengthens. It would be helpful
if the accelerator laboratories greatly increased the number of mini-
courses and lecture series to compensate for the formal courses on
campus c

TACUP found the relations between the university users of accel-
erators and the laboratory staffs to be excellent and mutually support-
ive but suggested that both groups would benefit from more frequent ex-
changes of personnel than at present and encouraged DOE support for
such exchanges.

As a result of this comprehensive review, corrective actions
were taken with respect to some 10 to 15% of the DOE-supported univer-
sity contracts, including some terminations.

III. INTERNATIONAL COOPERATION IN HIGH ENERGY PHYSICS

A. General

International collaboration is exceptionally well-suited to high
energy physics and has long been effective and mutually beneficial.
Shared use provides access t:o unique facilities in one nation which
are often complementary to those in another. It provides research
opportunities that would otherwise not be available because of the
worldwide distribution of unique facilities. Shared use has proved to
be mutually beneficial, and the cash flow, averaged over the years, is
well balanced between cooperating nations and entities having major
facilities.

Coordination of plans for constructing major new facilities, and
international participation in research, including joint fabrication
of large-scale equipment, is useful for progress on an international
scale. However, no formal joint decision-making mechanism has been
set up, and no joint construction venture (if CERN is considered a
single participant) has been undertaken. In another area, some non-
accelerator experiments require unusual geophysical conditions such
as very deep mines or a specific geomagnetic latitude, and these de-
pend on international access, the history of which has generally been
positive.

In the late 1950s and early 1960s, when the U.S. facilities (and
their support) were better than those elsewhere, individual and
institutional participation by foreign scientists in the U.S. was
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high, but few U.S. physicists worked abroad. The balance improved in
the late 1960s and early 1970s with the growth of CERN and DESY in
Europe. The past ten years have seen extensive U.S. institutional
involvement in both the ISR at CERN and PETRA at DESY. There is now
some U.S. participation in the pp program at the CERN collider. Many
U.S. groups have made a strong commitment to work at LEP and TRISTAN,
and others have expressed significant interest in doing experiments at
HERA located at DESY. There is also U.S. participation at the DORIS
storage ring at DESY and at LEAR, the low energy pp ring at CERN.

The fraction of the university high energy budget spent for work
using unique facilities outside the U.S. has recently risen to >10%
with the increasing expenditures for the LEP detectors. A formal pol-
icy, initiated by the International Committee on Future Accelerators
(ICFA) and adopted by all worldwide participating laboratories,
specifies that scientific merit and feasibility of experiments shall
be the sole criterion for acceptance of programs and experiments.
This provides the basis for a reasonable "trade balance."

Whereas the extensive relations with Western Europe are largely
informal, international callaborations with other nations are governed
in part by formal bilateral agreements. The agreement with Japan ap-
pears to be very successful. The agreement with the People's Republic
of China is working out well as they struggle to establish a world
identity in high energy physics. Joint activities with the Soviet
Union have decreased somewhat in recent years. The consensus remains
that U.S.-Soviet exchanges are useful and should be maintained.

U.S.-Soviet Union cooperation in high energy physics is governed
by the Bilateral Agreement on Cooperation in the Fundamental Proper-
ties of Matter, which operates under the Agreement on Cooperation in
Atomic Energy, which was extended in 1983. Agreement on a yearly work
program is determined by annual meetings of the Joint Coordinating
Committee on Reseach on the Fundamental Properties of Matter
(JCC/FPM). There have been some benefits under the JCC/FPM exchanges.
More Soviet experimenters have participated in work at American accel-
erators than have Americans at Soviet installations, but the Soviets
have contributed novel instrumentation techniques that have been ap-
plied at American laboratories. Among these are the gas-jet target
for 400-GeV experiments at Fermilab and the lithium high-current mag-
net lens for the Tevatron I antiproton source. A test facility for
the electron cooling of proton beams, a technique invented in the So-
viet Union at Novosibirsk, was designed and built at Fermilab a few
years ago. These comprise significant "technology transfer" from the
U.S.S.R. to the U.S.

Cooperation in high energy physics with Japan operates in part
under a 10-year formal bilateral agreement initiated in 1978. It has
consisted primarily of Japanese physicists working on U.S. programs,
and equipment contributions, in exchange for access to U.S.
facilities. With TRISTAN being brought into operation there is
increasing interest on the part of U.S. physicists in doing experi-
ments in this new facility. Currently an American-led group is
assembling a major detector fAMY-CHAN) for use at one of the four
TRISTAN intersection regions. There is also substantial U.S.-Japanese
cooperation outside the formal agreement.



50

Cooperation between the U.S. and People's Republic of China in.
high energy physics is also governed in part by a bilateral agreement.
Most of the collaborative efforts have been dominated by U.S. assis-
tance in designing installations and instruments. The agreement is
such that this assistance is without significant financial cost to the
U.S. programs.

The High Energy Commission under the aegis of the International
Union of Pure and Applied Physics (IUPAP) has sponsored a regular
cycle of international conferences in high energy physics, rotated
among the Soviet Bloc, Western Europe, and the Unites States, and once
in Japan. These have been eminently successful in furthering interna-
tional communication, and in some cases have provided the first infor-
mal contact among scientists previously kept apart by political
conditions.

Following the Economic Summit Meetings at Versailles and
Williamsburg, a Summit Working Group on High Energy Physics-was set up
to facilitate international cooperation in research and planning. The
initial conclusions of the Working Group were the following:

i. Additional studies should be done on the possibility of expanded
cooperation in accelerator technology development.

ii. The present intergovernmental working group should continue
to meet periodically to ensure maximum collaboration over
the coming years, regarding both existing machines and the
planning of new ones.

iii. To benefit from international cooperation, both countries
with major high energy physi-cs programs and those with minor
ones should have a strong home base program.

iv. If a larger-international project is agreed upon, equity of
benefits cannot be assured, but it can be approached through
intensive negotiation on a case-by-case basis. Each partici-
pant should contribute in a way that leads to a balance of
cooperation over the course of time.

The Working Group set up three new subpanels to facilitate the
advance of high energy physics:

i. Subpanel for Long-Term Planning will receive from the Summit
nations their plans and proposals for high energy physics, with prog-
ress reports on existing major facilities, and will also take account
of plans for high energy physics worldwide.

ii. Subpanel on Technical Collaboration will review activities
that are underway or planned, to carry out the technical recommenda-
tions of the Subpanel on Improving International Cooperation in High
Energy Physic?

iii. Subpanel on Administrative Issues will review and make recom-
mendations with respect to customs practices, data communications, and
personnel exchanges.
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Meetings of the Working Group occurred in Washington in October
1983, in Brussels in July 1984 and in Cadarache, France, January 1985.
The Group's activities are reviewed in "Annual Report to the Working
Group on Technology, Growth, and Employment by the Summit Working Group
on High Energy Physics," April 1985, issued by the U.S. DOE.

Several conclusions on long-range planning were reached by the
Working group. The present set of new high energy physics facilities
under construction, Tevatron and SLC in the U.S.; TRISTAN in Japan;
LEP at CERN; and HERA in the Federal Republic of Germany, are comple-
mentary and not duplicative. A clear need not met by the present gen-
eration of accelerators is the requirement to extend the energy range
of hadron colliders. The SSC is the most advanced plan in this regard
and the Europeans are considering options in the LEP tunnel. Other
open questions are a linear collider for electron positron collisions
and an electron-proton collider which could also make use of the LEP
tunnel. The required new and advanced facilities can be built and
operated within broadly constant worldwide budgets, with some fluctua-
tions during peak capital expenditure years. While further concentra-
tion of facilities is perhaps inevitable, more than one region with
a forefront accelerator capability working effectively in high energy
physics is essential. It is also essential that the limited number
of unique facilities remain open to competent scientists from all over
the world. Thus, it is considered of great importance to continue
the discussion snJ planning on an intergovernmental level.

With progress in high energy physics critically dependent on the
availability of progressively more complex particle accelerators and
versatile detectors, it has been necessary to develop new technology
to ensure that these new facilities are achievable in the most economi-
cally feasible manner. Consequently, the technical cooperation
subpanel recommended that the already active international collabora-
tion in accelerator and detector technology be further encouraged;
that common international standards be established to reduce costs and
ensure compatibility; and that the existing high energy physics
laboratories which are centers of advanced technology be used in
extended ways for training in science and technology for industry, uni-
versity, and other institutions.

It is clear that the removal of certain administrative obstacles
would facilitate international collaboration via cost sharing and
joint exploitation of regional facilities. Tariff and tax exemptions
(e.g., on experimental equipment) are required for extended periods
rather than the present short intervals. The freer exchange of scien-
tific and technical staff requires simplified administrative country
entry formalities, facilitated integration of the research worker's
family in the host country, and a guarantee of adequate social coverage
(e.g., health and accident insurance). Lastly, a productive interna-
tional collaboration requires efficient international data transmis-
sion. To this end, it is necessary to review the changing policies
for scientific data transmission across national borders and to pro-
mote effective data communication standards between nations.

In addition, the U.S. is actively pursuing opportunities for in-
ternational cooperation in the Superconducting Super Collider (SSC)
project, for example, through the Economic Summit process. The U.S.
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representative and Chairman of the High Energy Physics Working Group
has recently formally sent his Summit colleagues an open invitation
for scientists from their countries to participate in the SSC effort.
With the SSC being internationally available to collaborative experi-
ments upon completion, it would be desirable to have some participa-
tion in the early R and D effort by scientists and engineers from
those countries that are likely to be involved in the use of the facil-
ity. By such participation they would be better informed as to what
international collaboration might best suit the future interests of
their colleagues. In turn, the U.S. would benefit from their contribu-
tion to its R and D efforts to develop a plan for the best possible fa-
cility at the lowest possible cost.

Cooperation can take various forms extending from participation
in the planning and design, to that of R and D on various problems, to
the building of prototype systems, to construction, and to use. Early
collaboration does involve the participation of capable and trained
people where the contributions can be most significant and influential
on the entire future success of the proiect. The summit offers an op-
portunity for greatly improving the international cooperation process.

B. The European Program

The European program in experimental high energy physics is
centered at the European Organization for Nuclear Research Laboratory
(CERN) in Geneva, Switzerland, and at the Deutches Electronen Syn-
chrotron Laboratory (DESY) in Hamburg, West Germany. CERN has 3600
staff members and au annual budget of ^600 MSF; about 1800 high energy
physicists participate in the program. DESY has a staff of 1100 and
an annual budget of v/*130 MDM. Although DESY is a national laboratory,
it is utilized internationally, with groups from 11 nations and a
total of 400 physicists participating in the program. These facili-
ties are described below. For comparison, the 1984 worldwide budgets
for high energy physics are shown in Table IX.

1. CERN

a. Fixed-Target Operation of the Super Proton Synchrotron
(SPS). The SPS is the mainstay of the experimental program at CERN.
Its maximum energy has been upgraded to 450 GeV. The beam intensity
achieved is now about 2x10 protons every 10 seconds. The West Exper-
imental Area will be upgraded to provide two high energy, high quality
secondary beams in addition to several test beams. New neutrino beams
for beam dump experiments and for neutrino oscillation experiments are
being constructed. The fixed-Carget program using the SPS is expected
to remain strong during the second half of the 1980s.

b. The SPS Proton-Antiproton Collider. This facility produces
proton-antiproton collisions at a center-of-tuass energy which has now
reached 630 GeV and with a peak luminosity of 4x10^9 cm~^ see"* in
each of two intersection regions. The integrated luminosity
accumulated since 1981 is 0.6 pb . The SppS collider operates as
follows: 26-GeV/c protons from the PS are used to produce 3.5-GeV/c
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Table IX World Budgets in High Energy Physics 1984

U.S. - DOE 480 M$
NSF ~ 40 M$

TOTAL 520 M$
WESTERN EUROPE -

CERN 701 MSF x .4875 $/SF (3/7/84) 342 M$
REMAINDER OF W. EUROPE £ SAME 360 M$

TOTAL 700 M$
USSR -

ESTIMATE. COMPARABLE OR SOMEWHAT LESS 500 M$
THAN THE MANPOWER/FUNDING EFFORT OF
THE U.S. PROGRAM IF ONE CONSIDERS TOTAL
ACTIVITY.

JAPAN —
EXTRAPOLATED FROM HEP/GNP GRAPH <v 150 M$
RECEIVED FROM DELEGATION OF THE COM-
MISSION OF THE EUROPEAN COMMUNITIES.

CHINA -
ES riMATE 60-100 M$

antiprotons, which are stored and stochastically cooled to form a
dense beam in an accumulator ring (the AA). After enough antiprotons
have accumulated and cooled, they are reinjected into the PS,
accelerated to 26 GeV, and transferred to the SPS, where they are
accelerated to 315 GeV and caused to collide with counter-rotating
bunches of 315-GeV protons. The spectacular discoveries of the W and
Z° particles in 1983, and probably of the top quark in 1984, are all
results of the first experiments with this facility. Improvements are
underway to raise the luminosity to 3x10^^ cm~^ sec~* by 1987, with an
added 3-GeV ring to enhance the accumulation of antiprotons (ACOL),
(leading to an exppcced integrated luminosity of 10 pb~^ during 1988).
and to upgrade the UA1 and UA2 detectors.

The UA-1 detector is being upgraded by improving the calorimeter
energy resolution, by adding a high resolution vertex detector, and
by extending the muon detection system to a larger solid angle. In ad-
dition to these detector improvements, the data acquisition system
will be upgraded to match the increase in luminosity. The muon detec-
tion system improvements will be completed in 1985, and the remainder
of the improvements will be completed in 1987. These improvements
will lead to better energy resolution for electrons, muons, and jets
and will, thus, enhance the detectors' ability to determine the trans-
verse energy carried away by particles which do not interact in the de-
tector, such as neutrinos. With 23 U.S.-supported physicists among
the 178 UA-1 collaborators, this detector represents a significant ef-
fort for the U.S. as well as for Europe.

The UA-2 detector will be upgraded by extending the hadron
calorimeter coverage from 40° to 5° with respect to the beam axis.
This will be accomplished by replacing the toroidal magnets with
calorimeters, thereby making the detector a totally non-magnetic detec-
tor. Other changes will be made to improve the electron identifica-
tion and tracking in the central calorimeter.
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Table x Comparison of the SppS and Tevatron Colliders

SjJpS Tevatron I Tevatron I
(upgraded/1988) (1987) (upyraded/1989)

Center-of-Mass Energy (GeV) 630 1800 2U00

Peak Luminosity (cm"2sec~1) 3 x 10 3 0 ' 1O30 1O31

Events of W^e±y 1.0 x 104 1.2 x 104 1.4 x 105

Events of Z*»e+e" 3.6 x 102 9.0 x 102 1.1 x 104

Number of t and I (40 GeV/c ) 6.0 x 104 1.8 x 105 2.2 x 106

Mass Limits for Heavy V 240 500 700
(GeV/c2)**

Mass Limits for Heavy Q 90 130 220

x Tne yields assume a run of 10' seconds at peak luminosity.

"*7ne limits are based on the production of 100 produced particles in a run
of 10 seconds at peak luminosity.

A relative comparison of the discovery potential of the SppS
and the Tevatron can be made by comparing the production of the stan-
dard electroweak bosons, more massive gauge bosons (V), and heavy
quarks (Q) in a run of 10' effective seconds. The results are given
in Table X, which considers planned luminosity improvement programs at
both Colliders.

c. Large Electron-Positron Facility (LEP). LEP is an elec-
tron-positron storage ring with a circumference of 27 km and eight
straight sections. Phase 1 of LEP, aimed at providing 60 GeV x 60 GeV
electron-positron collisions in four intersection regions was approved
by the CERN Council at its October 1981 meeting. The predicted peak
luminosity is 10-^ cm~^ sec"'-. The CERN schedule calls for the first
colliding beams by the start of 1989. In Phase 1, only 1/6 of the
available rpace along the ring will be equipped with conventional
radiofrequency accelerating cavities. With the full complement of con-
ventional cavities, LEP will be able to reach 85 GeV x 85 GeV. If the
superconducting accelerating cavities are developed successfully and
employed in LEP, an energy upgrade of LEP as high as 120 GeV x 120 GeV
will be possible. A capsule of the project is shown in Table XI. The
four planned detectors for LEP (ALEPH, DELPHI, OPAL, and L3) are com-
posed with those for SLC (MARK II and SLD) in Section II.B.2.d.

At center-of-mass energies of about 200 GeV, LEP will permit
searches for new types of leptons and quarks up to masses of 100 GeV.
It will permit study of the production of Z°Z° pairs and W+W" pairs
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Table XI LEF Project

• e+a- STORAGE RING - 60 - 120 GeV/BEAM

- 120 - 240 GeV CENTER-OF-MASS

• CIRCUMFERENCE - 27 km (17 mi)

• LOCATION - EUROPEAN CENTER FOR PARTICLE PHYSICS

RESEARCH, CERN, GENEVA, SWITZERLAND

• AUTHORIZED FOR CONSTRUCTION - DECEMBER 1981

• COST - 910 MSF (1981), EXCLUDING LABOR
- ESTIMATE ~ 2000 MSF WITH LABOR

• SCHEDULE - INITIAL OPERATION: START OF 1989
• DETECTORS - 4 OF 6 INTERACTION REGIONS INITIALLY

and searches for heavier vector bosons and other particles. LEP will
also be able to search for Higgs particles up to a mass of 70 GeV.
These experiments address some of the most fundamental questions with
respect to our understanding of electroweak processes, including the
origin of symmetry breaking and the origin of masses.

d. The Next Step at CERN. The European high energy physics com-
munity is considering the installation in the LEP tunnel in the mid-
1990s of a superconducting magnet ring suitable for storing 5-and per-
haps up to 10-TeV protons. This has already been the subject of sev-
eral European workshops and was discussed at the 1984 meeting in Japan
of the International Committee on Future Accelerators (ICFA). Such a
facility, designated the large hadron collider (LHC), would probe near
the 1-TeV mass range but with capabilities significantly lower than
those of the SSC facility being considered in the U.S. A decision
may be reached in 1987.

2. DESY

a. DORIS. The electron-positron collider ring DORIS has been
rebuilt with more accelerating capability added to raise the maximum
reaction energy to 12.0 GeV. Both interaction regions are equipped
with mini-beta beam-focusing optics to allow high luminosity operation
0^300 to 400 nb"1 perfday). DORIS is operating with two complementary
detectors: a large solenoid detector, ARGUS, and the Crystal Ball de-
tector relocated from SPEAR. These will be used in a detailed study
of bound bottom quark states and of decays of particles containing
bottom quarks.

b. PETRA. The electron-positron collading ring PETRA has so
far operated at reaction energies between 10 ;ud 45 GeV. The in-
stallation of a mini-beta beam-focusing system in all four inter-
acting regions has resulted in a peak luminosity above 10-** cm~^
see"* and an average integrated luminosity between 400 and 600 nb~-
per day per interaction region. A program has been implemented
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recently to increase the maximum reaction energy to about 45 GeV in
two steps. An increase from 36.7 to 40.5 GeV was achieved with a
doubling of the rf power from 4 to 8 MW. With the installation of rf
cavities in the two remaining long straight sections the energy was
increased from 40.5 to about 45 GeV in early 1983. (Actually, a peak
energy of 47.6 GeV has been reached since that time.) Superconducting
rf cavities would be required to increase the energy beyond 45 GeV up
to a maximum of 60 to 70 GeV. A superconducting cavity built by
Karlsruhe was successfully tested with high rf power and was installed
at PETRA in 1982. DESY, in collaboration with CERN and Wuppertal, has
a program to build and test superconducting cavities, but it is un-
likely that such an energy upgrade for PETRA will be pursued.

c. HERA. The Deutsches Elektronen-Synchrotron (DESY) has begun
the construction of a large electron-proton colliding beam facility,
HERA, designed to collide either electrons or positrons of 30-GeV nomi-
nal energy with protons of energies up to 820 GeV, yielding 314-GeV re-
action energies and a maximum momentum-transfer-squared, Q , of 98,000
GeV2. This is equivalent to an electron beam of 52 TeV on a station-
ary target. The design luminosity of 2.5x10^ cm"2 see"* will allow
the determination of the proton structure function in a substantially
new range of momentum transfers, 2000 (GeV/c)2 < Q 2 <'10000 (GeV/c)2.
far beyond anything acheivable anywhere else in the world. I,The maxi-
mum Q^ achievable in deeply inelastic muon or neutrino scattering at
the Tevatron II is about 400 (GeV/c)2). These experiments, together
with observations of the final state, will allow new tests of the Stan-
dard Model, especially of perturbative QCD. The electron and positron
beams are expected to be transversely polarized, and DESY has plans
to enable rotation of the polarization, to provide longitudinally
polarized electrons and positrons, an extremely useful capability.

Construction of HERA began in the spring of 1984, with initial
operation scheduled for the last half of 1989. A capsule of the pro-
ject is shown in Table XII.

C. The Japanese Program

Elementary particle research in Japan has so far been carried
out at the 12-GeV proton synchrotron at KEK. The future program in-
volves the construction at KEK of a large storage ring complex,
TRISTAN, designed to collide electrons and positrons and, perhaps at
a later stage, electrons (or positrons) widi protons. The TRISTAN
tunnel will have a total circumference of 3 km with four interaction
regions. An electron-positron colliding ring capable of exploring re-
action energies up to 60 GeV will be housed in this tunnel. TRISTAN
covers an energy range not covered by any other existing or planned
e+e~ collider and thus provides an important new opportunity to dis-
cover and study any new phenomena whose thresholds lie in this range.
Its physics program will probably stress electroweak interference
effects, jet formation and fragmentation, and studies of the toponium
system if ft bound states are within its energy range. A maximum lu-
minosity in the range (3 to 8)xlO^ cm"2 see"* is expected.
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Table XII HERA Project

• EP STORAGE RINGS - 820 GeV p COLLIDING WITH
30 GeV e

- 314 GeV CENTEROF-MASS

• CIRCUMFERENCE - 6.3 km (4 mi)

• LOCATION - DEUTSCHES ELEKTRONEN SYNCHROTRON
(DESY). HAMBURG. WEST GERMANY

• AUTHORIZED FOR CONSTRUCTION - APRIL 1984

• COST - 950 MDM (1984). EXCLUDING LABOR

- ESTIMATE ~ 2000 M D M WITH LABOR

• SCHEDULE - INITIAL OPERATION: LAST HALF OF 1989

• DETECTORS - INITIAL COMPLEMENT OF 3 DETECTORS
PLANNED. LETTERS OF INTENT TO BE SUBMITTED
BY JUNE 30, 1985.

• COLLABORATING NATIONS - CANADA. FRANCE. ISRAEL ITALY.
NETHERLANDS, AND UNITED
KINGDOM

There are three major detectors at TRISTAN; two of them, TOPAZ
and VENUS, are general purpose detectors. VENUS uses a drift chamber
in a solenoidal magnetic field for charged particle tracking and a
lead glass array for photon detection. TOPAZ also features Ie3d glass
but uses a TPC for charged particle identification and tracking. Both
detectors are being constructed by Japanese collaborations. The third
detector, AMY, is a compact detector emphasizing lepton and photon
detection. To this end, the detector uses a high magnetic field, high
resolution tracking chambers, and a photon counter before the magnet
coil. This detector has major U.S. collaboration and leadership.

The TRISTAN project has been authorized, and construction is
underway. The start of the experimental program is scheduled for late
1986. The installation of superconducting rf could bring the energy
to 36 GeV ptr beam.

D. The U.S.S.R. Program

1. Institute for High Energy Physics (IHEP), Serpukhov

The major proton accelerator facility in the U.S.S.R. at present
is the 76-GeV synchrotron at IHEP. Although its proton beam intensity
is low by Fermilab and CERN SPS standards, it supports an active pro-
gram, similar to that at the AGS at BNL, with emphasis on large, rela-
tively permanent experimental setups. Some unique work on charm and
particle production by hadrons is being done in a neutral beam; a
neutrino counter experiment has ceased operation until the new booster
comes into operation to increase the intensity. Work on K° regenera-
tion experiments has been in progress for 10 years; a large multi-
particle spectrometer facility has been used to study charmed parti-
cles. A group using emulsion techniques has provided the cold
emulsions for the search for charmed particles in the Fermilab
neutrino beam using the 15-ft Ferailab bubble chamber. SKAT, the
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large propane chamber for neutrino physics, is still in operation as
is MIRABELLE, a large bubble chamber for hadron physics. The bubble
chamber scanning and measuring facilities at both Dubna and Serpukhov
are extensive and have recently been upgraded.

In the future the 76-GeV synchrotron will become th2 injector
for a multi-TeV accelerator/storage ring, UNK. Phase I of UNK, which
was authorized for construction in 1981, includes a 400-GeV booster
synchrotron using conventional magnet technology and a 3000-GeV
(3-TeV) synchrotron using superconducting magnets whose design is simi-
lar to Fermilab's. Phase I will provide fixed-target beams to 3000-
GeV maximum incident energy (75-GeV reaction energy) and proton-proton
colliding beams of 400 x 3000 GeV (2190-GeV reaction energy): pp
collisions at 2.2-TeV center-of-mass energy would be possible at this
stage. Phase II, which is still in the planning stage, could provide
3000 x 3000-GeV proton-antiproton colliding beams and, with the addi-
tion of a second superconducting magnet ring, 3000 x 3000-GeV proton-
proton collisions. If both phases of UNK are successfully completed
and operated, the U.S.S.R» will have a high energy physics research ca-
pability in the 1990s far beyond that provided by any facility
currently authorized. However, either the SSC in the U.S. or the LHC
at CERN would surpass the capabilities envisioned for UNK.

2. Institute for Nuclear Physics (INP), Novosibirsk

This Institute is the center of lepton interaction physics in
the Soviet Union. The research centers around the VEPP-4 electron-
positron storage ring, which has a maximum energy of 5.8 GeV per beam.
A luminosity of 3x10^° cm"2 sec"1 has been obtained at 5 GeVx5 GeV (10-
GeV reaction energy). This device has been used to make precision
measurements of masses of particles containing the charmed quark.
An older storage ring, VEPP-3, is used as an accumulator/injector for
VEPP-4, allowing the electrons and positrons to polarize before injec-
tion. Polarized beams of >50% have been achieved. The main detector
facility employs a 400-ton magnet with field perpendicular to the
plane of the particle orbits. While the physics research program at
INP is considered modest by Western standards, the contributions of
INP to the development of accelerator technology have been exception-
al. INP is reported to be involved with design of an antiproton
source for use with UNK. This effort stems from the pioneering work
at INP on electron cooling of proton beams.

3. Joint Institute for Nuclear Research (JINR), Dubna

Although the accelerator facility at Dubna, the 10-GeV synchro-
phasotron is not competitive by modern standards, its high energy phys-
ics program remains active. Its group is allocated about 30% of the
research time at Serpukhov and maintains a team of physicists on-site
to support this research. At Dubna, work is being done on quark
models of the nucleus, using heavy ion beams, as well as some fine
polarized jet target research using a very advanced and effective
solid state detector array.
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E. The Program of the People's Republic of China

The major high energy physics facility under construction in the
People's Republic of China is a 2.5 GeV x 2.5 GeV electron-positron
collider designated BEPC. It is designed to achieve high luminosity
to support an experimental program focused on high precision studies
of the particle states containing charmed quarks. The design luminos-
ity is 1.7xlO3 cm"2 sec" with one bunch per beam. Initial operation
is expected in 1988.

IV. NEW FACILITY NEEDS FOR THE U.S. HIGH ENERGY PHYSICS PROGRAM

A. The Next Step

In the past, major scientific breakthroughs in high energy phys-
ics have been associated primarily with investigations at higher and
higher energies. Recent insights have led to the conclusion that ex-
ploration of the TeV mass scale (or equivalently of the 10"*' cm dis-
tance scale) is the next step toward any major advance.

This could be accomplished with a Superconducting Super Collider
(SSC), a device that collides head-on two beams of protons, each of
energy 20 TeV. The proposed SSC (Figure 22) would consist of an
injector complex of accelerators, of approximately the scale of the
Fermilab Tevatron facility, to accelerate protons from rest to an
energy of 1 TeV or more for injection into two very large rings of
superconducting magnets that confine the counter-rotating bunches of
protons in the desired orbits. These bunches of high energy protons
are then accelerated to an energy of 20 TeV and caused to collide at
six symmetrically placed positions around the rings where facilities
for physics experiments can be located. The circumference of the main
ring is determined by the strength of the main ring dipole magnets
which bend the trajectory of the protons. For the range of dipole mag-
netic fields considered at this time, the circumference of the main
ring is between 90 and 164 km. Figure 23 shows the size of a 90-km
SSC main ring compared with the 6-km-circumference Tevatron and the
27-km-circumference LEP facility.

The energy of the SSC and its high design luminosity (1033 cm"2

sec" ) represent a substantial extension of the major parameters of
colliders, proposed or under construction. The SSC will be able to
probe to a much higher mass scale or to smaller subnuclear distances
than are accessible with any other existing or planned facility. It
thus offers a real probability of major advances in our knowledge cf
elementary particles and the unified forces of nature. Such a device
is now within reach of present-day technology because of the success
of U.S. investment in superconducting magnet technology and the invest-
ment of the world HEP laboratories in high energy beam technology. The
SSC could be operational in the mid 1990s.

The 20-TeV proton-proton collider envisioned for the SSC have
been discussed for some time. Two workshops sponsored by the Interna-
tional Committee for Future Accelerators (ICFA), at Fermilab in 1978
and at CERN in 1979, considered the technology of such accelerators
and other potential frontier instruments for reaching very high
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Figure 22 (Left). The layout of the SSC used in the Reference Designs
Study, indicating the injector complex and the main ring where protons
are accelerated to 20 TeV in counterrotating bunches that collide at
six points along the circumference.

Figure 23 (Right). The relative sizes of the Tevatron at Fermilab
(6-km circumference), the LEP collider under construction at CERN
(27-km circumference), and the SSC main ring (90-km circumference if
constructed with 6.5-T bending magnets).

energies but left costs and engineering details to the future. Since
then, magnet and colliding beam technologies germane to proton-proton
colliders have made substantial advances.

These technical advances and recognition of the enormous scien-
tific potential of a multi-TeV proton-proton collider led U.S. leaders
in high energy physics to suggest construction of such a collider as
soon as possible. Figure 24 indicates some of the physics motivation
for the SSC.

The U.S. high energy physics community started to consider this
question at the 1982 Summer Study of the American Physical Society
(APS) Division of Particles and Fields at Snowmass, CO (June 28 to
July 16). The purposes of the Summer Study were to assess the future
of high energy physics, to explore the limits of our technological
capabilities, and to consider the nature of future major facilities in
the U.S. The 1982 Summer Study led to a widespread recognition of the
need for (and importance of) a multi-TEV proton-proton collider, based
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Figure 24. In recent years progress in theoretical and experimental
physics has pointed to several forefront scientific issues and new di-
rections for research that must be addressed by a vital U.S. high
energy physics program, and technical developments have provided a
strong base for the next step in major facility development and con-
struction. The SSC concept represents the response of the U.S. high
energy physics community to these factors and opportunities.

in part on recent accomplishments (in both experimental and theore-
tical research) strongly suggesting that the next major step will re-
quire exploration of the energy region where new particles (with new
properties and masses of a few TeV) can be produced.

At a 1983 20-T-iV Hadron Collider Technical Workshop at Cornell
University (March 28 to April 20), 40 U.S. and European experts in ac-
celerator science and accelerator construction technology met to con-
sider further the technical issues. They concluded that the time was
ripe to intensify development of candidate magnet systems in order, to
allow design and cost studies that would narrow cost uncertainties and
define construction methodologies more sharply. Assuming a reasonable
level of effort, they thought construction could begin within four
years.

The APS Division of Particles and Fields sponsored a 1983 Work-
shop on Hadron Collider Detectors: Present Capabilities and Future
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Possibilities, at Lawrence Berkeley Laboratory (February 28 to March
4), attended by about 100 experimenters, mostly from the U.S. The
issues of detector technologies in the face of the multiplicities
expected from machines like the SSC were addressed, and the general
conclusion was that, although difficult, the required experiments will
be possible.

In February 1983, a HEPAP Subpanel on New Facilities was formed
to make recommendations relative to the scientific requirements and
opportunities for a forefront U.S. high energy physics program in the
next five to ten years. Following a series of on-site meetings at the
three DOE accelerator centers, the Subpanel completed its report in
two lengthy deliberative meetings in June-July 1983. Its first and
unanimous recommendation was for the immediate initiation of a project
aimed at the design and construction of a multi-TeV, high-luminosity
proton-proton collider, designated the Superconducting Super Collider
(SSC). This recommendation was unanimously endorsed by HEPAP with the
highest priority. In his letter transmitting the Subpanel report, the
Chairman of HEPAP commented that the SSC "... has fired the imagina-
tion of high energy physicists everywhere. The SSC would be the
forefront high energy facility of the world and is essential for a
strong and highly creative United States high energy physics program
into the next century."

After reviewing the HEPAP recommendation, the DOE decided to ini-
tiate R and D for the SSC. The DOE then used its advisory mechanism
to provide input on the direction of advanced accelerator R and D, pre-
liminary to a proposal for constructing the SSC. As requested in
August 1983 by the Director of the DOE Office of Energy Research,
HEPAP set up a subpanel to provide advice and recommendations on the
content anH -Vaplementation of an FY 1984 R and D effort, preliminary
to the initiation of a formal SSC R and D program. In the fall of
1983, the subpanel reviewed the various requests to carry out relevant
R and D and recommended several different approaches to SSC magnet de-
sign, including high field (8- to 10-tesla) magnets based on Nb3Sn
superconductor, medium field (5- to 6-tesla) magnets based on Nb-Ti
superconductor, and low field (2- to 3-tesla) superferric magnets. It
also recommended support for development of Nb3Sn conductor, accelera-
tor physics activities, and other critical technical R and D efforts.
The subpanel's recommendations were endorsed by HEPAP and transmitted
to the DOE Office of Energy Research.

In addition to the work by HEPAP, other activities have provided
significant input from the high energy physics and accelerator physics
communities (as well as the relevant technical and industrial commun-
ities) into the nationwide consideration of the scope, design, and use
of the SSC and of the R and D required to generate an optimized de-
sign. These activities include the following:

i. Ad hoc Physics at the SSC (PSSC) Meetings of the potential
SSC user community, held periodically since 1983 at various universi-
ties and laboratories, attended by about 200 U.S. physicists, focus
on the required scientific capability for the SSC as best determined
from recent theoretical and experimental results, and on the antici-
pated requirements for detector instrumentation.
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ii. The 1983 APS Division of Particles and Fields Workshop on Ac-
celerator Issues for the SSC at the University of Michigan, Ann Arbor
(December 12-17) was attended by 70 accelerator specialists from
many laboratories and universities. Its goals were to identify the ac-
celerator physics issues crucial to demonstrating the feasibility of
the SSC and the key R and D needs, and to guide the engineering design
of technical components and systems.

iii. The 1984 APS Division of Particles and Fields Cryogenic
Workshop at Brookhaven National Laboratory (January 17-19) was at-
tended by about 100 experts in cryogenic systems, superconducting
magnet design and fabrication, and accelerator physics, who addressed
the cryogenics issues most pertinent to the design of a large-scale
accelerator using superconducting magnets.

iv. Implementation was completed by DOE, in early 1984, of an
interim management arrangement to develop R and D and management plans
for a preconstruction R and D and proposal development phase of the
SSC activity. These plans were submitted to DOE in July 1984.

v. The 1984 APS Division of Particles and Fields followup
workshop to the 1982 Snowmass workshop, at Snowmass (June 23 to July
13), reaffirmed the SSC as the facility essential to ensure a vigorous
and creative U.S. program in high energy physics in the latter part of
this century and the early part of the next.

In December 1983 the directors of the U.S. high energy accelera-
tor laboratories with DOE concurrence chartered the National SSC Refer-
ence Designs Study to review in detail the technical and economic feasi-
bility of various options for creating the Superconducting Super Collider
(SSC) facility as a 20-TeV on 20-TeV proton-proton collider having
a luminosity up to 10 cm~^ sec~*. The objective was to assess the
technical feasibility, develop a cost estimate based on clearly stated
and credible assumptions, and to help define how best to proceed with
SSC R and D directed toward improving the cost effectiveness of applic-
able accelerator technology. The study was based on three kinds of
super-conducting magnets, with different configurations, and was aimed
at sharply decreasing the cost of .. needed magnet system below that
of existing designs. It addressed three key areas: technical feasibil-
ity, economic feasibility, and identification of specific R and D needs,
with primary emphasis on the range within which the SSC construction
cost ~an confidently be expected to fall—-excluding the cost of research
equipment, preconstruction R and D, and site acquisition. The results
indicated that the basic design principles used successfully for exist-
ing accelerators can be conservatively extended to a proton collider
having the SSC primary specifications of energy and luminosity, and
that each of the three reference magnets could serve as the foundation
for such a collider. Vigorous R and D would be needed to refine the
cost estimates for the magnets, to determine their actual performance,
reliability, and manufacturability, and to develop cost-effective
methods for their assembly and quality assurance. A6.5-tesla magnet
was selected in 1985 as part the R and D program. An important goal
will be to produce a significant number of magnets by mass-production



64

methods, and to test them under conditions simulating actual accelera-
tor operation.

The estimated construction costs for an SSC facility based on
the three kinds of magnets, range from $2.70 to $3.05 billion (FY 1984
dollars). These include sufficiently conservative contingencies that
they represent the current best estimate for an upper bound on the
SSC cost.

A DOE committee, including consultants, reviewed the National
SSC Reference Designs Study Report in May 1984, and concluded that the
Report establishes the technical feasibility, economic credibility,
and specific R and D needs of the proposed SSC project. The committee
recommended increasing the total estimated construction cost by 0.2
billion dollars, and concluded, on the basis of an analysis of the sen-
sitivity of the cost estimate to various critical assumptions, that an
upper limit on the SSC cost is no more than 1.25 times the cost of the
most expensive design considered in the Study. The committee judged
the proposed six-year construction schedule to be feasible.

A decision to proceed with the preconstruction R and D and pro-
posal development phase of the SSC effort was made by the DOE during
the summer of 1984.

In preparation for the SSC, research and development are con-
tinuing in FY 1985. A critical milestone of the 1985 program is selec-
tion of the magnet type. The efforts in FY 1985 were concentrated en
magnet R and D to provide a technical basis for this decision, but
they also included work on a siting parameter document. In FY 1986
R and D is expected to focus on a cost-optimized design of the
selected magnet, conceptual designs of conventional and technical sys-
tems (including cost and schedule estimates), and fabrication of mag-
net prototypes in preparation for spring tests in 1987.

B. Accelerator R and D in Superconductivity

For large circular colliders, it is imperative to use super-
conductivity to keep costs down, and to keep power consumption and/ or
size within reasonable limits.

In the area of hadron colliders, substantial R and D on
superconducting magnets is required to continue the improvement in per-
formance, to lower even further the total cost of such colliders, and
to increase magnet reliability. This R and D work (being performed in
the U.S. at BNL, Fermilab, LBL, and the Texas Accelerator Center) can
conveniently be subdivided into two categories:

1. Development of new conductors and related magnet construction
techniques suitable for fields >̂ 8T (high fields).

2. Improvement of conductors and techniques for fields in the
range 2 T to 6 T (low to medium fields).

Trie most substantial basic development is required for the first cate-
gory, while cost considerations are important for both categories in
order to allow the final choice to be made on sound economic grounds.

Two lines of development are open in the area of high-field con-
ductors and magnets (^8 T ) : Nb3Sn conductor used at ^4.5°K, and NbTi
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used at ^2 K. In principle the most promising material is Nb3Sn be-
cause of its higher critical field and higher 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. Nb3Sn has been
produced for many years, but the specific requirements for this appli-
cation of small-bore magnets operating over a wide field range
(maximum field about 20 times the injection field) are high current
density and superconducting filaments of small diameter. Winding and
insulation techniques compatible with a heat treatment of ̂ 700 C for
a few hours, or methods of avoiding too small bending radii in winding
of pre-reacted material, must also be developed.

The alternative line of development toward high fields is to use
NbTi conductors at lower temperature (^2°K). The advantage is that
the material can be wound in the reacted state by means of well
established techniques; the disadvantages relate to the cryogenic
system - more complicated cryostats and larger power consumption. The
maximum field is also more limited. This line is a convenient reserve
should the development of Nb3Sn encounter serious difficulties or lead
to excessive costs.

Work based on medium-field magnets (4.5 to 6 T) is a natural con-
tinuation of present work. The R and D is directed toward low cost
and the development of industrial manufacturing techiques. The conduc-
tor development would be essentially the same as that required for the
high-field case with NbTi at 2°K.

Still lower fields, between 2 and 3 T, are also being
considered. In this case the field distribution is shaped by iron
boundaries, and the role of superconductor is to minimize the power
consumption. These magnets are called superferric. The development
needed here is directed toward simple, inexpensive design and cost-
effective manufacturing techniques in order to counterbalance the in-
crease in cost attributable to the longer tunnel and more spread-out
infrastructure that would be required.

International collaboration in these superconducting magnet de-
velopment programs would be very beneficial. Such work should be
aimed at enhancing technology transfer to the industries of the
collaborating regions. Specific elements in such a collaboration
might be the following:

• Common definition of possible new superconductors in order
to minimize industrial investment for development and to
enlarge potential markets.

• Joint selection of a small number of potentially interesting
techniques and conceptual magnet designs to be tested by means
of models.

• Eventually, coordinated fabrication and evaluation of full-
scale prototypes.

To assess the possibility of acheiving these goals, the exchange
of people between interested laboratories should be encouraged and
supported.
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It should be emphasized that all of these developments could be
beneficial to a number of applications in other fields such as fusion,
electrical power transmission, cryogenerators, energy storage and re-
covery, magnetic separation of minerals, nuclear magnetic resonance
for medical and other applications, transportation, etc.

The large superconducting magnet systems described above require
very substantial cryogenic systems, distributed over long distances,
for the production, transfer, and recovery of He. Simple cryostats, a
reliable and efficient liquifier plant, and low-loss transfer lines
are very important elements of a satisfactory design, which must be
tailored to each specific accelerator project. One point that de-
serves a careful assessment by experts is the possibility of using
superfluid He at >̂ 2°K for such applications. An evaluation of the ad-
ditional costs with respect to normal 4.5°K systems, because of their
increased cryostat complexity and power consumption, is a necessary
first step.

During the last few years superconducting radiofrequency Crf)
accelerating structures have matured to the point where their use in
large circular accelerators seems feasible and realistic. Multicell
niobium structures have reached average accelerating gradients of more
than 4 MV/m at negligible rf-power loss. Even considering the fact
that these small remaining losses occur at the temperature of liquid
helium and require powerful refrigerators, the overall power economy
of superconducting resonators is one to two orders of magnitude better
than that of conventional copper structures. The fact that the
accelerating gradients are more than a factor of four higher than
those in copper structures (in cw operation) makes these supercon-
ducting resonators very well suited to applications in which large
rf accelerating voltages are required in a continuous operation, i.e.,
in electron and proton storage rings.

These new structures have been studied at a number of different
laboratories in the U.S. Germany, France, Japan, Italy, and at the
CERN laboratory. Successful and reliable operation at high
accelerating gradients has been demonstrated at the electron-positron
storage rings CESR (Cornell University) and PETRA (DESY, Hamburg). To
make this new technology more economical and attractive for routine op-
erational use, vigorous development programs are now under way at sev-
eral laboratories. These efforts include the development of copper
structures with a superconductive niobium coating, simplifications in
the cryogenic technology, special cavity shapes to suppress excitation
of higher resonances, and simple techniques for industrial production.

C. Longer Range

For the longer ra^ge, beyond 1995, several possibilities are
envisioned for new or expanded facilities to allow continued vitality
and U.S. leadership in high energy physics. These could include
upgrading the SSC, a TeV-range colliding linear accelerator, or some
type of facility not yet imaginable.

The concept of colliding beams with linear accelerators as a pos-
sible approach to high energies in the next century has been discussed
within the high energy physics community and informally with the 1983
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HEPAP Subpanel on New Facilities for the U.S. High Energy Physics Pro-
gram. In this concept two opposing, collinear linear accelerators
would accelerate a series of charged bunches toward each other in such
a way that collisions between the bunches take place in the space be-
tween the linacs, where sophisticated beam optical systems focus the
beams to submicron size at multiple collision points displaced later-
ally from one another. Different bunches collide at different colli-
sion points.

Technical success with such a colliding beam system depends on
the ability to produce and maintain high phase-space density bunches
in the face of strong space-charge and wakefield forces, and on the
ability to bring these bunches to a sharp, steady focus of typical di-
mension 0.1 micron: 10 times smaller than that sought in the SLC. In
addition, luminosity multiplication through self-pinching of the
opposing beam bunches during collision is crucial for achieving the
desired luminosity. Some confidence about understanding these factors
will be gained in the course of bringing the SLC into operation, but
the order-of-magnitude reduction in beam size and transverse phase-
space area for the multi-TeV case should be emphasized.

Economic success with this direct evolutionary approach depends
on considerable lowering of unit costs, both capital and operating.
Major items in the capital cost are the rf sources, including
klystrons and modulators; and the accelerator sections, including
accelerating and feed waveguides, vacuum systems, and supports.

Net conversion efficiency of line power to beam power for
single-bunch operation of a conventional SLAC-style linac is consider-
ably less than 1%. As average beam power of 10 MW or more will be
required to produce useful luminosities at a colliding linear ac-
celerator facility, efficiencies of acceleration must be improved
considerably to avoid unacceptable electric power usage.

Assuming the necessary technological developments, colliding
electron and positron linear accelerators might provide, at 2-TeV cen-
ter-of-mass, a luminosity of 1.5x10-" c m~2 sec-l with an energy spread
of 10% at each of six parallel interaction regions. Such linacs might
be used also for electron-proton collisions if a suitable cooled pro-
ton source (e.g., cooling ring) could be developed.

D. Advanced Technology Research and Development

Research and development in the technologies of particle beam
acceleration, beam control, other accelerator-related systems and
instrumentation, and detection systems for experimentation are essen-
tial for maintaining the forefront nature of the High Energy Physics
Program.

New technologies developed in the past have resulted in enormous
increases in accelerator energy and decreases in cost per unit energy
in the past fifty years, but the present scale of R and D is rela-
tively small—and certainly not commensurate with its importance. One
problem is the reluctance of individuals to commit themselves to tasks
whose possible fruition seems quite distant. Another is the lack of
suitably trained multi-disciplinary experts. A third may be the mecha-
nisms for supporting accelerator physics. Encouragement to universi-
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ties to expand training in accelerator physics may be needed, and it
might be desirable to implement a funding mechanism that would allow
laboratories to pursue long-term work with an assurance that such funding
was truly an addition to that for more immediate goals, since internal
priorities tend to force some curtailment of very long-range activities.

Despite these problems, it is encouraging that many people are
working on new ideas and that advanced accelerator workshops are held
at regular intervals. Calculations and research are being done in the
U.S. and abroad on various concepts for obtaining higher accelerating
gradients (energy gain per unit of accelerator length). These indi-
cate that accelerator structures can eventually be built to handle
gradients up to 200 GeV per kilometer, ten times those now available.
This will require a suitable high efficiency, high power source of
short-wavelength electromagnetic radiation that can provide a
relatively large amount of energy per unit length. Some of the
possibilities are as follows:

i. Very high power, very short pulse length, high-frequency
klystrons suitable for this purpose may be developed.

ii. A special case of a source of short-wavelength electromag-
netic radiation is the wakefield of a high energy beam passing through
a cavity system. This idea is being pursued theoretically and shows
considerable promise and a special simplicity since the wakefield
source cavity can be combined with a beam-accelerating cavity within
a single structure.

iii. In the two-beam accelerator concept, a high power, low
energy electron beam travels parallel to the desired high energy parti-
cle beam. Using a principle such as that of the free electron laser,
the hijh-power, low energy beam radiates its power to the high energy
beam, thus providing the acceleration.

iv. A more radical approach is to use the very short wavelength
obtainable from a laser. In this case one cannot consider accelerat-
ing structures of conventional design; the dimensions are far too
small. It appears possible, however, to use a suitable optical grat-
ing in place of a conventional cavity. The most extreme case would be
replacement of the periodic grating by a periodic plasma, possibly
formed over a grating surface, by which gradients as high as 1 TeV per
kilometer could theoretically be attained. Such high and obviously de-
sirable gradients can exist only in or near a plasma and not in or
near any solid conductor or dielectric.

v. A particularly interesting idea is to expose a plasma to two
laser beams of suitably close frequency. The beat frequency between
the two lasers can be matched to the natural plasma frequency, to in-
duce a strong periodic and moving charge modulation, which generates
large electrostatic fields that could be used to accelerate suitably
injected beams. Accelerating fields as high as 2 TeV per kilometer
have been discussed, but great uncertainty remains about the stability
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and energy efficiency of such a mechanism and its suitability for use
in a high energy linear collider.

Many other ideas have been suggested. Some of them may not
work. Others may work but not have application for high energy phys-
ics. It is clear, however, that without some such idea, no great
further step in energy will be economically possible after the SSC.
On the other hand, with gradients of the order of 1 TeV/km theoretic-
ally possible, an accelerator of 100 TeV is not unthinkable. It is
thus very important to the future of the field that these ideas be
followed up in coming years.

Continued advance in the development of instrumentation and de-
tection systems is the experimental high energy physicist's challenge.
These systems provide both the raison d'etre for accelerator facili-
ties and the means by which theory can be confirmed by experiment.
Support for the development of instrumentation will grow during the
next decade, and basic research on new detectors will be increasingly
recognized and supported as being fundamental to progress.

E. Funding and the Transition to the Superconducting Super Collider

A funding scenario for the future High Energy Physics Program
must be based on specific programmatic and budgetary assumptions. It
is, of course, not a simple task to predict the future. To get a feel-
ing for what might be possible for High Energy Physics in the future,
we take the results of a recent HEPAP study, to be found in "Report
of the 1985 High Energy Physics Advisory Panel Study of the U.S. High
Energy Physics Program 1985-1995." In the following, in order to
emphasize that the details of program and budget in this 10-year pe-
riod are recommendations offered by HEPAP, the use of "we" is
maintained as in the report and refers to the HEPAP study group.

High Energy Physics 1985-1995. We are looking forward to the
start of SSC construction in 1988 and an expected completion in 1994
after a 6-year construction period. Here we describe a strong U.S.
High Energy Physics Program and show how the transition to the SSC
might proceed. We look at "snapshots" of the program at three dis-
tinct times: in 1987, before the start of SSC construction; in 1991,
during the SSC construction; and finally, in 1995, after the SSC has
been completed and its operation for experiments has begun. Obvious-
ly, there are uncertainties associatd with anticipating the program
10 years in the future in a rapidly moving field such as high energy
physics. The following is our expectation from today's vantage
point.

1. Evolution of the Research Program

The Program in 1987. By this time, the new facilities now under
construction will be completed. This will be the start of the rich
utilization of all of our facilities. At Fermilab, the Tevatron 1
pp collider will be in early operation with one detector. The
Tevatron II fixed-target programs will be in full operation. At SLAC,
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the e+e~ collider, SLC, will be in its initial operation and PEP will
be in full operation. The lower energy e e~collider, SPEAR, will be
utilized about half-time for high energy physics. At Brookhaven, the
AGS will be in full operation. The majority of AGS time will be de-
voted to high energy physics, with a small portion of the time used by
the nuclear physics program studying heavy ion collisions. At Cornell,
the newly upgraded e e~ collider, CESR, will be fully utilized. There
will also be a number of U.S. groups working at non-U.S. facilities.

Detectors for the e+e~ collider, LEP, and the e±p collider,
HERA, will be under fabrication, and there should be experiments run-
ning at the e+e" collider, TRISTAN, and the pp collider, the SppS.
A variety of non-accelerator experiments will be taking data. A vigor-
ous SSC R and D program in advance of construction will be in progress,
both on the accelerator systems and the associated detectors. There
will also be activity in advanced accelerator R and D.

The Program in 1991. By this time, we expect the SSC will be in
the middle of its construction period. The construction of detectors
for the SSC will be in full swing. At Fermilab, the collider will
operate with both major detectors, arid the full complement of fixed-
target facilities will be utilized, both for experiments and for pro-
viding test beams for detector development. At SLAC, the SLC will be
in full operation. At Brookhaven, a high intensity AGS with a
completed Booster will be utilized partially by the High Energy Phys-
ics Program and partially by the Nuclear Physics Heavy Ion Program. At
Cornell, CESR will still be operating. There will also be U.S. groups
taking data in experiments at LEP and TRISTAN. Experiments at HERA,
with U.S. participation, will be starting up. A variety of non-
accelerator experiments will be taking data. The activity in advanced
accelerator R and D will be continuing •

The Program in 1995. By this time, we expect that the SSC will
be in its early stages of operation with at least a partial complement
of detectors. At Fermilab, we expect that the collider will be run-
ning with a mature program; the fixed-target facilities will be
operating for an experimental program at a reduced level in addition
to supplying test beams for new detector development. The SLC at SLAC
will still be in operation. The AGS at Brookhaven is expected to be
almost fully occupied as an injector for the heavy ion collider, RHIC,
and as a fixed-target facility for the Nuclear Physics Program and is
not expected to be utilized significantly by the High Energy Physics
Program. U.S. groups will probably still be involved at LEP II and
HERA, but the TRISTAN involvement is expected to be winding down. A
variety of non-accelerator experiments will be taking data. We antici-
pate a vigorous program in advanced accelerator R and D at this time.
It will be difficult to maintain a forefront U.S. program if the oper-
ation of the SSC is delayed beyond this time.

2. Funding Required for the High Energy Physics Program

An estimate has beem compiled for a minimum budget required to
carry out the program described here. For the pre-SSC program in FY
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1987, these estimates are $435 million for operating, $90 million for
equipment, $70 million for construction (for a total of $595 million
non-SSC related) and $65 million for SSC R and D, for a total High
Energy Physics budget from the DOE of $660 million. An additional $55
million is required from the National Science Foundation (all in FY
1987 dollars). For comparison, the FY 1985 High Energy Physics budget
(converted to FY 1987 dollars) was $400 million in operating, $66 mil-
lion in equipment, and $129 million in construction (for a total of
$595 million non-SSC related) and $23 million for SSC R and D, for a
total DOE budget of $618 million, with an additional $46 million from
the NSF. We note that while the total non-SSC-related funds needed
for FY 1987 are essentially the same as in FY 1985, the operating
funds are up and the construction funds are down relative to FY 1985.
This is necessary for the following reasons. Two of the major acceler-
ator facilities of the High Energy Physics Program will be coming into
full operation by 1987. These unique state-of-the-art accelerators
(SLC and Tevatron) are not only the mainstay of the High Energy Phys-
ics Program but also prototypes for future higher energy accelerators.
It is essential that incremental operating funds be provided for these
facilities.

With these assumptions, the projection of the DOE High Energy
Physics budget to FY 1995 is given in Table XIII. Here the SSC con-
struction, equipment, and operating costs from the SSC Reference De-
signs Study have been used. It can be seen that a substantial pulse
of incremental funding over the FY 1987 level is required for the SSC
construction for the FY 1988-1993 period. After this period, the
funding required for the program, including the operation of the SSC,
returns to within about 10% of the FY 1985 level. During the SSC con-
struction period, the non-SSC part of the budget declines, reaching a
reduced level of about $400 million by FY 1995. The SSC operating
costs are expected to be $215 million with an additional $50 million
in equipment funds and $15 million in accelerator improvement
(AIP/GPP) funds, for a total High Energy Physics budget from the DOE
in FY 1995 of about $680 million (in FY 1987 dollars).

3. Scientific Manpower

Current estimates indicate that the U.S. scientific manpower
(Ph.D. physicists or equivalent) working in high energy physics at
the present time consists of about 1150 experimentalists, 750
theorists, and 330 accelerator scientists. The number of experimen-
talists now occupied in carrying out the present program is not a
bad match to the requirement of the program during the SSC construct-
ion period and the period after the start of SSC operation. We do,
however, anticipate a scarcity of accelerator physicists during the
SSC construction period. A need for a 20 to 30% increase in the
number of accelerator scientists is anticipated. A vigorous program
of training present high energy physics experimentalists and theorists
in accelerator science is of high importance in the near future. In
addition, efforts should be made to make a career in accelerator phys-
ics attractive to young physicists entering the field of high energy
physics. We anticipate a flow of experimentalists and accelerator



72

Table XIII Projected High Energy Physics Budgets 1985-1995
(in units of millions of FY 1987 dollars)

Non-SSC Program
Operating*
Equipment
Construction
Total Non-SSC

SSC Program
R and D
Construction
Equipment
Operating
Total SSC

Total DOE Program

NSF

FY 85

400
66
129
595

23

23~

618**

46

FY 87

435
90
70
595

65

65~

660

55

FY 91

410
70
20
500

40
700
130
30
900

1400

48

FY 95

350
40
10

400

0
15
50
215
280

680

48

* Includes University budgets, part of which will be spent on SSC
experiments.

**546 in FY 85 $.

physicists from the present program to the program including the SSC.
We expect that in addition to the U.S. physicists, there will be a
substantial number of non-U.S. experimentalists working at the SSC.
This analysis shows that the existing high energy physics manpower,
with an anticipaced 10% growth over the next decade, can accomplish
the program described here.

In summary, the major points are the following:
i. A budget slightly above the FY 1985 level would be adequate

to permit effective research with the new facilities at present being
completed and would allow the needed R and D for the SSC in the period
prior to the initiation of construction.

ii. During the SSC construction phase, there will be needed an
increment, or pulse, in capital funds for construction and detectors,

iii. After the SSC is in operation, a productive program can be
achieved with a funding level in constant-year dollars not much larger
than that prior to SSC construction. This is possible because some of
the present facilities will have reached maturity by then and there
can be an orderly transition from these activities to research on the
SSC.

These points are shown schematically in Figure 25, with budget
figures given in constant 1984 dollars.
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Figure 25. High energy physics funding scenario (FY 84 dollars) for
the DOE-supported U.S. High Energy Physics Program. Indicated is the
base program (including operation of major facilities in existence or
under construction, advanced technology R and D, and the facility user
groups at universities and laboratories) and the funding for the SSC
including preconstruction R and D, R and D in support of construction,
construction costs, pre-operating costs, and the design and fabrica-
tion of the initial complement of detectors.


