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1111 19th Street, N.W. Suite 400 Washington DC 20036
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February 15, 1988

Dr. Leon Lederman

Director

Fermi National Accelerator Laboratory
Batavia, Illinois 60510

Dear Dr. Lederman:

Congratulations on a superb year at Fermilab. The first
production runs of the p-pbar collider and an excellent fixed
target run mark the first sustained physics experimentation in
the TEV energy region ever undertaken. Fermilab is again the
highest energy accelerator facility in the world and will be
extremely productive in the years ahead. By operating the
world's first superconducting high energy proton synchrotron,
Fermilab has also pioneered the technology of the next generation
of high energy accelerators, and has done so with superior tech-
nical success. By participating in the research and development
program for the SSC dipole magnet, we are assuring the transfer
of this technology to the next generation of large accelerators
and to industry.

Universities Research Association is proud to be the opera-
tor of Fermilab. We shall continue to emphasize the university-
based nature of high energy physics, to work with the Department
of Energy to keep this most fundamental of all scientific fields
healthy, and to keep Fermilab at the forefront of these activi-
ties.

Slncerely,

Edward A, Knapp
President



MEET] PPOSITE =
—FON 1;-11%%1? %p’g:oo A.NM-

WITH THE DIRE

] S T T [ T e B X T IR




Table of Contents

I. The State of the Laboratory Leon M. Ledermanetal. . . . . . . . 1
The Next Twenty Years for Fermilab James D. Bjorken. . . . . . . . 11
The Accelerator Division . . R D T R RN e T L LR

The Main Accelerator Michael Harrzson ORI A SRS T e g
The Pbar Source Gerald Dugan ! ST S N g TG
The TEVATRON Collider Upgrade Ernest Malamud SESR A S el B e I
The Linac Upgrade Donald E. Young . . P B L i D
The Collider Upgrade: 20-GeV Rings Stephen D Holmes AT e A PR S e
The Collider Detector at Fermilab Roy Schwitters . . . . . . . .« , 33
The DO Experi ot Paml B MBI = - C o i . e s W s ek v 3T
Small Collider Experiments Roy Rubinstein ; B e i T 5 S
The Theoretical Physics Department William A. Bardeen ol o e A3 DS B
The Theoretical Astrophysics Group Edward W. Kolb et SN Na SR ST
The Research Division . . IR AP | |
Fixed-Target Activities and Research D1V1s1on Support Departments
Introduction Peter H. Garbincius and Kenneth C. Stanfield . . . . . 59
The Research Facilities Department
David F. Anderson, Stephen Pordes, and Raymond Stefanski . . . . . 60
The Cryogenics Department C. Thornton Mwyphy . . . . . . . . 62
The Electronics/Electrical Department Robert C. Trendler . . . . . . 63
The Mechanical Department John FiLindberg . . . . . .. . . . . 66
The Site-Operations Department William J. Spalding . . . . . . . 67
The Safety Group Donald J. Cossairt . . . TS SN R
The Administrative Support Group Barbara K. Ea’monson S el R L e
The Computing Department JeffreyA. Appel . . . . . . . . . . 11
The Advanced Computer Program - E. ThomasNashk . . . . . . . . 71
The Physics Departtnent Daniel R. Green. . . . . . . .« . . . B3
The Technical Support Section Paul M. Mantsch . . . . . . . .« . 88
The Safety Section Larry Coulson . . R ST RIS SR e OO -
The Business Services Section James E. kas Jr e i o g el SOt S TR
The Laboratory Services Section Charles F. Marofske . . . . . . . 103
The Office of Research and Technology Applications
Richard A, Carrigan, Jr. . . P DR s St s e [
The Neutron Therapy Facility Arlene J Lennox N e IR S Rk g L
The Loma Linda Medical Accelerator
Prancis T. Cole and Philip V. Livdahl (retived) . . . . . . . . .115

II. 1987 Physics Results at the TEVATRON Roger L. Dixon . . . . . 119



III. The Foundations of Fermilab - Four Viewpoints .
The Beginnings of Fermilab:
Viewpoint of an Historian
Lillian H. Hoddeson
The Fermilab Story:
Viewpoint of the Chairman of the Atomic Energy Commission (1961-1971)
GlennT. Seaborg R R e R ;
The Early History of URA and Fermilab:
Viewpoint of a URA President (1966-1981)
Norman F. Ramsey
Starting Fermilab:

Some Personal Viewpoints of a Laboratory Director (1967-1978)
Robert R. Wilson : LT i’ Syt

[V. Appendices e et ORI
Appendix A: Statement by Robert R. Wilson, Director,
National Accelerator Laboratory, to the
Joint Committee on Atomic Energy, March 9, 1971
Appendix B: Publications SR e She i g
Appendix C: 1987 Colloquia, Seminars, and Workshops -l
Appendix D: Visitors to the Fermilab Theoretical Physics Department
and Theoretical Astrophysics Group - 1987
Appendix E: Universities Research Association, Inc.
Appendix F: Physics Advisory Committee - 1987
Appendix G: Fermilab Users Executive Committee - 1987
Appendix H: Fermilab Industrial Affiliates - 1987 .
Appendix I: Audited Financial Statements
Fermi National Accelerator Laboratory -
Universities Research Association, Inc.
September 30, 1987 and 1986
Acknowledgments

B |

. 133

. 141

7

. 163

. 187

2 A87
. 193
. RS

. 233
. 235
L 7
. 237
. 238

e
. 29l



Outside the Tomb of Chien Lung

There is a collage of ruins in my head
From rummaging rubble where too many Caesars bled,
Are buried, gained or lost the spoiils of war.
Bits and pieces on the ground. Bits and pieces I have found
And try to remember where it was before.
Seyeste? Monte Alba, say?
Chichen Itza or the long white road of Ephesus?
O! I have swept a hundred streets,
Old courtyards from whence all but guides have fled,
Paestum’s temples or among Cervetri’s dead,
Cyclopean walls, Persepolis’ halls,
- Time’s corridors have echoed to my tread.
And now, again, where Emperors lie
I seek a Dragon’s Pearl, a Pheonix Eye.
- Jane Wilson
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I. The State of the Laboratory

This Annual Report for 1987 is part
of what will be the Twentieth Anni-
versary of the Fermi National Ac-
celerator Laboratory. Thanks to the
fuzziness of history, we can extend the
celebration from the authorization of the
200-BeV Accelerator, in February 1967,
to the occupation of the Batavia site in
December 1968. To begin this celebration,
we have leavened this report of our 1987
year with a series of Homeric recollections
including one Lab Director, one Atomic
Energy Commission (AEC) Chairman, one
Universities Research Association (URA)
President, and one licensed historian. This
compilation makes fascinating reading and
records a notable event in the history of
science. Its relevance to the ongoing saga
of the Superconducting Super Collider (SSC)
is also clear.

Not that 1987 needs leavening. It is the
"Year of the TEVATRON," the first year
in which the accumulated visions and labor
of the Laboratory came to full fruition. On
January 3, 1987, the Accelerator Division
began to deliver antiproton-proton colli-
sions to the Collider Detector at Fermilab
(CDF) at a total energy of 1800 GeV. The
run, described in detail in the CDF and Ac-
celerator Division stories that follow, ended
May 11 with a very respectable accumula-
tion of 70 nb-! or, with less jargon, over
100 million head-on collisions being ob-
served by the 4000-ton "Swiss watch" par-
ticle detector which surrounded the inter-
action point in the BZERO collision hall.

Three other Collider experiments also took
data during the run. And the Antiproton
(Pbar) Source went through its paces as
one of the most sophisticated examples of
accelerator ballet ever choreographed. And
it broke records in its debut, records for en-
ergy and pbar accumulation rates. Achiev-
ing over 10% of the design luminosity in a
first run is no small accomplishment as our
colleague-competitors at CERN have gra-
ciously admitted.

On June 1 we began extraction to the
fixed-target areas to continue the program
which had its first long run at 800 GeV in
1985. This run had terminated in August
85 in order to make way for a pbar test
and one year’s worth of final TEVATRON
construction. We then had almost two years
of work on targeting, new beamlines, and
new experiments which are reviewed be-
low by Roger Dixon. As of January 1988,
the run is reasonably successful, and we
have been in operation for the entire calen-
dar year - a kind of 20-year record.

The decision to operate the Accelerator
and the Laboratory for the acquisition of
physics data as the single highest priority
was made in the fairly gloomy fall of 1986
when the FY87 budget numbers were known
to us. In the fishbowl of HEPAP, Depart-
ment of Energy (DOE) reviews, PAC,
URA, etc., this decision was universally
applauded. And operate we did, even though
the cost to almost all other activities in the
Laboratory was major: cancellation of prior
approved experiments (the entire prompt

"Antiquities, or remnants of history, are ‘Like the planks of a shipwreck’: when industrious per-
sons, by an exact and scrupulous diligence and observation, out of monuments, names, words,
private records and evidences, fragments of stories. . .do save and recover somewhat from the
deluge of time." - Sir Francis Bacon, Advancement of Learning, Second Book



neutrino program), delays in the comple-
tion of upcoming research, including the
DZERO collider detector (see Paul Gran-
nis’ report), deferred maintenance, reduc-
tion in spare parts at all levels, a layoff
(the first ever) of 50 staff members and a
hiring freeze which resulted in a further
decrease of about 40, and a slowdown of
our efforts to upgrade the Collider. We
also incurred the righteous wrath of the
DOE by dipping further into our forward
financing (GSO) in order not to have to
shut down as our funds ran out shortly be-
fore the fiscal year. But we did take data!

History will judge whether the decision
was correct. What are, incidentally, the cri-
teria for a successful science policy deci-
sion? Clearly, important physics data is
high on the list. Judgment here will take a
few years. However, these are curious
times with the Superconducting Super Col-
lider looming and its overpowering influ-
ence seeming to complicate the scene. The
consensus for proceeding with SSC has
never been stronger. The support of the
President was crucial, and it is now institu-
tionalized in the DOE. Yet, sensible sci-
ence policy has it that the TEVATRON,
the highest energy accelerator in the world,
built at a total cost, including R&D and
equipment component, of over $400 mil-
lion, be exploited to help keep U.S. high-
energy physics and its practitioners in the
field until the late 1990s. Hence, the an-
guish of the Laboratory and the menace to
our noble purpose: pitfalls, shoals, the
need to steer between Scylla and Charyb-
dis, between the rock and the hard place, a
Hobson’s choice of all-out data taking ver-
sus prudent retrenchment and preservation
of capability. . .

What else happened in 1987? The suc-
cess of our investment in the Advanced

Computer Program (ACP) is clear in 1987.
What would we have done without it? The
details are in Tom Nash’s understated piece
where the growth potential gives glimpses
of a major advance in this form of parallel
architecture. The responsibility to revive
the R&D for this next phase is heavy in-
deed. Part of our long-range burden of car-
ing for this child of our intellectual fer-
tility may have been lifted by the recent
announcement that Big Blue, none other
than IBM, is now committed to commer-
cializing the kind of parallel architecture
which ACP demonstrated.

The successes of the fixed-target pro-
gram continued to emerge in 1987 as the
analysis of experiments proceeded. In the
accompanying chart (Table 1), we list all
the currently approved experiments. For
each of these we give the date of approval
by our Physics Advisory Committee (PAC).
One sees a startling fact: From time of
conception to completion of data taking
now averages almost five years. Add a
year or two for analysis and the year or so
it took to win approval and we see a sig-
nificant fraction of one’s scientific lifetime
going into one fixed-target experiment.
Collider experiments are obviously longer.
The saving grace to this sociological disas-
ter is that students often don’t join the re-
search at its beginning; also, as we head
towards ever larger and more sophisticated
installations, the second and third genera-
tion usage tends to improve the turn-
around time. Nevertheless, as we approach
an all-collider, SSC-scale community, we
must creatively rethink the experience we
want to give our graduate students and
postdocs. Incidentally, more felicitous fund-
ing could probably have reduced the time
between proposal and data taking by one to
two years.



Electroweak

E-632

E-665
E-733

E-745

E-770

E-782

(Morrison/
Peters)

(Montgomery)

(Brock)

(Kitagaki)

(Smith)

(Kitagaki)

Decays and CP

T-721
E-731
E-756
E-761
E-773
E-774

(Rosen)
(Winstein)
(Luk)
(Vorobyov)
(Gollin)
(Crisler)

Heavy Quarks

E-653
E-687
E-690
E-705

E-760
E-769
E-771

(Reay)
(Butler)

(Knapp)
(Cox)

(Cester)
(Appel)
(Cox)

Date
Approved

6/827

7/81%
11/837

12/83%

12/85

7/87

3/84
7/831
6/85
6/85
7/86
12/86

7/817F

7811
7/81%
12/817

6/85
12/85
4/87

Table 1

Currently Approved Fermilab Experiments

Fixed Target

Wide Band Neutrinos in the 15-Ft. Bubble
Chamber (16/84)

Muon Scattering with Hadron Detection (13/79)

Neutrino Interactions with Quad Triplet Beam
(4/26)

Neutrino Physics with Quad Triplet Beam
(10/43)

Neutrino Physics with Quad Triplet Beam
(4/28)

Muon Scattering with Tohoku Bubble Chamber
(7/33)

CP Violation (8/44)

Measurement of €'/e (5/27)

Q- Magnetic Moment (4/16)

Hyperon Radiative Decay (6/16)

Phase Difference Between Mg and 1, (4/12)

Electron Beam Dump Particle Search (4/7)

Hadronic Production of Charm and B (19/79)

Photoproduction of Charm and B (8/58)
Hadronic Production of Charm and B (5/21)

Charmonium and Direct Photon Production
(8/47)

Charmonium States (7/59)
Pion and Kaon Production of Charm (8/25)
Beauty Production by Protons (9/68)



Hard Collisions and QCD

E-672
E-683
E-704
E-706
E-711
E-772

E-710

E-713
E-735
E-740

E-741/
E-775

E-466
E-754
T-755

E-776
E-777

E-778
E-790

(Zieminski)
(Corcoran)
(Yokosawa)
(Slattery)
(Levinthal)
(Moss)

(Orear/
Rubinstein)

{Price)
(Gutay)
(Grannis)

(Schwitters/
Tollestrup)

(Porile)
(Sun)

(Majka/
Slaughter)

(Baker)
(McCaslin)

(Edwards)
(Sciulli)

7/811
12/83%
12/817
12/81%
7/837
7/86

6/821

6/827
12/83"
2/84

4/82%

3/76
11/84

11/86

1/87
1/87

12/86

Table 1 continued

High PT Jets and High Mass Dimuons (7/28)
Photoproduction of Jets (9/33)

Experiments with a Polarized Beam (16/50)
Direct Photon Production (9/75)

Constituent Scattering (3/23)

Nuclear Antiquark Structure Functions (9/26)

Collider

Total Cross Section (6/18)

Highly Ionizing Particles (2/3)

Search for Quark Gluon Phase (7/52)
DO Detector (20/124)

Collider Detector at Fermilab (20/247)

Others

Nuclear Fragments (3/7)
Channeling Tests (4/8)

Streamer Chamber Tests (2/10)

Nuclear Calibration Cross Sections (3/7)

Neutron Flux Measurements in the
TEVATRON Tunnel (3/9)

Study of SSC Magnet Aperture Criterion (5/15)

Zeus Calorimeter Module Tests (7/7)

Note: E = Experiment, T = Test. Numbers in parentheses denote total number of institu-
tions and physicists, respectively. T indicates approved more than four years ago.



In the second chart (Table 2), we pre- munity and about 20% of the world com-
sent our pride and joy, the source of our munity, assuming high-energy physicists
torment and satisfaction, the embodiment are under-represented among the Eskimos,
of our successes and failures, our users. and Papuans, and residents of Peoria.

This is about 50% of the U.S. physics com-

Table 2
Demographics of Fermilab Users - 1987

Ph.D. G.S. Total

Collider

U.S.: 310 92 402

Foreign: 66 22 88
376 114 490

Fixed Target

.S 427 207 634

Foreign: 249 52 301
676 259 935

Note: Some experimenters are participants on both Collider and
fixed-target experiments. Below, we eliminate all duplication.

Ph.D. G.S. Total
All approved
incomplete exps.
u.s.: 666 294 960
Foreign: 310 74 384
976 368 1344
U.S. Foreign Total
Institutions 79 62 141
(Seventeen foreign countries are currently participating in Fermilab
research.)

We note that at the last DOE census, there were 2100 U.S. high-
energy physics experimentalists (including graduate students). Thus,
Fermilab services about 50% of the U.S. users and 10-15% of all
foreign (Europe + Japan) users.



Experiment 691, photoproduction of
particles containing the charmed quark,
continued to dominate the field with its
qualitative and quantitative increase in
data on the properties of this exotic form
of matter. A beautiful CERN CP-violation
experiment served to underline E-731 as an
experiment whose 1985 results were im-
pressive but whose 1987 run will provide
the precision to either confirm or rebut the
CERN indication of a finite (3 standard
deviations) €’/e parameter. The instrumen-
tation of E-691, silicon microvertex detec-
tors and ACP data crunching, constitutes a
clear road towards the heaviest known quark,
the beauty (b-) quark. In 1987 we learned
that particles composed of b-quarks, as seen
in the DESY (Hamburg) et*e- colliders,
promise a splendid harvest of physical data
to anyone who can collect a few tens of
millions of the "B-mesons,” i.e., mesons
containing the b-quark. So promising is
this field that extensive workshops in
Europe, at SLAC, and at Fermilab have
been held and "B-FACTORIES" at a cost
of hundreds of millions have been pro-
posed. The current situation is as follows:
Some few hundred thousands of events
containing b-quarks have been collected in
the ete- machines, most notably at Cornell
and DESY. Whereas production in hadron
(pp, ©™p, pp) collisions is expected to be
thousands of times more prolific, virtually
nothing has yet been observed. Backgrounds!

Fermilab has two options for getting
into this field. The pbar Collider offers the
possibility of generating something like
10° BB pairs per year. A special detector
optimized for B-meson detection is very
likely needed. Also, an increase in lumin-
osity is needed so that one can indeed ac-
quire this much data in a reasonable run.
The technical problems of acceptance,

backgrounds, efficiencies, etc., are for-
midable and the Laboratory has encour-
aged the proponents in their plan of de-
tailed "thinking" for a year. The policy
problem these proposals raise has to do
with space and schedule. Do we create an-
other (smaller) interaction hall at, say,
AZERO? This would imply a shutdown of
at least six months, something we could
not contemplate for another three years or
so. The alternative is to have the B-detec-
tor go into the CDF hall after two or three
exposures. This could come about when
CDF was undergoing modernization.

The other option is the fixed-target pro-
gram where the almost unlimited lumin-
osity creates 107 B-mesons every minute!
When realistic (?) factors are put in, it is in
fact thinkable to acquire some 108 BB
events in a "year" (106 sec) run. The back-
ground is now over 106 irrelevant and,
hence, distracting collisions per produced
B and the burden on technology is fierce.
However, if we take an SSC-like rate of
108 collisions per second, one could have a
go at 108 B-events. Ingenuity, luck, tech-
nology, etc., could even increase this,
without violating any known law of
physics, to 101! or 1012! Today there are
several experiments (e.g., E-705 [771], E-
687, E-706, and E-605) that have the capa-
bility of collecting ~100-1000 B’s in the
next year. This will be good learning ex-
perience. The silicon-ACP technology
smells good. When we combine this with
the ongoing philosophy of data-driven ar-
chitecture such as is exemplified by E-690,
one begins to see an evolution of the
breakthrough achieved by the E-691 col-
laboration. After all, SSC physics assumes
that one can read signatures of new physics
at the level of 1 event in 1010 collisions,
each spewing a hundred or so charged par-



ticles in all directions and coming at you
with a rate of 100-million collisions per sec-
ond. The B-program addresses the same
issues. It must work! From all of this, it
is clear that B-physics will play an impor-
tant role in the future of Fermilab.

. DNNVDHIAV

Associate Director James Bjorken
touches on this and other aspects of the
future in his essay below.

If we are to summarize the State of the
Laboratory before proceeding to the de-
tails, it is that we have come through a



long period (1979-1986) of construction,
and in 1987, we have emerged into a phase
of operation for research in particle physics.
One doesn’t turn a construction-driven staff
into an operating staff at the click of a
toggle switch. There is an ethic involved,
a collective state of mind, a habit. The evi-
dence of change is everywhere: Fermilab
physicists are running shifts on their ex-
periments, users’ requests are taken ser-
iously, and even the most recalcitrant of
our detractors have been seen trying to
suppress a smile.

What we have to do is finish the D-
ZERO detector which will add the essen-
tial component to the exploitation of the
Collider and, with these two powerful eyes,
we have to implement an evolution of the
Collider luminosity so as to forage more
deeply into the forest of the night. And we
must do physics and thereby tend to the
postdocs and the graduate students, present
and future, many of whom will be the
cadres of the SSC era. And we must not
neglect the data base of the Standard Model;
if this isn’t rock solid, reaching for the
summit will be a foolish activity, as any
mountaineer will attest.

Finally, from time to time the Director
sits back and contemplates the entire field
which we call High-Energy Physics. Two
overwhelming programs dominate all at-
tempts at judgment. One is the SSC, the
instigator of more hype than has been gen-
erated by science in living memory. But it
has brought the subject to an edge - whether
it is a precipice or a road to the summit,
time will tell. Clearly, the SSC is an instru-
ment essential for progress. There is no
other way to adequately address the crucial
issues. It is a kind of major miracle that
the "Desertron" of Snowmass ’82 has
progressed to where SSC stands now.

Credit goes to scientists and statesmen,
bureaucrats and visionaries, Tigners and
Trivelpieces. However, it has raised fear
and loathing among some of our colleagues
in other sciences (this is nothing new), and
the DOE has a tremendous responsibility
to implement SSC so that we have a scien-
tifically benevolent transition from the
pre-SSC to the post-SSC era.

The second program is the Theory of
Everything, or Superstrings. Here is an
enigma for us earth-bound experimental-
ists. Our theoretical colleagues are very
caught up in this ambitious work. "It is
the only game in town," one young theorist
proclaimed as he packed his bags and pre-
pared to depart for the Planck Mass.
However, one is hard put to recall a time in
the history of physics when so many worked
so long for so little contact with observation.

One sees a very lively effort in the lat-
tice gauge QCD, in perturbative QCD, cer-
tainly in heavy quark phenomenology. But
what about Grand Unification and all of its
tounge-twisting versions? Where are the
prequark, SUSY, and technipion propo-
nents? The obligation to provide new and
illuminating data for our deeply troubled
theoretical colleagues has never been more
pressing.

As this Annual Report went to press we
learned of the death of I. I. Rabi at age 89.
Rabi was an architect of modern American
physics. Researcher and teacher, Rabi was
a creator of the great period at Columbia
University, a founder of our sister labora-
tory at Brookhaven, an instigator of the
creation of CERN, a veteran of the war-
time exploits in radar and the atomic
bomb, and of the post-war efforts to install
rationality into national science policy.
Those of us who were graced by his friend-
ship and guidance will long remember his



street-wise vision and his unquenchable his essay entitled "The Physicist and
disrespect for dogma and authority. I know  Physics" (I. I. Rabi, Science - The Center
that Rabi felt good about Fermilab, his talk  of Culture, [World Publishing Co., New
here in 1983 was an electrifying ex- York and Cleveland, 1970] p. 1):

perience, and I close this with a quote from

"In the study of natural pheno-
mena, man is a very nearsighted
creature, and even the most pro-
found and original man can see but
a very short distance. [Science] is a
great adventure where close study,
patience, intuition, and luck each
play a part. It is the last frontier
left to the free spirit of man in a
crowded world."
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James D. Bjorken’s towering stat-
ure, in theoretical physics and
among his 5° 10” colleagues, ranks
him also as one of the nation’s lead-

ing futurists. It is clearly appropriate to
ask him from time to time about the future
of Fermilab. We know what the previous
20 years were like, how about. . .

The Next Twenty Years for Fermilab

James D. Bjorken

Twenty years? Out of sight! Twenty
years ago there were only fragments of the
Standard Model, no superconducting mag-
nets, no Fermilab emergent from the Il-
linois corn. Could we have imagined then
where we are now? No Way.

Even though the task is hopeless, Leon
asked me to look into a crystal ball and
give it my all. So here goes.

1. The next 20 years will be even harder

than the first 20:

Extreme austerity is a Fermilab tradition.
Especially from this year’s view-point, it
is hard to see a change for the better. Of
course, most everything depends upon the
fate of the Superconducting Super Collider.
If the SSC does come to Fermilab, the 20-
year plan is assured - at least for the new
machine and its ancillary facilities. But it
is not so for the present research program
and its extensions, which will be put under
great stress. It will be the #2 project - so try
harder, everyone! If, perish the thought,
the SSC lands elsewhere, there will be the
same situation in spades, with even less
personpower and money to support the
program. So how to survive? There is one
and only one way - by good physics: good
experiments carried out by imaginative and
talented physicists. I firmly believe that
good ideas get good support and that Fer-
milab’s future depends most of all on new,
innovative, sound ideas.

2. Yes, there is a lot of identifiable, excellent
physics left for Fermilab to do:

The experiments now on the floor have,
in general, a lot of longevity. But on a
20-year time scale, it is obvious then that
they are not enough. To identify now the
new ideas which will appear ten years from
now is a contradiction in terms. But some
of the old ideas may reappear in a new
guise. What follows should be only a pale
imitation of what will - or ought to - occur:

» Extensions of the great discoveries of CDF
and DO

The new physics which the Collider ex-
periments uncover will invite exploitation.
This can go in two directions - into im-
provements in the detectors and into up-
grades of luminosity. These will put a heavy
burden both on experimental groups and
the accelerator physicists.

* New Collider experiments for new scien-
tific goals

We already see an example in the enthu-
siasm for a new Collider experiment to look
at hadrons containing the fifth (bottom or
beauty) quark. The TEVATRON Collider
is an especially copious source of bottom-
quarks and the ultimate prize is the observa-
tion of CP violation in bottom-quark decays.
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* New major fixed-target experiments for
heavy-flavor physics

It is also an attractive possibility to do
bottom-quark physics in the fixed-target
environment. But to remain competitive in
the long run may well require a high-
quality, high-rate spectrometer of a scale
and complexity comparable to the largest
collider detectors. This implies a very large
experimental collaboration, something un-
common for the sociology of fixed-target
experimentation. Twenty years may be just
enough for the necessary social changes to
occur.

Charm physics in fixed-target experi-
ments already has accomplished much and
has a promising long-range future. It is very
hard to project where the ultimate limita-
tions may lie. It may simply be the stamina
of those engaged in the experimentation.

» New directions in neutrino physics

The present phase of neutrino experi-
mentation is ending. But this subject may
revive. There already is a stirring of inter-
est in a tagged-neutrino beam; in addition
there is the, at present dormant, program
for observation of the tau neutrino. Much
may depend upon what happens elsewhere.
If, for example, the hints of neutrino os-
cillations or other exotic phenomena seen at
experiments at Brookhaven firm up, there
could be a revival of interest in such ex-
periments at Fermilab’s higher energies.

» Experiments with kaon beams

The splendid experiments which study
CP violation in 2-pion and 3-pion decays
of neutral kaons invite follow-on measure-
ments of increased sensitivity. Again,
whether to go ahead with what clearly are
extremely challenging experiments will de-

pend on the results from the present round.
This also applies to the study of rare K-
decays, where again results from the pre-
sent round of experiments at Brookhaven
may stimulate initiatives at Fermilab. One
should remember that the Main Ring can
provide not only a copious supply of an-
tiprotons, but also an even more copious
supply of kaons (not to mention neutrinos,
muons, etc.), more or less "for free" during
Collider running. It may be that this source
is worth tapping.

« An antiproton factory?

Fermilab is at present the sole U.S. sup-
plier of high-quality antiprotons. There is a
lot of interest in creating here a facility
similar to the CERN Low Energy Anti-
proton Ring (LEAR), and the matter is un-
der study by the Laboratory. Everything
from CP violation studies to "weighing"
the antiproton is accessible in such a facil-
ity. Much of the question on whether to go
ahead depends on what fraction of this re-
search will already be done by CERN.

* Advanced accelerator R&D

How will we ever achieve proton-proton
collisions at energies far beyond the SSC?
Circular machines appear to become very
impractical, not only because of problems
of real estate and cost but also because of
the heavy dose of synchrotron radiation
emitted by the circulating protons. High-
gradient linear accelerators for protons
need to be developed. If 100-TeV x 100-
TeV pp collisions in a reasonable size ma-
chine (say 100+100 km) is ever attainable,
then a 5-TeV linac fits easily on the Fer-
milab site. To build any pp linear collider
is extraordinarily demanding: millimeter
bunch lengths, sub-sub-micron beam sizes,
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and luminosity large compared to the SSC
luminosity will be demanded. But a first
step can be much more modest. If, out of
1013 TEVATRON protons injected into a
prototype linac, one could accelerate 107 of
them to a few TeV, even with poor beam

quality by Collider standards, one could do
excellent fixed-target physics with the out-

put. It seems to me such a goal is thinkable
- and now is not too soon to start thinking
about it.

3. Yes, Fermilab (minus the SSC) has a
long-range scientific future:
But there are the big question marks.
The Laboratory will require the very best
ideas put forward most forcefully. It will

require strong support from the national
high-energy physics community and the
government, even in the presence of the
SSC. Given the investment and the ac-
complishments of this Laboratory, I think
Fermilab will deserve that support.
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A panoramic view of the main control room. The relative calm is deceiving.

The Accelerator Division

[ J The Accelerator Division is under

the able leadership of Helen Ed-
A wards who honored us all by win-
e ning the 1986 E. O. Lawrence
Award, given by DOE in recognition of
her work on the SAVER. The tasks of the
Division are very straightforward: operate
the Cockcroft-Walton, Linac, Booster,
Main Ring, and TEVATRON with good
reliability, keep improving the intensity
(the 1987 objective is to touch 2x1013 ppp)
and quality, organize the Switchyard so as
to send precisely defined fractions to each
of the three experimental areas, organize
the spill structure so that one has a smooth
and level intensity over the 20-second flat-
top, and punctuate this with numerous very
short (~1 ms) pings to the Neutrino areas.

After six or eight months of this, switch
over to Collider operation where now the
Main Ring also works as a pbar-production
machine, and the Debuncher and Ac-
cumulator rings do their thing with all
those pbars, etc., etc. Oh yes, the Division
must also work on the Collider upgrade, a
very necessary ingredient for the future of
the TEVATRON. This leaves lots of spare
time for SSC R&D studies, operation of
the Neutron (Cancer) Therapy Facility, and
help with the Loma Linda medical accel-
erator project as well as the care and feed-
ing of DZERO. It is not too surprising that
Helen has no time to write, but her able
colleagues pitch in. Mike Harrison heads
up the Main Accelerator.
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The Main Accelerator

Michael Harrison

This past year witnessed the start of the
colliding-beams era in the TEVATRON.
In contrast to 1986, which was spent per-
forming major modifications to the Main
Accelerator complex, 1987 saw almost
continuous operation of the Main Ring and
the TEVATRON in both the fixed-target
and colliding-beams modes.

The last issue of the Annual Report left
the reader in a state of great anticipation
with the commissioning of the Collider
just beginning. We shall pick up the story
from there.

The first few days in January were spent
tuning up the complex transfer process

from the Accumulator through the Main
Ring to the TEVATRON by running pro-
tons backwards through the pbar transfer
lines. The first attempts at transfers using
pbars took place on January 11, and two
days later pbars were successfully acceler-
ated in the TEVATRON to 900 GeV and
squeezed to the required small spot size at
the BO collision region. The rest of the
month was spent wrestling with cryo-
genics, power supplies, and the various
subsystems to improve the reliability of the
beam storage. Pbar "shots" were taken as
often as possible while we learned how to
increase the reliability and efficiency of

I8

16

Luminosity (nb™!)
@ D P

H

N

— [

A S ST

R 2 O R |

12

13 38 AW AR R 1D

Week Number

Figure I. TEVATRON integrated luminosity per week since February 2, 1987.
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the transfers. Indeed, the main accelerator
control room during the build up to a shot
was rumored to be the best show in town,
and spectators from as far away as the Di-
rector’s Office were frequently to be seen
enjoying the suspense of the countdown.
The first 24-hour store took place on
February 6, but this was closely followed
by the failure of a TEVATRON magnet and
activities were halted for 10 days while the
offending element was replaced. Never-
theless, by the end of February the design
operating condition of three proton bunches
colliding with three pbar ones was seen for
the first time, and the CDF detector started
to observe significant numbers of collisions.
The champagne flowed on March 11 when
the first milestone luminosity of 1028 cm2sec-!
was achieved; the transfer efficiencies of
pbars from the Accumulator core to high-

energy collisions in the TEVATRON ex-
ceeded 20% during this period. The run
continued into April, and the luminosity
continued to rise; the running time at this
point was more or less'equally divided be-
tween accelerator studies to improve the
machine performance and CDF data taking.
This mode of operation continued until mid-
April when the peak luminosity reached
1029, and the decision was taken to switch
to full-time collisions for the remainder of
the run. The run ended on May 11 after
reaching an integrated luminosity of ~70
nanobarns-1, most of which came in the
last few weeks (Figs. 1 & 2). This most
promising start to the Collider program
was anchored by the noteworthy perform-
ances of the Pbar Source and the Main
Ring. The Source was invariably able to
supply pbars on demand, and the Main
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Figure 2. TEVATRON peak luminosity per day since February 2, 1987.
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Ring, which was continuously accelerating
protons to 120 GeV to make new pbars,
achieved a 2.4 s cycle time with an inten-
sity of ~1.4*1012 ppp.

After a three-week shutdown for SSC
studies and to remove the CDF detector,
the machine operation was switched to
fixed-target running, and the first extracted
beams were seen in the Switchyard on June
8. The proton intensity increased steadily
during the first 12 weeks of running at which
point the first of a series of superconduct-
ing-magnet failures occurred. We have
experienced six such magnet failures since
then which have been due to either vacuum
leaks in the cryostat or voltage breakdown
in the ends of the magnets. Since it takes
six days to replace a TEVATRON magnet,
these failures have been a significant dis-
ruption to the machine operation. The lead
failures, which are aggravated by the con-
stant ramping of fixed-target operation,
appear to be confined to a particular sub-
set of the magnets. We are planning to ex-
amine and repair damaged leads during the
shutdown before the next Collider run.
The maximum intensity achieved to date in
the fixed-target mode is ~1.7*1013, the in-
tegrated number of protons delivered to the
experimental areas are shown in Fig. 3.

Design work continued throughout
1987 on the luminosity upgrade project.
This scheme to increase the Collider
luminosity to 5*103! cm2sec’! requires
many bunches (~100) of protons and pbars
coming into collision only at the experi-
mental locations and separating into non-
intersecting spiral orbits around the rest of
the ring. The beam dynamics of spiral or-
bits pose complex problems of injection,
stability, and lifetime (amongst other things),
and work is under way to examine these
effects both theoretically and experimen-
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Figure 3. TEVATRON integrated intensity
at 800 GeV for fixed-target operation.

tally. A machine lattice incorporating two
matched collision regions with space for
electrostatic beam separators has been
completed.

On a more immediate time frame, a
modification to the DO overpass in the
Main Ring will be completed shortly. This
will minimize the effect of the existing over-
pass regions on the Main Ring performance
while at the same time improve the transfer
matching between the TEVATRON and the
Main Ring.

Other topics covered in the accelerator
studies involved the low-energy behavior
of the Main Ring, Main Ring performance
at 20 GeV, machine aperture limitations,
beam-lifetime effects, the generation of
single high-intensity bunches from several
low-intensity ones, and last but not least,
an initial study of SSC-related beam dy-
namics, which involved intentionally de-
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grading the TEVATRON magnetic field
quality to produce conditions similar to
those expected in the SSC. The 1988 Col-

lider run will hopefully demonstrate how

much we have benefited from the activities
of 1987.

Gerry Dugan runs the Pbar Source
Department and, as such, he is the
proprietor of the world’s most pro-
lific source of antiprotons. We are
not yet informed on the success of the

ACOL group, our colleagial friends and
competitors at CERN. Gerry and his group
have much to be proud of in 1987, but the
thing about colliders is that your encores
must be much better every year.

The Pbar Source
Gerald Dugan

The year 1987 saw three significant
events in the short history of the Fermilab
Antiproton Source: the first extended op-
eration for Collider physics, the first work
on an experiment in the bowels of the
Source itself (E-760), and the first major
efforts at improvements beyond the TeV I
design.

The operational routine during most of
the period of Collider operation (January
to mid-May) alternated between periods of
stacking antiprotons (typically for at least
12 hours) and periods of transferring some
fraction of the stored antiproton stack back
into the TEVATRON for Collider opera-
tion. This latter activity (i.e., the filling of
the Collider), was called a "pbar shot."
During the periods of antiproton stacking,
the Source was operated by the Operations

Group, with on-call assistance from staff
members of the Pbar Source Department
for help with specific problems. Over the
4-1/2 months from January to mid-May,
the Pbar Source and Main Accelerator De-
partments and the Operations Group, work-
ing together, made gradual improvements
both in the Main Ring operation for pbar
production and the efficiency of operation
of the Source itself. By April, the effi-
ciency of antiproton production, collection,
and storage reached 7x10-6 antiprotons stored
per 120-GeV proton on target. The maxi-
mum rate at which antiprotons were col-
lected reached 1.2x1019%/hour during April,
exceeding the previous world record held
by the CERN AA by almost a factor of
two. The peak stored antiproton intensity
reached 3.6x10!1, a number within 10% of
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the design intensity of the Accumulator.
The excellent operational reliability of the
Source was most clearly exemplified by the
duration of the periods of continuous op-
eration with a stored antiproton stack. The
average duration was 10 days, and the longest
period was in excess of 24 days. During
the January to May running period, a total
of 6x1012 antiprotons were stacked into the
Accumulator core, which corresponds to
about 10 picograms of antimatter.

Of course, the antiprotons will not do
the TEVATRON Collider much good if
they stay in the Pbar Source; thus, equally
important to the ability of the Source to
collect and store antiprotons is its perform-
ance in delivering a high-quality anti-
proton beam to the Main Ring. The anti-
proton transfers took place during the pbar
shots. During January and February 1987,
this activity, which could occur once,
twice, or even three times a day, was a
highly choreographed cooperative effort of
many experts from the Pbar Source and the
Main Accelerator departments. It sometimes
lasted as long as eight hours. As the run
progressed, the duration of the shots
decreased, and by late April they had
evolved into relatively routine operations
in which the Operations Group handled most
of the details, with help from the "shot
master" physicist and possibly some on-
call experts as needed. The quality of the
antiproton beam provided by the Source
was a crucial determinant of the success or
failure of a shot. By late April, in a typi-
cal shot, 2-3x1010 antiprotons were ex-
tracted from the Source and injected into
the Main Ring with an injection efficiency
of 75-95%. This good performance was
the result of hard work by Pbar Source and
Main Accelerator department members,
working together to understand and op-
timize the antiproton transfer process.

Before the plans for future improve-
ments to the Source are discussed, it is ap-
propriate to say a few words about the
work done for Experiment 760. This ex-
periment intends to collide antiprotons with
a hydrogen gas jet in the Accumulator
Ring itself, to form and study various char-
monium states. It requires deceleration of
the antiproton beam from 8.9 GeV/c to
momenta in the range of 4 to 6.3 GeV/c; it
also requires the installation of a hydrogen
gas jet in the Accumulator. This fall, pro-
gress was made in both of these areas:
Beam deceleration to about 5.5 GeV/c was
achieved, with bright prospects for contin-
ued progress, and the gas jet was physi-
cally installed and operated in the Ac-
cumulator. The year 1988 should see fur-
ther progress on this experiment.

Although the performance of the Pbar
Source during this first Collider run was
quite good, it is certainly true that there is
plenty of room for future improvement. The
most obvious area for improvement lies in
the stacking rate. Though a world record at
1.2x101%hour, it was, nevertheless, a factor
of eight below the TeV I design goal. Dur-
ing the spring, summer, and fall of 1987,
staff members of the Pbar Source Depart-
ment developed and started to implement a
plan for improving both the stacking rate
and the quality of the stored beam in the
Accumulator during the next two years.
These plans are the first steps in the evolu-
tion of the Pbar Source performance to lev-
els adequate to supply the needs of the pro-
posed luminosity upgrade of the TEV-
ATRON Collider.

In the next Collider run, to increase the
stacking rate, the Main Ring will operate
in the "multi-batch" mode, which requires
a shorter cycle period for the Pbar Source.
In a test run in October, the Main Ring and
the Source were operated in this mode suc-



_20_

Prototype 4-8GHz pickup array for the Pbar Source. The pickup loop repeat distance is
lin.
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cessfully. Improved performance of the De-
buncher fast betatron cooling will be re-
quired to cope with the rapid cycle rate,
but the installation of an optical notch fil-
ter in the system, completed in November,
is expected to provide this.

The other major efforts at Source im-
provements are aimed at the year after
next, because of the long lead times for
system procurement and development. A
major R&D effort to develop a 4-8 GHz
stochastic cooling system for the Accum-
ulator core is well under way. This will
ultimately result in enhanced quality of the
antiproton beam sent to the TEVATRON.
Procurement activity was started for fur-
ther improvements in the Debuncher fast
betatron cooling and for increased voltage
in the Debuncher rf system, which will in-

crease the number of antiprotons which can
be collected. Conceptual design of an up-
stream pre-focusing lithium lens is in pro-
gress; this will reduce the proton spot size
on target and further enhance the pbar yield.
A plan to increase the Debuncher trans-
verse aperture, also resulting in a larger
pbar yield, is under consideration.

The improvement program discussed
above is intended to upgrade continuously
the capabilities of the Antiproton Source,
both in terms of performance and reli-
ability. The year 1987 was a very eventful
year for the Source. Nevertheless, the fu-
ture of the Source, as a crucial operational
component of the TEVATRON Collider
complex and a pivotal ingredient in its
evolution to higher luminosity operation,
looks even more exciting.
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The Collider Upgrade has been with
us almost as long as the Collider.
The physics reach of a 1.8-TeV
proton-antiproton collision is formid-
able, extending significantly beyond the
100-GeV domain. However, the reach of
an upgraded 2.0-TeV Collider will double
the mass domain which can be sensitively
explored. The Fermilab Collider, with two
complementary and battle-tested detectors,
can, in the 1992-1997 period, be a verit-
able gold mine of new physics. Consistent

with our highly biased enthusiasms, we
assert that this upgraded facility has by far
the greatest potential for changing our
view of the microworld of any accelerator
now being constructed. Energy (with
enough luminosity) has never let us down.
Our current and evolving view of some of
the needed steps in the upgrade is given by
Ernest Malamud, Don Young, and Steve
Holmes. This may get a bit technical but
can be managed if the reader grips his
chair firmly.

The TEVATRON Collider Upgrade

Ernest Malamud

One measure of the efficiency of exploit-
ing the TEVATRON Collider for physics
is the number of collisions that occur dur-
ing a given running period. This number is
proportional to the integrated luminosity at
each major detector. As the luminosity is
raised, the likelihood of detecting colli-
sions of a quark and antiquark which con-
tain large total energy is increased.

If round beams are assumed, the lum-
inosity is approximately inversely propor-
tional to the area of the proton and anti-
proton beams at the collision point. For a
given emittance beam, the transverse beam
size can be obtained from the function, [.
If B at the intersection point, called B*, is
reduced a factor of two in each plane, the
beam size is reduced both horizontally and
vertically by V2, and a factor of two in-
crease in luminosity is obtained.

The currently installed and successful
low-beta insertion at BO operates at a nom-
inal B* of 1 m. In fact, during the 1987
run, B* has been made as low as 70 cm by
operating the existing insertion in a "mini-
B" mode. There is no low-beta insertion at
DO, and one must be constructed for the

experimental program in the large detector
being built there. At DO the goal will be to
build and install an insertion in time for the
first run of the DO detector that can reach
values of B* < 50 cm.

B* can be made smaller by using stronger
low-beta quadrupoles or moving them
closer to the interaction point. However,
the latter approach is limited by the goal of
making the detector as hermetic as possi-
ble and covering the small angle region
where momenta are higher and require
more room for particle measurements. As
B* is reduced, the maximum value of the
amplitude function, PB.,, increases. It is
important that B,,, not become too large
and make a beam admittance restriction
that would reduce the lifetime.

A design for the DO insertion has been
made by Tom Collins. This insertion is
matched in betatron and momentum space.
The matched insertion design can be repli-
cated at other straight sections. The pre-
sent plan is to do this at BO, replacing the
existing insertion, and thus increase the
number of collisions per year that the pow-
erful CDF detector can study. The inser-
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tions are identical at BO and DO. The
TEVATRON is tuned to (v, vy)=(20.58,
20.59) and the beam is squeezed with
Px=PBy starting from injection values of
B=170 cm down to B < 50 cm.

The insertions being built for DO and
BO use five pairs of high-current quad-
rupoles and four high-gradient correctors
on either side of the intersection point.
The longest quadrupole has a 232-in. mag-
netic length. The three pairs of quadru-
poles bracketing the detector form asym-
metric triplet lenses. The elements in the
triplet operate at maximum gradients of 1.4
T/cm. This is possible because of signifi-
cant advances in the current-carrying capa-
bility of NbTi superconducting cable over
the past few years.

There are two types of high-gradient
correctors: In one case, a short two-shell
cold-iron quadrupole is coupled to a
spool-correction package. In the other type,
a 7.5-in. O.D. one-shell quadrupole con-
structed with "5-in-1" conductor replaces
half of the standard spool package.

The inside coil diameter is 3 in., and
there is a clear beam aperture of 2.7 in., equal
to the horizontal and vertical TEVATRON
dipole aperture. The outside of the cold
iron is 10.5 in. in diameter. Design and con-
struction of 1-meter-long prototype coils,
coil-curing fixtures, coil collars, and collar-
assembly tools is nearing completion.

The superconducting cable is woven
from .020-in. strand containing 630 fila-
ments, 13 microns in diameter and a cop-
per to superconducting ratio of 1.5:1. It is
expected that the NbTi can reach a current
density of 3000 A/mm? at 4.6° K and 5 T.
There are 47 turns per pole in the final
two-shell design and 65 turns per pole in
the one-shell correctors. The two-shell

transfer function is 0.291 T/cm/kA; for the
one-shell it is 0.562 T/cm/kA.

The DO low-beta insertion also requires
considerable electrical, cryogenic, and me-
chanical design and engineering effort.
Although the insertion at DO will be built
before the retrofit at BO, an attempt is be-
ing made to keep them identical to reduce
spares requirements. The innermost quad-
rupole of the triplet is cantilevered into the
collision hall and inserts into the end caps
of the major detectors. The CDF detector
presents the more restrictive 20-in. square,
whereas the constraint at DO is a 22-in.
square. A cryostat design satisfying this
constraint has been made. Heat loads have
been calculated and a decision made to op-
erate the DO low-beta quadrupoles on the
existing refrigerators in the C4 and Dl
service buildings.

The DO low-beta insertion is mechani-
cally more complex than either the present
one at BO or the retrofit planned for BO.
Since the electrostatic septa for extracting
the proton beam from the TEVATRON are
located at DO, this straight section must be
re-configured each time the physics pro-
gram is switched between fixed-target and
Collider mode. Mechanical designs have
been made for mounting sets of compo-
nents on movable girders to make these
changeovers efficient and reproducible.

The oppositely charged beams must be
kept apart except at the BO and DO experi-
ments in order to minimize beam-beam ef-
fects. This is accomplished with local
electrostatic "three bumps" in each plane.
One pair of bumps creates helical orbits
from B11 to C49. The other pair of bumps
keeps the beams apart from D11 to A49.

One particular choice of separator
strengths results in almost round helices
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when B*~50 cm. For a specific assump-
tion of beam properties, the total beam-
beam separation in "¢’s" can be calculated.
For equal normalized transverse emit-
tances, ey=€,=24n, p=1000 GeV/c, and
Ap/p=0.12x10-3, in most places the beams
are 12 or more G’s apart. If the number of

bunches, B=53, there are 106 crossing

points spaced 59.3 meters apart, and one
collision point at BO and one at DO. A list
of required separators can be developed for
this scheme. If 5x10¢ volts/meter can be
achieved (e.g. 200 kV on a 4-cm gap), then
a '"natural" separator module length of
about 3 meters is convenient. Eighteen
such modules are required.

The Linac Upgrade
Donald E. Young

The Fermilab linear accelerator (Linac)
was conceived 20 years ago, produced its
first 200-MeV beam of accelerated protons
on November 30, 1970, and has run with-
out major interruption since that time. Its
responsibilities have steadily increased as
greater demands have been placed on it by
the added complexity of the downstream
chain of accelerators and by the increased
patient load of the Neutron Therapy Facil-
ity. The major improvements during the
last 17 years have been the conversion from
the acceleration of protons to the accelera-
tion of H- ions, a new control system, and
replacement of the rf control and monitor-
ing system. Minor improvements have re-
sulted in an increase in the reliability so
that during 1987 it ran reliably 98.7% of
the time. However, as gratifying as the
record may seem, the technology for linacs
has advanced in the last 17 years to the
point where the performance could be
vastly improved to the benefit of all sys-
tems downstream of the Linac.

During 1987 plans for an upgrade of
the Linac became well focused. It is now
planned to replace the last four tanks in the
present Linac with seven new accelerating
modules operating at a higher frequency
and higher accelerating fields so as to in-
crease the energy from 200 to 400 MeV.

This change can be done in the existing
building enclosure with the new sections
initially installed adjacent to the old tanks.
Only minor modifications will be required
in the injection line to the Booster to ac-
commodate the higher energy. The rf power
to drive the new modules will be supplied
by high-power, 805-MHz klystrons. An
expansion of the gallery space will allow
the installation of these systems without
disruption of the presently operating rf
systems. The higher Linac energy will re-
duce the tune spread due to beam space-
charge force at injection in the Booster ac-
celerator thereby improving the ratio of the
total number of particles in the accelerator
(N,) to the normalized transverse emittance
(e), i.e., N/e. At 400 MeV this ratio
should be increased by 75% compared to
the ratio at 200 MeV.

Another advance in linac technology that
has taken place since the Fermilab Linac
was constructed is the development of a
radio-frequency quadrupole (RFQ) struc-
ture to capture, bunch, focus, and ac-
celerate the beam from the ion source into
the drift-tube Linac. This is the region
where beam space-charge forces are most
severe, and even more so for an H- beam
since neutralization by positive ions from
the residual gas is slower than for an H*
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Linac Technician Alan Forni making adjustments in a ten-cell, full-scale prototype disk-
and-washer accelerating structure fabricated by Fermilab and Science Applications
International Corporation for the Linear Accelerator Upgrade.
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beam, which depends on electrons. Meas-
urements have shown that the H- beam
emittance grows by a factor of two in the
750-keV beam-transport system and by an-
other factor of two in the first 10-MeV
tank of the Linac. By replacing the 750-
keV Cockcroft-Walton preaccelerator with
an RFQ to an energy of 2 MeV, the emit-
tance growth can be reduced. Replacing
the present first tank of the Linac with a
new structure from 2 to 10 MeV would
have further benefits in preventing the emit-
tance dilution. Emittance improvement at
low energy would be transmitted through
the Linac to 400 MeV for further enhance-
ment of the Ny/e factor in the Booster.
R&D support of both the low-energy
and the high-energy Linac improvements
were started in 1987. At low energy, the
ion-source test stand was upgraded and a
plasma lens (Gabor lens) was fabricated
and installed on the test stand. Studies
will follow to assess the feasibility of neu-
tralizing and focusing the beam as it
emerges from the ion source so as to match
the beam into an RFQ. A 750-keV RFQ
was borrowed from the University of
Frankfurt, Germany, and powered to full
voltage. It will be added to the test stand
after the plasma lens so that the beam

properties emerging at 750-keV can be
measured, studied, and compared with the
beam from the present online operating
system.

High-frequency, high-gradient accel-
erating structures are being studied for the
high-energy Linac upgrade. Models of a
few cells of disk-and-washer and side-
coupled resonant cavity structures have
been built and measured. The fabrication
of full length power models to test opera-
tion at the design field gradients are in
progress. A 1.25-MW, 805-MHz power
supply is being fabricated, using a klystron
borrowed from Los Alamos National Labo-
ratory to allow the prototype accelerating
structures to be tested and operating expe-
rience acquired.

The Linac improvement program is
structured to take advantage of the pro-
gress made in the last 20 years in Linac
technology to make a brighter Linac beam
at twice the energy. The program should
result in another 20 years of exceptional
operation for the Linac. This is the first
step in the Fermilab Accelerator Upgrade
Program intended to provide greater lumin-
osity for the colliding-physics program,
greater pbar production rates, and an inten-
sity increase for fixed-target operation.

The Collider Upgrade: 20-GeV Rings
Stephen D. Holmes

During 1987, the Accelerator Division
undertook a study of the need for and fea-
sibility of constructing new accelerators at
Fermilab in support of the proposed Col-
lider upgrade to 5x103! cm-2sec’! lum-
inosity. The primary needs for new rings
were identified as being associated with
the large number (~4x1012) of antiprotons
needed to produce the desired luminosity,

and with the need to improve the perform-
ance of the Main Ring in terms of trans-
mission, emittance preservation, and beam
losses at BO and D0. Several scenarios
which met these needs were examined in-
cluding, in various combinations, the con-
struction of a new Antiproton Ring, a new
Booster, a new Post-Booster, and a new
Main Ring. The option deemed most at-
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tractive from the technical and operational
point of view was the construction of a new
antiproton storage ring, called the Anti-
proton Depository, and a new Post-
Booster. The Accelerator Division is cur-
rently preparing a Fiscal Year 1990 con-
struction project data sheet (Schedule 44)
and conceptual design report for these
rings.

Although the two rings have circum-
ferences similar to the existing Antiproton
Accumulator and 8-GeV Booster, both are
capable of accelerating beams to 20 GeV/c.
This will allow the injection of protons and
antiprotons into the existing Main Ring
above transition (Main Ring transition is at
about 17.5 GeV/c). Enhanced Main Ring
performance is expected to result from this
mode of operation. This expectation is
based on machine studies carried out dur-
ing 1987 which show a 100-fold increase
in the beam lifetime at 20 GeV/c (as com-
pared to the present 8.9 GeV/c) accompa-
nied by an improvement in magnetic field
quality at injection. The new rings will be
situated concentrically in separate tunnels.
Parameters of the two new rings are given
in Tables 3 and 4.

The Antiproton Depository is designed
to provide the capability of storing 4x1012
antiprotons in one place. The existing An-
tiproton Accumulator does not have this
capability nor is it thought to be possible
to upgrade the existing machine to meet
this specification. In any case, it is totally

impossible to contemplate raising the en-
ergy to the existing Accumulator. The De-
pository looks very similar to the Ac-
cumulator except that it lacks a stack-tail
stochastic cooling system. A stack-tail sys-
tem is not needed in this ring since it will
be required to accept antiprotons only
rarely (every hour or so) from the Ac-
cumulator. In contrast, the existing Ac-
cumulator must accept antiprotons every
two seconds from the Debuncher Ring.
The lack of need for a stack-tail system in
this ring is the primary reason for im-
proved storage and peak energy capability
in the Depository relative to the Ac-
cumulator. The Depository is also designed
to accept antiprotons recovered from the
Collider (at 20 GeV/c) for re-cooling.

The primary function of the Post-
Booster is to provide protons for injection
into the Main Ring above transition. It ac-
cepts protons from the existing 8-GeV
Booster at 8.9 GeV/c and accelerates them
to 20 GeV/c. Since this accelerator will
participate in antiproton production and
fixed-target operations as well as Collider
loading, it is designed to have a rapid cy-
cling rate of 5 Hz. The Post-Booster will
be constructed as a separated function ma-
chine allowing it to attain an energy of 20
GeV in a circumference only 25% larger
than the existing 8-GeV Booster.

It is anticipated that the construction of
the two new rings could be completed by
the end of CY 1992.
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Table 3

Antiproton Depository Machine Parameters

Circumference

Accumulation Energy

Peak Energy

Harmonic Number (@53 MHz)

Horizontal Tune
Vertical Tune
Transition Gamma
N @ Low Energy
N @ Peak Energy

Maximum No. of Antiprotons
Transverse Emittance (Normalized)
Full Momentum Spread
Longitudinal Emittance

Cooling System Bandwidth

Transverse Acceptance (Unnormalized)
Momentum Acceptance

Number of Straight Sections

Length of Zero Dispersion SS

Length of High Dispersion SS

Number of Dipoles
Dipole Length

Dipole Field (Max)
Number of Quadrupoles
Magnet Style

513.72 meters

8.9 GeV
20.0 GeV
91

6.61
6.61
7.0

.009
.018

4x1012

10T mm-mr
20 MeV

30 eV-sec
8-16 GHz

8T mm-mr
1.9%

6

10.7 meters
7.7 meters

84

3.1 meters
15.9 kGauss
72

TeV I
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Table 4
Post-Booster Machine Parameters

Circumference

Injection Energy

Peak Energy

Cycle Time

Harmonic Number (@ 53 MHz)

Horizontal Tune
Vertical Tune
Transition Gamma

Number of Bunches

Protons/Bunch

Transverse Emittance (Normalized)
Longitudinal Emmitance/Bunch
Momentum Spread (Max, full width)

Transverse Acceptance (Unnormalized)
Momentum Acceptance

Bmax (Arcs)

Bmax (Straights)
Maximum Dispersion

Number of Straight Sections
Total Length in Straight Sections

RF Frequency (Injection)
RF Frequency (Extraction)
RF Voltage

Synchronous Phase (Max)

Number of Dipoles
Dipole Length

Dipole Field (Max)
Number of Quadrupoles

592.76 meters
8.9 GeV

20.0 GeV

0.2 sec

105

7.41
7.41
6.8

84

8.6x10°

8T mm-mr
0.09 eV-sec
0.3%

8T mm-mr
0.6%

23 meters
30 meters
3.4 meters

18
103 meters

52.8 MHz
53.0 MHz
540 KV

33 degrees

72

4.4 meters
13.1 kGauss
90
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In justifying the prodigious effort to
construct the TEVATRON complex,
one research thrust has, from the
beginning, been put forward as the
crown jewel of the program - the observa-
tion of 2000-GeV collisions of protons and
antiprotons by the CDF detector. The past
year is described by Roy Schwitters while
co-manager Alvin Tollestrup whispers to

me of the vast treasures that will be exposed
in the 1988 run if only we can deliver 1000
nb-1, i.e., 20 times the total number of col-
lisions seen in 1987. This will indeed be
an exposure to a domain where, in the im-
mortal words of an unnamed graduate stu-
dent, ". . .no human eye-ball has ever set
foot."

The Collider Detector at Fermilab

Roy Schwitters

On March 29, 1987, a computer printout
of a curious-looking event was passed around
the CDF control room. Found by Kiyoshi
Yasuoka in a preliminary analysis of CDF
data taken a few days before, the event was
distinguished by what appeared to be a
single, very-high-energy electron accompa-
nied by a few low-energy particles. Physi-
cists on shift that evening quickly recog-
nized the importance of the find and began
additional studies, some on the computer
and some using such old-fashioned meth-
ods as pencil and graph paper, to deter-
mine the origin of the event. Within hours,
there was general agreement: CDF had
found the first "new world" W particle.

The W boson has a long history in theo-
retical physics, but was first observed ex-
perimentally at CERN in 1983 by the UA1
and UA2 groups. A key ingredient in the
Standard Model of particle physics, its dis-
covery garnered the 1984 Nobel Prize in
Physics for Carlo Rubbia and Simon van
der Meer. Its detection at Fermilab sig-
naled that CDF had "joined the club" along
with UA1 and UA2, and was poised to

search for new physics in the considerably
higher energy collisions provided by the
TEVATRON.

1987 began with the full CDF central
detector positioned on the TEVATRON
beam along with the newly completed for-
ward/backward detector systems. Follow-
ing the very brief 1985 run where first col-
lisions in the TEVATRON were detected,
CDF and the BO collision hall underwent
major construction efforts to complete them
for initial physics studies. On January Sth,
around-the-clock operations began with a
staggering amount of testing, program-
ming, and learning to be done before CDF
could seriously contemplate doing physics.

For several years, CDF components
were being built all over the world, in spe-
cialized shops at physics institutes in Italy,
in major Japanese factories, and in physics-
department facilities across the United
States. Suddenly, it seemed in early 1987
everything was focused at BO where an ex-
traordinary number of pieces had to be
made to function together as a system for
the first time. Systems studies were the

< Final installation of the CDF detectors in the B0 straight section of the TEVATRON. The
passageway shown will be plugged with a 1200-ton shielding door.
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principal activity for CDF during winter
1987; many problems were revealed and
resolved during this time.

A complex instrument like CDF does
not come with an instruction manual. The
collaboration had to learn how to operate
it, which required a combination of trial-
and-error and teaching each other. A
highly successful means of assigning and
distributing shift responsibilities across the
collaboration was developed. While senior
professors were often assigned the role of
"shift captain,” the success of a crew usu-
ally depended on the youngest members
who, being agile with the computers, were
designated "ace!"

By March, TEVATRON operations were
making excellent progress, and CDF was
able to begin recording interesting data.
Some spectacular events, which are also
relatively common, consist of two dense
clusters of energetic particles observed on
opposite sides of the apparatus. These
clusters are called "jets." They are formed
when billiard-ball-like collisions take place
among the constituents of the beam par-
ticles. In such collisions, quarks and gluons
scatter at large angles from the beam direc-
tion with very high energies. They emerge
as the jets of particles that are detected.
These events seen by CDF offer some of
the clearest evidence for the underlying
quark structure of nuclear matter.

The CDF control room was a most dra-
matic place to visit during the Collider run.
With its TV monitors and computer con-
soles, it can compete with the best that Holly-
wood has to offer. When the countdown
begins for a fresh refill of protons and anti-
protons, the intensity rivals a NASA launch.
The excitement of seeing, as they are oc-
curring, displays of collision events from
an unexplored physical realm is unique.

On May 11, the Collider run terminated
and much effort was turned toward the com-
puter programs necessary to analyze the
vast quantity of data recorded. New chal-
lenges had to be faced. These included
developing the analysis algorithms, man-
agement of software across our interna-
tional consortium, running efficiently large
numbers of data tapes through the offline
computers, and actual analysis of detector
performance and physics.

Over the summer, the full set of data
tapes was processed, giving reconstructed
event information that could be used by
CDF physicists to begin to look at new
physics. This effort demanded a major
fraction of the Fermilab Computer Center’s
VAX resources. By early fall, it was clear
that the Collider run, in addition to being a
very successful engineering run for under-
standing the apparatus, would provide pub-
lishable physics results and enough data
for approximately 20 Ph.D. dissertations.
Among the roughly one-million events re-
corded, there were found about 30 W events,
a half-dozen Z particles (the relative of the
photon and W), and thousands of jet events,
some of which are more energetic than ever
before detected. In December, a full col-
laboration meeting was held to discuss
physics analyses in progress. It more
resembled an international conference with
many new and interesting results pre-
sented. Groups have been formed to move
toward publishing these results as quickly
as possible.

The data collected during 1987 gave us
a taste of physics, but are not enough to
address the most important current physics
issues. Thus, we look forward to 1988 when
we hope to accumulate 30 times the data.
This will give us a chance for real discov-



eries, such as the long-sought top quark or
physics beyond the Standard Model.

In preparation for the next run and to
do the necessary R&D for upgrades to the
CDF detector, a major effort in the fall was
devoted to developing a new test beam in the
Meson Area. With considerable assistance

from the Research Division, this beam was
commissioned and is being used for cali-
brations and other studies. Finally, as we
began 1987, so we end it with systems tests
and preparations for the next Collider run,
which we hope will be one of new discoveries.

Preparing the CDF central detector for a Collider run. The end plugs and the side arches
are retracted to allow access for service and calibration.



Installation of the DO 40,000-gallon liquid-argon dewar. Its final location is in the alcove on
the left. The platform on which the detector is built is shown in the foreground.
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In 1987, CDF had its baptism of fire
and, sitting in the CDF control room,
breathing in the lessons, the goofs,
the things-that-didn’t-work-too-good,
dressed in an unobtrusive Burberry rain coat
and slouch hat, holding up an old copy of
the Batavia Chronicle with a hole in the
middle, was an officially sanctioned spy
from across the Main Ring at DO. This
space-age detector is jointly managed by
Paul Grannis of SUNY/Stony Brook and
Gene Fisk of the Experimental Support

Group in the Accelerator Division, which
is charged with the in-house responsibil-
ities of administration, safety, etc. DO,
originally scheduled to be complete in
1989 concurrently with the third CDF run,
was designed with much of the CERN ex-
perience at hand and with special attention
to issues of hermiticity, lepton detection,
and hadron resolution. Like other sections
of the Lab, DO also has its funding prob-
lems, but they decided to submit their con-
tribution anyway.

The DO Experiment
Paul D. Grannis

For four years, DO has been separately
the name of the new collider detector and
an address within the circumference of the
TEVATRON. In 1987, name and address
became merged when the detector began to
take up residence in its new hall, even while
contractors complete the amenities needed
for operating the DO experiment. The vis-
ible growth of the DO detector, together
with vigorous activity building compo-
nents within each of the 21 collaboration
groups, constitutes a large step toward reach-
ing full utilization of the power of the
TEVATRON.

The year 1987 has, at the same time,
been a period of cottage industry operation
and large-scale assembly plant work. The
small-scale operations have been tuned to
produce detector pieces and electronics com-
ponents which flow to the large assembly
lines or toward installation in the DO hall.
University groups are turning out such var-
ied parts as microprocessor trigger nodes,
signal digitizers, tools for quality control
in production, calibration software, calori-
meter signal boards, liquid-argon monitors,
delay lines for tracking chambers, and feed-

through boards which transform the chaotic
patterns of signals delivered by hardware
into an orderly arrangement for analysis.
This large array of components is being
assembled into the main detector elements
which comprise DO. The three distinct
tracking chambers are being assembled in
separate laboratories spanning the con-
tinent. These three devices will be assem-
bled around the transition radiation detec-
tor under construction in France. Facilities
for assembling the liquid-argon calorimeters
have been set at four national laboratories.
These large operations (at Serpukhov,
U.S.S.R.: end coarse calorimeters; Brook-
haven National Laboratory: central calori-
meters; Fermilab: end fine calorimeters;
and Lawrence Berkeley Laboratory: end
electromagnetic calorimeter) rely on the
university groups’ manpower and com-
ponents. The large panels of muon cham-
bers are being produced in a network of
facilities at Fermilab, again with help from
a group of university physicists and tech-
nicians. Electronics for signal processing
and triggering are being developed, packaged,
and tested at about a dozen different sites.
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One interesting phenomenon which has
occurred through the process of setting up
these parallel pipelines for DO detectors,
has been the partial breakdown of tradi-
tional user-group boundaries. At the sim-
plest level, the DO detector consists of just
three major detection systems (tracking
TRD, calorimetry, and muon detection).
These systems are each too large for a sin-
gle institution to undertake, so collabora-
tion at the system level is required. In DO
the pattern has emerged in which a particu-
lar group divides its effort; a portion of the
group might work on tracking chambers
while a second part is involved with calori-
meter production. This pattern of involve-
ment produces a new and healthy set of
dependences which is orthogonal to the
traditional group structure. In a project as
large as DO, this enlargement of connec-
tivity serves well to keep the overall pro-
ject needs and priorities harmonized over
the full collaboration.

Given the dispersal of activities this
year in building DO, it is obvious that care-
ful attention must be given to harnessing
the pieces into a whole. A major focus for
this is the DO Experiment Department in
the Accelerator Division. The important
functions of planning, safety, reviewing,
accelerator liaison, monitoring, and instal-
lation are all carried out through the Ac-
celerator Division/DO Experiment Depart-
ment. During 1987, one of the most visible
of these activities has been the installation
of major detector systems in the DO hall.
Following completion of Phase 1 construc-
tion late last year, the platform on which
the detector will ride has been constructed.
Through the year, this platform has been
augmented with water, cryogenics and
power distribution systems, electronics racks
and the cable bridge which carries signal
cables to the safe area, and the moving count-

ing house at the other end of the bridge
where digitization of signals will occur.
The storage dewar for liquid argon is now
in place. The outline of the detector itself
is presently emerging as the three large
iron toroids for bending muons and sup-
porting all remaining detectors are being
erected on the platform.

A second crucial unifying focus for DO
has been the test-beam operation in the
NWA beamline. This test, involving physi-
cists from two-thirds of the collaborating
institutions, has several goals. First, the
performance of production detector ele-
ments must be measured; central calori-
meter, end calorimeter, vertex chamber,
forward drift chamber, and central drift
chamber are all included in this program.
In each case, signal collection is being
done using final versions of the DO shap-
ing and digitizing electronics. Triggering
and data acquisition also use systems built
for the experiment. Thus, an important
component of the test has been identifying
and solving the system and interconnection
problems before they occur in the full ex-
periment. Included in this global integra-
tion is the use of DO’s online, monitoring,
calibration, and display software. This test
has been an essential guide for the evolu-
tion of DO software into a battle-tried system.

The test-beam experiment is an opera-
tion which is comparable in size to many
fixed-target experiments. Already, it has
given encouraging results on calorimeter
energy resolution and overall electronics
noise contributions. Many of the hurdles
encountered in melding the diffuse parts of
the experiments into a whole have been
cleared; this experience in working with
the full DO detector should stand the col-
laboration in good stead to make a rapid
turn-on of the experiment when installed at
the Collider. A final benefit of this test
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The cryostat for the DO central calorimeter being off-loaded at delivery in August. The
doughnut-shaped vessel (5.2 m in diameter and 3 m long, with an inner-hole diameter of 1.5
m) has since been vacuum- and cold-tested and prepared to accept its load of 64 individual
calorimeter modules.
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A welder at work on the DO central iron torroid against the backdrop of the shielding wall

that separates the assembly and collision halls.
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comes from the opportunity for many of
the collaborating physicists to work to-
gether effectively on detailed problems and
with shared triumphs.

A look to the future with DO has sev-
eral components. On the immediate hori-
zon we hope to see the completion of the
detector components. With much of the
intellectual effort of design and proto-
typing finished, this effort requires or-
ganization, manpower, and sufficient funds.
Plans are now being drawn in detail for
installation and commissioning DO. Monte
Carlo simulation of the detector continues
to be a tool both for understanding detailed
performance questions and for developing
the pattern recognition and reconstruction
software needed to produce physics. This

activity, often delayed until an experiment
is running, is important for DO if it is to
join CDF in producing physics as soon as
the detector is commissioned. Finally, the
DO collaboration looks further ahead to
plan for the continuing evolution of the
detector capabilities to track developments
in machine luminosity and new physics op-
portunities. In this regard, the DO col-
laboration has already modified its trigger
architecture for early adaptation to high
rates: Augmentations for improving trans-
verse energy measurements are being im-
plemented. Studies are under way for ex-
tending the reach of physics at DO and
pushing muon detection to the small-angle
regions.
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Human ingenuity knows no bounds.
When we designed the Collider, it
was to be at BO. It was noted in the
1979 design report that DO was also
a possibility. But see what happened!
Three intrepid groups came to us and pointed
out that there were all sorts of nooks and

crannies where 2-TeV research of signifi-
cance could be done. Others noted that the
Collider could provide valuable studies of
accelerator properties. These are the "Small
Collider Experiments," and Roy Rubinstein
describes what they are and what they did.

Small Collider Experiments

Roy Rubinstein

Because of all the understandable atten-
tion given to CDF, it may be hard for the
reader to believe that, yes, there really were
other experiments taking data during the
1987 TEVATRON Collider run! Neverthe-
less, there were several, and we will dis-
cuss their progress and available results
here. Some were high-energy physics ex-
periments, while others were studies of ac-
celerator properties. We will cover the
three high-energy physics ones first; their
general characteristic is that they address
well-focused, specific physics topics to
which the large, general-purpose detectors

are not ideally suited. Generally the ex-
periments are "small," although this is rel-
ative only to (the gargantuan?) CDF; some,
in fact, are of a size of a typical fixed-target
experiment. They are all located in inter-
action regions where the luminosity is typ-
ically a factor of about 80 lower than CDF.
(For many purposes, including impact on
the Accelerator, the smallest-angle detec-
tors of CDF can be considered a "small
Collider experiment"; they are located in
the accelerator tunnel outside of the BO
detector hall. However, we will not dis-
cuss them here.)

E-710

The goal of this experiment is to meas-
ure the proton-antiproton total cross sec-
tion, the slope of the elastic scattering dis-
tribution, and p (the ratio of the real to im-
aginary part of the forward scattering amp-
litude) at energies from Vs = 300 to 2000
GeV. The experiment is located around
the EO pp interaction point. Detectors for
measuring small-angle elastic scattering are
drift chambers and scintillation counters

housed in "Roman Pots," which can be placed
very close to the circulating beams of the
TEVATRON. There are four pairs of these
pots - one each at the two ends of the EO
straight section, and the others located
about 100 meters from EO at the D47 and
E14 locations in the TEVATRON lattice.
Focusing by the Accelerator quadrupole
magnets makes the effective distance to
these latter detectors about 80 meters; this

« Part of a small Collider experiment: One of the assemblies (lower center in the photo-

graph) containing two "Roman Pots" for the detectors of Experiment 710, installed at the
E11 TEVATRON location. The TEVATRON beam pipe is attached to the assembly, while

above it is the Main Ring beam pipe.
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large distance enables scattering at very small
angles to be detected. Located around the
interaction point are scintillation counters
and drift chambers to measure the total
inelastic counting rate.

During the 1987 run, many studies were
made of the detector characteristics, and of
the effect of varying accelerator con-
ditions. The experimenters found that detec-
tors could be placed within 5 mm of the
circulating beams after only small effort to
reduce beam tails by scraping. It was ob-
served that the large amount of magnetic
bending between the interaction point and
the detectors in the lattice swept away most
backgrounds, giving very clean data.

Analysis of the data is under way, and
indicates that the experiment will be suc-
cessful in achieving its goals. Shown in
Fig. 4 is a preliminary elastic scattering dis-
tribution from one six-hour run. The ex-
ponential slope parameter obtained is 16.4
1.1, which is in good-agreement with ex-
trapolations from lower energy data.
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Figure 4. Preliminary results on pp elastic
scattering at \s=1800 GeV from E-710.

For the next run, a number of improve-
ments are planned; these include improved
beam scraping to allow measurements to
smaller angles in the Coulomb scattering
region; movement of some TEVATRON
Lambertson magnets to allow measurements
to larger angles, and various small modifi-
cations of the experimental apparatus.
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E-713

Whenever a previously unattainable en-
ergy range is opened up by operation of a
new accelerator, it is an opportunity to look
for hypothesized particles not previously
observed at lower energy machines. One
such particle, long the subject of theoreti-
cal discussion and experimental searches,
is the magnetic monopole; E-713 under-
took a search for this particle at the TEV-
ATRON Collider. Three types of track-
etch detectors (glass, CR-39, and Rodyne
polycarbonate) were placed around the DO
interaction region, and remained there
throughout the run.

After the run ended, the detectors were
removed, etched, and the tracks revealed in
the etching were studied. Unfortunately,
no monopoles were found (otherwise you
would have already read about it on the
New York Times front page!). Results for
upper limits on the monopole production
cross section from this and earlier experi-
ments are shown in Fig. 5. In order to bet-
ter compare experiments from hadron and
lepton colliders, the results are shown as
limits on the dimensionless parameter R,
the ratio of monopole production to muon
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Figure 5. Results from E-713 ("this work")
and previous
searches.

experiments on monopole
Upper limits are shown for the
dimensionless parameters R (see text) as a
function of monople mass.

pair production; E-713 provides the best
cross section limits for monopole mass
greater than 20 GeV. The experiment
hopes to push the limits a further factor of
20 lower in the next Collider run.

E-735

This experiment, a search for evidence
of a transition to quark-gluon plasma in
hadronic matter, was partially installed and
collected data at the CO interaction region
during the first Collider run. The spec-
trometer, time-of-flight system, multiplicity
hodoscope, and trigger processor were all
installed and operational. A total of five-
million triggers was collected on tape for
analysis, with an estimated integrated
luminosity of the order of 0.35 nb-l.
Analysis of the data is still in progress,

and all data collected have been already
processed into data summary tapes. A
number of physics topics are being studied.

The transverse momentum spectra of cen-
trally produced non-diffractive secondaries
has been obtained up to 3.0 GeV/c. The
event-by-event associated multiplicity is
also available from the multiplicity hodo-
scope. Figure 6 shows the mean transverse
momentum as a function of multiplicity.
Work is progressing on the understanding
of backgrounds, especially in the multi-
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Figure 6. Mean transverse momentum as a function of multi-
plicity obtained by E-735 and previous experiments.

plicity, since the secondary interactions
and photon conversion in the beam pipe
tend to produce an apparent larger multi-
plicity. For the next Collider run, the cen-
tral tracking chamber, end cap chambers,
and a beryllium beam pipe will produce a
cleaner determination of the charged mul-
tiplicity. The observed transverse momen-
tum spectrum is in agreement with that ob-
tained by other experiments at lower ener-
gies, and it also flattens with increasing
multiplicity.

Analysis is advancing on particle iden-
tification by time-of-flight, to be used in
conjunction with the transverse momentum
analysis mentioned above. The resolution
of 200 picoseconds presently achieved should
allow the experimenters to achieve proton/
kaon separation to beyond 1.0 GeV/c. Trans-
verse mass spectra have already been pro-
duced, and the evaluation of backgrounds
continues.
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Figure 7. Typical results on neutron fluences taken under various

conditions by E-777.

Experiment 777 had, as its purpose, the
measurement of neutron energy spectra,
fluence distributions, and rates near the
TEVATRON ring. This work is relevant
to understanding radiation damage to ac-
celerator components, electronics, and re-
search equipment at high-energy proton
accelerators. The 12-meter warm straight
section at A17 was used as a source of beam-
gas interactions whose rate was varied by a
controlled nitrogen gas leak over the range
of 108 to 10-5 torr. Cascades from these

interactions were developed in the first di-
pole following the warm section. Neutrons
from the events, moderated by the magnet
iron and tunnel walls, were detected by a
Bonner multi-sphere spectrometer.

Figure 7 shows some typical results on
neutron fluences for a number of different
conditions. Results show consistency with
Monte Carlo simulations. The direct com-
ponent of neutrons produced per incident
900-GeV proton in the A17 warm section
was found to be 13 per gm cm2 of nitrogen.
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E-778

Since the only superconducting synch-
rotron operating in the world at present is
the TEVATRON, it is natural to use it for
studies needed in the design of future such
accelerators. One study of this type, E-
778, was carried out in 1987 to investigate
effects important in the magnet aperture
criterion for the SSC. The magnetic field
quality specification for the SSC is based
on the imposition of bounds to the depar-
ture from linear behavior in the oscillation
of single particles about their closed orbits.
"Smear" quantifies the nonlinearities as the
fractional change of the amplitude. E-778
attempted to answer the questions of whether
smear can be predicted and what is the
operationally acceptable lowest bound for

the smear. In the experiments, nonlinearities
were introduced in the TEVATRON by
sextupoles, and an excellent agreement be-
tween experiment and calculation at lower
sextupole excitation was observed. At
higher excitations, though, the smear did
not increase as predicted. However, even
at the highest excitations, no deterioration
in the closed orbit or in the injection trajec-
tory was observed. Measurements of the
dynamic aperture were in general agree-
ment with prediction. Particles trapped in
resonance islands were easily detected. In
the future the experimenters expect to re-
solve the behavior of the smear at higher
excitations and to make the first direct mea-
surements of resonance island widths.
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The 20-year history of Theory at
Fermilab will be told elsewhere but
will surely include the key contribu-
tion to modern-day superstring the-
ory by Pierre Raymond, working in the Vil-
lage in the early seventies. Since then,
Theoretical Physics has flourished in the
prairie and the group has had a very high
order of productivity in 1987 across a very
broad spectrum of topics, leaning (more or
less) toward the high-energy phenomenol-
ogy appropriate to an accelerator labora-
tory. In fact, the Director reluctantly must
confirm the reports emanating from the third
floor of Wilson Hall that this is one of the
very best theoretical physics groups in the

world, devoted to particles and fields. For
example, if the SSC would come to Fer-
milab, as our Governor insists, it is possi-
ble that, unlike all other parts of the
Laboratory, Theory can handle the factor
of 20 with no sweat. Two major happen-
ings are described below: the defection of
Chairman Chris Quigg to the SSC Central
Design Group and his replacement by Bill
Bardeen, and the formation of a joint ven-
ture of Theory and the ACP to build a The-
ory Engine.

What is a Theory Engine? Does it re-
place theorists? Is it a theorist with humil-
ity? Is that a contradiction in terms? Tune
in to Bardeen’s report:

The Theoretical Physics Department

William A. Bardeen

This year has been a time of transition
for the Theoretical Physics Department.
Chris Quigg has provided the leadership
for the Theory Department for the past ten
years since the death of Ben Lee, the first
permanent Head of the Department. Quigg
has now gone on leave from Fermilab to
assume the challenge of the Superconduct-
ing Super Collider project as an Associate
Director of the Central Design Group in
Berkeley. His contributions to all aspects
of the Laboratory will be missed during his
absence. Bill Bardeen has been named as
the new Head of the Theory Department.

The Theoretical Physics Department
plays an essential role in the intellectual
life of the Laboratory. Its members have
contributed to a broad spectrum of elemen-
tary particle physics research from the
practical to the esoteric. The group now

consists of seven permanent members, four
Associate Scientists with five-year appoint-

ments, and eight postdoctoral Research As-

sociates. Fermilab provides a focus for the
research of several faculty members from
surrounding universities as well as a num-
ber of long-term visitors from universities
and institutes around the world. In addi-
tion, Fermilab has its traditional theory
visitor’s program operating throughout the
year which provides hospitality and sup-
port for a large number of physicists from
the local, national, and international phys-
ics communities. This program makes Fer-
milab a central crossroads for the exchange
of new theoretical developments. It also
provides an opportunity for useful interac-
tion between the theoretical community
and the many experimental physicists who
find Fermilab the focus of their research.
The Theoretical Physics Department or-
ganizes the weekly Theoretical Physics and
Joint Experimental-Theoretical Physics Sem-
inars. The group also organizes an annual
winter workshop for the study of new theo-
retical developments of mutual interest.
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For this past winter, the topics included
conformal symmetry, conformal field
theory, and orbifold compactification in
string theories. Members of the group con-
tribute to the Fermilab Academic Lecture
Series which is addressed to the broader
physics community at Fermilab.

The successful running of the Fermilab
TEVATRON program in both the fixed-
target and the Collider modes has empha-
sized the need for accurate calculations of
processes which contribute to this new range
of physical phenomena. The stage for this
physics was set by the work of Quigg and
Eichten in their analysis of the expecta-
tions for physical processes from TEV-
ATRON energies to those of the SSC. A
particular interest at Fermilab has been the
study of hadroproduction and photoproduc-
tion of heavy flavors from charm and bot-
tom to top quarks. The expectations for
heavy quark production were analyzed by
Quigg and Ellis. . Recently, Ellis has ex-
tended the analysis of these processes to
include the first nonleading QCD (quantum
chromodynamics) corrections. He has found
that these corrections will have a signifi-
cant effect on the observable cross sec-
tions. Possible mechanisms for the discov-
ery of the elusive Higgs boson have been
analyzed by Ellis, Hinchliffe, Soldate, and
van der Bij. Mangano, Parke, and Xu have
adapted known string amplitudes to the
calculation of QCD parton cross sections
for the production of gluons and quarks
which could have important phenom-
enological applications as well as revealing
new insights on the structure of QCD.

Strong-interaction physics also plays a
role in using experimental information on
weak processes to determine the fundamen-
tal parameters of the electroweak theory.
Bardeen has used the large N, (string)

limit of QCD to compute the weak matrix
elements needed to understand the A 1=1/2
rule in kaon decays and the B parameter of
KO0-KO mixing. This physics is also the fo-
cus of QCD calculations using lattice methods.

During the past year, the Theory Group
and the Fermilab Advanced Computer Pro-
gram have formed a collaboration to create
a large-scale, highly parallel supercom-
puter for lattice gauge theory calculations.
This effort emphasizes the programming
flexibility needed for algorithm develop-
ment and a wide variety of physics applica-
tions. Eichten, Thacker, Mackenzie, and
Hockney have all contributed to the The-
ory Group’s participation in this project.
With the proper support, Fermilab can be
expected to provide essential leadership
for the development and application of nu-
merical methods to physical problems. At
present, the VAX facilities at Fermilab
have been exploited by Thacker, Eichten,
and Sexton for using lattice gauge theory
methods to analyze the structure of heavy
quark systems, baryon potentials, and the
heavy-light systems relevant to B-meson
physics.

More formal aspects of current research
have involved a variety of problems asso-
ciated with the fundamental string theories.
Taylor and Itoyama have studied nonsuper-
symmetric, four-dimensional string theo-
ries where the cosmological constant is
dynamically suppressed. Taylor has devel-
oped new mechanisms for supersymmetry
breaking in asymmetric orbifold models
which lead to chiral string theories with
vanishing cosmological constant. Itoyama
has studied multiparticle amplitudes in su-
perstring theories and has developed a pic-
ture of string field theory using a Bogoliubov
transformation approach. He and Thacker
have discovered a lattice Virosoro algebra
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in certain two-dimensional integrable lat-
tice systems which may be related to the
application of conformal field theory to
strings. Two-dimensional critical systems
have also been explored by Arnold and
Mattis with an emphasis on the structure of
the Green’s functions of the theory. Man-
gano has worked with others to develop
the connection between strings and index
theory on infinite dimensional manifolds by
analogy to Atiyah-Singer index theorems
used in conventional field theory.

The interface between astrophysics, cos-
mology, and particle physics has been a
productive area of research particularly at
Fermilab with the proximity of the Theo-
retical Astrophysics Group. Hill has foc-
used his research on the physical proper-
ties of superconducting cosmic strings
which may arise in grand unified theories.
His collaborations with Hodges, Lee,
Schramm, Turner, Walker, and Widrow
have led to proposals for several new ob-
servational signatures of cosmic strings as
well as clarifications of issues related to
the fundamental dynamics of these objects.
Hill has also continued his research on

quantum field theory in curved space-time.
McLerran and Arnold have studied the
physics of baryon number violating proc-
esses using sphalerons which may occur at
temperatures in the early Universe of only
a few TeV. They have also collaborated
on possible mechanisms to explain Cygnus
X-3 air-shower events. McLerran has stud-
ied the chiral phase transition in QCD with
its implications for nucleosynthesis as well
as a variety of issues related to heavy-ion
collisions. Reno and Quigg have studied
ultrahigh-energy neutrinos and their possi-
ble detection on Earth. Reno and Seckel
have completed an extensive study of the
effects of injecting hadrons during primor-
dial nucleosynthesis. The complete phen-
omenology of the effects of resonant neu-
trino oscillations in the sun was analyzed
by Parke and Walker with predictions for
both the chlorine and gallium experiments.

The future research of the Theoretical
Physics Department will continue to in-
volve a broad spectrum of physics issues
from questions of direct phenomenological
interest to the more formal aspects of quan-
tum field theory and superstrings.
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: Almost every thinking person has,

at some time, stared at the night sky
A and asked the age-old questions:
b What is out there? How did it all
come about? Where are we going? Very
few have stared at a table of particles and
asked the equivalent questions. Yet the
two activities are now so intimately joined
that it is natural for particle physicists to
lay claim to the night sky in order to ex-
plain their work to their in-laws, the gen-
eral public, congressional visitors, etc. The
institutionalized particle-cosmology inter-
face is represented by the Fermilab Theo-

retical Astrophysics Group, headed by Ed-
ward (Rocky) Kolb and Michael Turner,
co-founders of the Warrenville Astrophysi-
cal Society. Rocky Kolb, an expert on the
structure of the Universe before there was
a Universe, tells his story here. It was
about Rocky that Lucretius wrote (99-55
B.C., in The Nature of the Universe):
"He has ventured far beyond the
flaming ramparts of the world and
in mind and spirit traversed the
boundless universe."
Venture beyond, Dr. Kolb:

The Theoretical Astrophysics Group
Edward W. Kolb

During 1987, members of the Fermilab
Astrophysics Group have contributed to a
broad range of topics at the interface of
elementary particle physics and astro-
physics. The group has grown in 1987.
Andy Albrecht from Los Alamos National
Laboratory and Neil Turok from Imperial
College (London) have joined as Associate
Scientists. New postdocs are Ed Copeland
(also from Imperial College) and Angela
Olinto (from Massachusetts Institute of
Technology). Phillipe Jetzer was awarded
a Swiss National Science Foundation fel-
lowship to study abroad and has chosen to
spend the year visiting our group. He joins
our other foreign fellows, Sirley Marques,
supported by a Brazilian CNPq fellowship,
and Frederique Grassi, supported by a
French CNRS fellowship. Together with
permanent staff Kolb and Turner, frequent
visitor David Schramm from the Univer-

sity of Chicago, four continuing postdocs
(David Bennett, Albert Stebbins, Jamie
Stein-Schabes, and Marcelo Gleiser), and
the continued collaboration with the Theo-
retical Physics Group, Fermilab now boasts
one of the most active (and best!) groups
working at the interface of high-energy
physics and cosmology.

At the end of 1986 the group sponsored
a three-day workshop on cosmic strings.
Following the cosmic-string workshop, the
group was active in organizing the 13th
Texas Symposium on Relativistic Astro-
physics held in Chicago. In April 1987,
the group sponsored another small work-
shop on Quantum Cosmology (organized
in collaboration with Chris Hill of the The-
ory Group). The workshop brought to-
gether a remarkable array of talent to study
the quantum origin of the Universe. Mur-
ray Gell-Mann from Caltech, Stephen

< Two Galaxies and Snail Landscape, acrylic painting by Nancy Peoples, 1987.
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Hawking from the University of Cam-
bridge, and Yakov Zel’dovich and Alexi
Starobinskii from the Soviet Union were
but a few of the people in attendance. The
Astrophysics Group intends to continue to
hold small informal workshops on topics in
particle cosmology.

The Astrophysics Group has a very ac-
tive visitor program. Over 40 cosmol-
ogists from throughout the world visited
Fermilab to give seminars and colloquia,
collaborate with members of the group,
etc. In November we were fortunate to be
able to host the visit of Andrei Linde of
the Lebedev Institute in Moscow. Linde
gave several seminars and a colloquium
during his brief visit.

During the year the symbiotic relation-
ship of the Astrophysics and Theoretical
Physics Groups continued to grow. Chris
Hill of the Theory Group collaborated with
Michael Turner and students on a series of
papers on superconducting cosmic strings.
Kimyeong Lee, a postdoc in the Theory
Group, participated with Kolb and Holman
in a study of Wilson-loop instantons. Van
der Bij (also a postdoc in the Theory
Group) worked with Gleiser on boson stars.
Mark Rubin (another Theory postdoc) stud-

ied vacuum energies with Gleiser and Jet-
zer. The combination of the two groups
creates an intellectual ferment that per-
vades the third floor and, hopefully, leaks
out to the rest of the Laboratory.

Cosmic strings, inflation, dark matter,
and extra dimensions all continue to be ac-
tive areas of research of the group. In ad-
dition to these areas, members of our group
have worked on the implications of the cel-
estial star of the year, Supernova 1987A.

Note: As this report was going to press,
we learned of two occurrences, one occa-
sion for rejoicing, the other for sorrow, that
relate to the Fermilab astrophysics program.

The good news is that Fermilab was
awarded a three-year grant from NASA as
part of the Astrophysics Theory Program
from the Office of Space Science and
Applications.

Our sorrow springs from the news that
the visit by Yakov B. Zel’dovich to Fer-
milab last May will be his last. The sud-
den death of Zel’dovich on December 2,
1987, is a tragic loss to physics and astro-
physics. We at Fermilab are fortunate to

have been witness to his love for physics
and life.
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« The sky and the four inferior worlds. Tschutetschi drawing from east Siberia. Recog-
nizable are the Pleiades (top), the Milky Way (below), and the crescent of Venus (left,
top) which cannot be observed by average eyesight.
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A Table of Organization of Fermilab
is a thing of marvelous simplicity.
There is, of course, the Directorate
and there are two operating divi-
sions, plus the viscera and connective tis-
sue of the support and administrative sec-
tions. We have heard from the Accelerator
Division. Ken Stanfield manages the larg-
est group, the Research Division (RD).
The RD simply runs the fixed-target pro-

gram with its 14 beamlines. Well, it also
houses the CDF detector. Oh, and the
Central Computer and its ACP partner.
Yes, it also manages (haw!) the theorists
and interacts with the 1300 or so users who
look to it to supplement poverty-stricken
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