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Pauli was such a good theoret
cal physicist that something usz
ally broke in the lab whenever I
merely stepped across the thresi
old. A mysterious event that di
not seem at first to be connecte
with Pauli's presence once occurre
in Professor [James] Franck's labc
ratory in G6ttingen. Early one a
ternoon, without apparent cause,
complicated apparatus for th
study of atomic phenomena co
lapsed. Franck wrote humorous.
about this to Pauli at his Zuric
address and, after some delay, r6
ceived an answer in an envelop
with a Danish stamp. Pauli wrot
that he had gone to visit [Niel
Bohr and at the time of the misha
in Franck's laboratoryhis train wa
stopped for a few minutes at tl
Gottingen railroad station.

Gamow added: "You may believ
this anecdote or not, but there at
many other observations concerr
ing the reality of the Pauli Effect!'

AST JUNE, PARTICLE physicisi
-both theorists and exper

menters-had a chance to tell the:
own stories. The occasion was th
Third International Symposium o
the History of Particle Physics, he]
at the Stanford Linear Acceleratc
Center in Palo Alto, California.

More than one hundred phys
cists, historians, philosophers, an
others had gathered to hear, firn
hand, tales of the great intellectu.

Captions for photographs on these pages (counterclockwise starting at the top of
this page). On a 1970 visit to CERN, Richard Feynman lectures on his theory of
hadron collisions; Leon Lederman (top) and John Yoh, members of the Columbia,
Stony Brook, Fermilab collaboration that discovered the upsilon particle in 1977, in
their experimental control room; Mary K. Gaillard and Murray Gell-Mann discuss
kaon decay in 1972, and in November 1974, Samuel Ting tells an overflow CERN
audience about his J particle discovery at Brookhaven.

adventure that had produced th(
called standard model of parn
physics, which. describes
elementary particles of matter
the forces by which they intera,

Starting in the 1960s: with
formulation of the quar:k :ypoth
and followed in the 1970s b)
explosion of crucial experimental
theoretical results, the stane
model developed' out of not,
murky, confused ideas to emerq
the 1980s as the dominant, unc
lenged theory of particle physic

The symposium offered the
neers, who muddled through
compelling quest to understand
basic structure of matter, a nha
look back at the false starts;: w
turns, dead ends, and general co
sion-interspersed with stroke
incredible luck-that typify rese
at the frontiers. Old timers co
reminisce about the long-gone :
when no fax machines or electr
mail instantly conveyed results
where in the world, when colalb
tions included fewer than one I
dred physicists, and when the r
for new experimental ... tequipn
didn't necessitate a ̂ongressil
debate.

This exercise in the writin
history was not without its pe
Some participants eschewed the
man drama to present dry, u
spired, expurgated accounts of t
work, sliding past the controvel
and rivalries of the times. Ott
forced to Io:1ok again at labora
notebooks' long stored away, ,
struck by how sloppy and po
documented much of the mat(
was Annd inevitably faulty, inc

memories of events twent
years old took their toll.
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tute ot Technology in Pasadena, wno
shares credit for proposing that such
particles as the proton and neutron
are themselves composed of more
fundamental, fractionally charged en-
tities called quarks. At that time,
physicists had no clear notion of how
to rationalize the bewildesingme-
nagerie of particles th had disov-

ered in their accelerators.
Regarded with suspicion by most

physicists for a long time, the idea of
quarks took hold only very slowly.
"This business of defending quarks
over all those years was not an easy
one," Gell-Mann notes.

He quarrels with various accounts
of how he came up with the designa-
tion "quark"-stories insisting that
he borrowed the name from a phrase
in James Joyce's Finnegan's Wake.

Gell-Mann says he had simply de-
cided he wanted a straightforward,
somewhat playful tag for these par-
ticles, and he came up with some-
thing that sounded like "kwork."
Only later did he come across the
reference to "quarks" in Joyce's book.

It also bothers Gell-Mann that a
phrase he used in an early paper stat-
ing that quarks are "mathematical"
rather than "real" objects has so of-
ten been misinterpreted. "I did not
mean that they weren't there," he

contends. "I had always assumed
their reality. [But] I wanted to avoid
painful arguments with philosophers
... asking how you would see such a
thing. "

Whatever Gell-Mann really
meant, the idea that quarks were
"fictitious, mathematical devices"
nonetheless became an integral part
of the way most physicists initially
looked at the theory. "One might
'abstract' properties of quarks from
some model, but one was not allowed
to believe in their reality or to take
the models too seriously i says David
J. Gross of Princeton University.

Gross also remermeirs his re-
sponse toianimportant 1964 paper
by Gell-M ann describing a method
for extracting useful relations from
field theory. In Gell-Mann's words,
"We may compare this process to a
method sometimes employed in
French cuisine: a piece of pheasant

BEAM LINE 3



Captions for photographs on these pages (counterclockwise starting at the top on
this page): David Gross, left, talking with Silvan Schweber, center, and Harry Lipkin
during the Symposium; Robert R. Wilson, National Accelerator Laboratory Director,
and Willibald Jentschke, Director General of CERN, propose some lighthearted
modifications to the NAL Master Plan in September 1971; Wilson and his old boss
Norman Ramsey, right, meet again at SLAC; Wolfgang Panofsky presents plans for
SLAC to a 1962 meeting of Stanford trustees; and, left to right, Michael Nauenberg,
Giacomo Morpurgo, and Frederick Reines during the Symposium.

meat is cooked between two slices of
veal, which are then discarded."

Says Gross, "This paper..made
quite an impression, espe'i' '.-on
impoverished graduate stud'ent|s-:ike
me, who could only dream of..ating
such a meal." Gross wentini' to play
a major role in the 1973, i.covery of
"asymptotic freedom.....by demon-
strating theoretically that the force
between quarks couldbecome quite
weak at short distanc-s.

The existence of.ithisbehavior
explained why high-eniergy electrons
and neutrinos in high-speed colli-
sions with neutrons id protons ap-
peared to be hitting o'psely bound
quarks. It also led to quantum chro-
modynamics as the- 'ppropriate
mathematical frameworki r describ-
ing the so-called strong forc'i between.
quarks.

:::::::::::: ... .......... ........ ..........
::.i i f.> i i ...... ................. ...... .

HE SAME PERIOD also saw a
number of remarkable e:xperi-

mental results, including..t:fhe dis-
covery of particles that r.quired the
existence of a .ifourt .............charmed"
quark to supplement the original
"up," "down," and "strange" quarks,
which made up th' other known
particles affected by 'fe strong force.
Researchers als iond the tau lepton,

................. ......

a charged elenme'tary particle that,
like the ele-tron and muon, is
immune to t- strong force.

In describing these experiments,
some preseiters proceeded along a
straight iiana' n-arrow path from hy-
p:"-t.hesis to discovery. In contrast,
Ledtes an was among those who took
particular delight in revealing how
convoluted and fortuitous that path
really was.
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Lederman portrayed the steps
leading to the discovery at Fermilab
in 1977 of a particle containing the
fifth, "b6tom" (or "beauty") quark
as a ,story of0 ?"missed opportunities,
stup m:inistakes, inoperative equip-
mentt:d:ismal judgments-and in-
credible luck." Indeed, he notes, luck

is ::an essential part of a career in
Physics."

When discussing the experiments
-that led to the discovery of the tau
particle, SLAC's Martin L. Perl high-
lighted the fact that in the original
:proposal for building the detector in
which the particle was identified,
"there was nothing .. .hinting at
what was actually discovered. No one
was sure what they were looking. o.II

In this and other cases, theo-'1S:
provided little guidance, -notbecause
they didn't haveai-'.. deasbut be-
cause ther.ewere. to many compet-
ngt--: :eories. Out of the many
"flavors".lof models available, ex-
perimenters often had no obvious
criteria for choosing the one on which
to stake their experiments.

"Experiment and theory don't al-
ways go hand in hand," comments
G6sta Ekspong of Stockholm Uni-
versity in Sweden. "Maybe such de-
coupling is necessary for setting the
stage for discoveries."

YMPOSIUM PRESENTATIONS
furnished evidence that physics

does not evolve in an orderly, ratio-
nal fashion. What order there is ap-
pears more out of hindsight than
foresight-the gradual emergence of
a coherent picture out of conflicting
currents and irrelevant side branches.

It's not so much a process of in-
duction and deduction as of natural

BEAM LINE 5



conduc
vance i:
in this ]

Histi
pea
Ital
ple
doc
hax
the

ent
say

selection, says Steven VA
the University of Texas i

But the symposium,
videotaped and printed pi
couldn't do justice to th
ture of physics research.
too little time to explore t
and unravel the contrary I
of the intricate commui
that produced the standa

"Science progresses i
more muddled fashion tl
pictured in history boo
contends. "This is especi
theoretical physics, part
history is written by the
Consequently, historians
often ignore the many alte
that people wandered
many false clues they fol
many misconceptions th

As one example, Gros,
the development of parti
suffered in its early yeai
arrogance of many of it
ners in ignoring such fie
state physics. "Particle
thought they had little tc
'dirt physics' (or 'squalid
ics')," Gross says. "This a
unfortunate. We could hi
much from a deep6rsituc

to]

sit
sa'
wt

tivity-t.he preeminent ad-
n c ndensed matter physics
perlidi"
orian John Krige of the Euro-
iiversity Institute in Florence,
choes this sentiment in his
physicists to collect and save
snts so that historians will
e raw material necessary for
udies. ';
want to look at the way sci-..

Knowledge is produced," Krig

Instead of beginning fro
esent.lto reconstruct the pa:
rians like Krige try to recreg
:uation.as the participatin/g
w it-b/ack when they didn'l
ho was going to win or li.se
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IYSICISTSNY O0
)eaking
)mforta
n of turning over their remi-
s to historians and philoso-
science they weren't sure
ld trust. Much of this dis-
res lts from their percep-
I- attitudes of a vocal group
ans, philosophers, and soci-

:who have in the last few
unted a concerted attack on

::These critics argue that science
has an undeserved reputation for
/objectivity. They maintain that so-
:cial interests determine not only how
science is done but also its content.
Science itself is a matter of opin-
ion-decided on the basis of personal
or political beliefs, they insist. It is
nothing but a social construction,
perhaps even a group self-delusion.

"I think this is really all quite
wrong," Weinberg replies. Most
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physicists contend there is an objec-
tive reality. The search for under-
standing resembles climbing a peak,
Weinberg says. There are many paths
to the top, and one can argue over
what paths to take, but eventually
one gets there.

Nonetheless, the making of sci-
ence is a messy process. Studies of
contemporary science have revealed
that there really is no universal "sci-
entific method." Moreover, observa-
tions depend to some degree on the
way the observer construes the situ-
ation and on the theoretical notions
he or she brings to the experiment.

iiiWe can always conjecture, but
there is some control. The world
kicks back," says Michael Redhead,
professor of the history and philoso-
phy of science at the University of
Cambridge in England.

"There is an objective reality, " he
emphasizes. "But we're nowhere near
to grasping it in its totality . . . and if
we did get to the truth, would we
ever know it?"

THE PRODUCT of a communal
effort, the establishment of the

standard model of particle physics
required the inventiveness of engi-
neers, who built the accelerators,
detectors, and computers; the perse-
verance of experimenters, who de-
signed the apparatus and experiments
and analyzed the data; the insights of

Captions for photographs on these
pages (counterclockwise, starting at the
top of page 6): Sheldon Glashow, left,
and Steven Weinberg at their 1979
press conference after they won the
Nobel prize in physics; historian of
science John Krige, a panelist at the
Symposium; Peter Higgs, left, and
Donald Perkins outside the SLAC
auditorium; Murray Gell-Mann during his
banquet talk; Sau Lan Wu, a speaker at
the Symposium; left to right, Gerson
Goldhaber, Martin Peri, and Burton
Richter in the SPEAR control room
discussing a computer display of psi
particle decays; left to right, Steven
Weinberg, Alexander Polyakov, and
Gerard 't Hooft, theorists who spoke at
the Symposium.
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Photo captions. Above: A meeting during the XIII Inter-
national Conference on High Energy Physics held at
Lawrence Berkeley Laboratory in 1966. Seated left to
right around the table are Edwin McMillan, Val Fitch,
Murray Gell-Mann, Victor Weisskopf, and Geoffrey Chew.
Left: Maurice Goldhaber during a panel discussion at
the Symposium. Bottom: Inside the control room of the

t Mark J experiment at DESY.
0

theorists; and the effectiveness of
those individuals who made high-
energy physics a national priority,
says Silvan S. Schweber of Brandeis
University in Waltham, Massachu-
setts.

"The establishment of the stan-
dard model is one of the great achieve-
ments of the human intellect-one
that rivals the establishment of quan-
tum mechanics," Schweber con-
tends.

"We should be very happy with
what we have accomplished and to
look to the future with confidence,"
Gell-Mann adds.

But there are question marks ev-
erywhere. Despite its great success,
physicists realize that the standard
model of particle physics is incom-
plete, perhaps only a low-energy ap-
proximation of the "true" theory of
matter. Yet they have few clues to
tell them in which direction to pro-
ceed to repair the model.

"The standard model is too good,"
says SLAC Director Burton Richter.
"It predicts too well. It has made life
... difficult for experimenters."

When will the next history sym-
posium -devoted to topics "beyond
the standard model"-be held? Will
it take place in a few years or a few
decades? That is the question now
hanging over particle physics.

0

8 FALL 1992





The discovery of radioactive decay
of uranium and radium at the end of
the nineteenth century had two
immediate effects on the question of
the Sun's energy source. For one, it
became possible to do radioactive
dating of geological and biological
specimens. And it rapidly became
clear that there were rocks older than
a billion years and fossils hundreds
of millions of years old. Thus, instead
of the 1 keV per nucleon available
from gravitational potential energy,
it was now necessary to generate 100
keV per nucleon for every billion
years of solar age. What physical
process could give rise to such an
energy release? During the period
1900-1920 a number of schemes
involving radioactive heating of the
Sun by internal radium or uranium
were tried. All failed.

Not until after 1920 were fusion
reactions even considered. Because
the Sun appeared to be composed
primarily of hydrogen, and the bind-
ing energy per nucleon of helium
was quite large, it seemed reason-
able to fuse four hydrogen nuclei
into one helium nucleus. But the
helium nucleus had only two charges,
not four. The discovery of the neu-
tron and the development of the con-
cepts of the neutrino and of neutron
beta decay in the early 1930s pro-
vided the missing ingredients. Two
protons would undergo inverse beta
decay, p -> n + e+ + ve, providing two
neutrons that would combine with
the other two protons to form a he-
lium nucleus. All that remained was
to specify the detailed sequence of
reactions involved in this fusion pro-
cess. And there was a potentially
detectable signal of the fusion pro-
cess, the two emitted neutrinos. But

neutrinos were still far from detect-
able in the 1930s.

THE HOMESTAKE
CHLORINE DETECTOR

In 1946, Bruno Pontecorvo, one of
Enrico Fermi's associates who was
then in Canada, suggested that 37C1
might make a suitable neutrino de-
tection target. Neutrinos would con-
vert 37C1 into 37Ar which could be
readily separated from the chlorine
containing compound and then ob-
served to decay back into 37C1. He
even gave a talk at a Canadian Physi-
cal Society meeting describing the
idea. The U.S. Atomic Energy Com-
mission, concerned that such a de-
tector might make it possible to lo-
cate reactors and measure their
power, immediately classified the
suggestion. The 37C1 detection mode
was independently invented by Luis
Alvarez in 1949. By then physicists
realized that fusion reactions pro-
duced neutrinos while fission reac-
tions gave rise to antineutrinos,
which would not convert 37C1 into
37Ar. Alvarez even suggested an un-
derwater detector in the ocean, pos-
sibly using the ocean salt, NaC1, as
the target material.

But Alvarez did not build the first
solar neutrino detector. In the early
1950s a chemist at Brookhaven
National Laboratory, Raymond
Davis, Jr., began seriously construct-
ing a 37C1 detector, this time using
perchloroethylene (C2C14), a com-
mercially used and widely available
dry-cleaning fluid. He first operated
his neutrino detector at the Savannah
River reactor at about the same time
as Frederick Reines and Clyde Cowan

carried out their seminal experiment,
the observation of antineutrinos from
fission reactions in that same reactor.
Davis' null result together with the
Reines-Cowan signal demonstrated
that neutrinos were indeed different
from antineutrinos.

There was one basic problem in
using 37C1 to search for neutrinos
from the Sun. As physicists under-
stood the fusion process in the mid
1950s, the neutrino generating re-
action is p + p -> D + e+ + Ve, where
the energy of the neutrino is less
than 420 keV, while the threshold
for the ground state transition of
37C1 to 37Ar is 810 keV. The fusion
chain is then completed by D + p
- 3 He + y and 3 He + 3 He 4He + 2p.
This chain did not provide electron
neutrinos that are energetic enough
to drive the 3 7C1 - 3 7Ar reaction.

In 1958, the reaction rate for 3He
+ 4He -

7Be + y was found to be
much larger than expected, indi-
cating that 7Be was formed in 15

10 FALL 1992



Cumulative plot of the solar neutrino
flux measured with the Homestake

chlorine detector. The Standard
Model predicts 8 SNU's. The right-hand
scale has been offset to correct for the

cosmic ray background.

percent of fusion reactions in the
Sun (refer to box on previous page).
This was the key. Not only could 7Be
capture an electron to produce an
862 keV neutrino, but it would even
interact occasionally with a proton
to form 8B, which then would beta
decay, yielding neutrinos with
energies up to 14 MeV. Both reactions
gave neutrinos that could convert
37C1 to 37Ar, making it possible to
verify that nuclear fusion reactions
power the Sun.

Davis began to plan a search for
neutrinos from the Sun. In order to
carry out such a venture it was nec-
essary to have a more detailed sce-
nario of the fusion reaction chain,
the energy spectra of the neutrinos
produced, and the energy dependence
of the neutrino interaction cross sec-
tion in the 37C1 target. Fortunately,
William Fowler and his collabora-
tors at Cal Tech had been engaged in
measuring the cross sections of
nuclear reactions of astrophysical
interest. A recently arrived theorist,
John Bahcall, took on the task of
combining this information with the
specifics of the solar model and pro-
duced a detailed prediction of the
rate expected by a 37C1 solar neu-
trino detector.

Bahcall's first prediction was a
solar-neutrino-induced production
rate of 37Ar of about 40 interactions
per 1036 atoms of 37C1 per second, or
40 SNU. In order to see any reasonable
signal the detector had to be very
large. It also had to be very carefully
shielded from all other sources of
background radiation to avoid
spurious production of 37Ar. Since
the dominant background was from
cosmic rays, Davis decided to put a
very massive C2C14 detector deep
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underground, choosing a location
4850 feet deep in the Homestake
Gold Mine in Lead, South Dakota.
Given the costs and problems of
excavating very large cavities at such
depths, a 20 ft diameter, 48 ft long
detector containing 615 tons of target
material, with 2.2x1030 atoms of
37C1, was agreedupon. Although such
a detector mass was enormous for
the mid-1960s, it was only expected
to give rise to a production rate of
five argon atoms per day. Even
integrating this signal over several
months, could such a small number
of atoms be reliably extracted from
such a huge detector? Would the
backgrounds really be controllable
at this fantastically low level? Can
such a small number of 37Ar atoms
be detected? Fortunately, the experi-
ment was in the hands of a superb
experimentalist. Underground exca-
vations began in 1965. This detector
is pictured on the cover of this issue.

The extraction process is decep-
tively simple. Helium gas is swept
through and thoroughly mixed with
the C2C14 solution, sweeping the
argon gas along with it. After the gas
stream passes through a hot titanium
filter that removes any reactive gases,
the argon is separated from other
inert gases, particularly radon, by

1986 1994
ear

gas chromatography. The purified
argon is then put into a miniature
proportional counter and the decays
of 37Ar to 37C1 are observed. In order
to measure the extraction efficiency
of 37Ar from perchloroethylene, a
small amount of stable carrier argon
gas, alternatively 36Ar or 38Ar, is
added to and thoroughly mixed with
the target solution. The fraction of
the carrier gas that is recovered
determines the extraction efficiency,
typically 94 percent.

In 1968 the first results were an-
nounced by Davis. He saw an 37Ar
production rate of less than 0.5 atoms
per day, a factor of 10 lower than
predicted. Over the course of the
next decade both the experiment and
the calculation were refined. What
was an upper limit in 1968 has today
turned into a measured rate of
0.50+0.03 atoms produced per day.
After correction for a small cosmic
ray background of 0.08+0.03 per day,
the 37Ar production rate attributed
to the Sun is 0.42±0.04 SNU per day,
or 2.23 SNU. (1 SNU = 1 interaction
per 1036 target nuclei per second.) As
can be seen from the graph above, a
stable and highly significant solar
neutrino flux had clearly been
observed by about 1976. Thus the
two-century-old problem was solved:

BEAM LINE 11
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the Sun indeed generates energy by
fusion reactions.

But what about the discrepancy
with the predicted 37Ar production
rate? Better nuclear physics input
parameters and better solar opacities
were determined. The details of the
solar model were improved. The
model presently predicts 8 SNU or
about 3.6 times what is observed.
This situation has not appreciably
changed since the mid-1970s. Thus
the solution to one quest has created
yet another problem. Is the experi-
ment faulty, is the model poor or is
there yet something else going on?

THE KAMIOKANDE
DETECTOR

In the mid-1980s a 3000-ton water
Cherenkov detector in the Kamioka
Zinc Mine in Japan, which had
originally been constructed to search
for proton decay, was converted into
a solar neutrino detector. The
detection reaction was quite different
from that used at Homestake and so
were the backgrounds involved.
Instead of looking for a neutrino-
induced nuclear transformation, the
detection reaction was neutrino-
electron elastic scattering. The
scattering process, which involves

both charged and neutral current
interactions, results in scattered
electrons that point back to the Sun.
Whereas the Homestake detector is
sensitive to neutrinos from both 7Be
+ e- and 8B decay, the Kamiokande
threshold of 7.5 MeV limits detection
to only neutrinos from 8B. Again, the
observations are much less than the
prediction. In this case, 46% of the
predicted rate (see illustration on
the left).

NEUTRINO DETECTION
WITH GALLIUM

Perhaps it was time to go back to
fundamentals and search for elec-
tron neutrinos from the first step in
the fusion reaction chain, p + p - D
+ e+ + ve. But these neutrinos had
energies of at most 420 keV, where
the Kamiokande technique looked
hopeless. At such low energies, there
was far too much background from
Compton scattering by gamma rays
from radioactive contaminants.
What about possible nuclear trans-
formation targets of the Homestake
type? Two candidates emerged. One,
71Ga, with a threshold of 223 keV,
had been proposed by a Russian theo-
rist, Vadim Kuzmin, in 1964. A sec-
ond possible target, 115In, with a
threshold of only 115 keV, was pro-
posed by Ragu Raghaven of Bell Labs
in 1976.

Gallium is a most interesting
material. It and mercury are the only
metals that are liquid at room tem-
perature. Although gallium is not
overly scarce on the earth, pure gal-
lium was a laboratory curiosity in
the 1960s. It had no commercial use.
That situation changed abruptly in

12 FALL 1992



Solar neutrino flux measurements
made with the two gallium detectors,

SAGE and GALLEX.

1973. Light-emitting diodes made out
of GaAs had arrived. Little red lights
appeared on wristwatches, on meters,
everywhere. The metal industry re-
sponded to this electronic wonder,
and gallium production around the
world jumped to over 100 tons per
year. In 1974, a Brookhaven-Univer-
sity of Pennsylvania group began
development of a gallium solar neu-
trino detector. Two approaches
emerged, one involving metallic gal-
lium. The product of the neutrino
interaction, the germanium isotope
71Ge, was separated from the liquid
gallium by a mixture of hydrogen
peroxide and dilute hydrochloric
acid. This mixture was vigorously
mixed with the liquid gallium. The
gallium broke up into small glob-
ules; the germanium migrated to the
surface of the globule, was oxidized
and then dissolved by the hydrochlo-
ric acid. The process was very fast,
requiring about 15 minutes for com-
plete separation of the germanium.

A second detection technique
involving a solution of gallium
chloride in hydrochloric acid was
also developed. Germanium chloride
could be removed as a gas from
concentrated, warm hydrochloric
acid. The procedure resembled that
of the Homestake chlorine detector.
A proposal for a 50 ton detector was
submitted to the Department of
Energy. A review committee headed
by Glenn Seaborg recommended that
the detectorbe constructed. The DOE
said NO. A new tactic was tried. A
collaboration was formed with a
highly experienced group from
Heidelberg, Germany. The German
government agreed to provide one
fourth of the gallium. A new proposal
was submitted to the DOE. Again,
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the answer was NO! Since the
German Government had agreed to
proceed and the U. S. Government
hadnot, the Heidelberg group decided
to form a primarily Western European
collaboration, GALLEX, and proceed
with a 30 ton gallium chloride detec-
tor, to be placed in the Gran Sasso
tunnel in Italy.

In parallel with the above efforts,
a major program in neutrino astro-
physics developed in the Soviet
Union. This program involved the
construction of a deep underground
laboratory in the northern Caucasus
and the construction of two large
detectors, a 3000 ton chlorine detec-
tor, five times the size of the
Homestake detector, and a 60 ton
metallic gallium detector. In 1984,
the Soviet group extended an invita-
tion to the Americans to join them.
Since by that time it was clear that
there would be no American gallium
detector, SAGE was formed. Thus,
two independent gallium detectors
came into being.

The predicted neutrino interac-
tion rate in gallium is 132 SNU of
which 70 SNU is from the p + p
generated neutrinos, 36 SNU from
7Be neutrinos, and the rest from sev-
eral other processes. Both gallium
detectors have now reported results,

IYYZ

and both observe considerably less
than predicted, 83 SNU for GALLEX
and 60 SNU for SAGE (see the graph
above). Again we are faced with a
signal about one half of that pre-
dicted by theory .

NEUTRINO OSCILLATIONS

A broad range of suggestions have
come forth to explain the deficiency
in observed solar neutrinos. These
explanations fall into two classes,
those that ascribe the deficiency to
unusual properties of the neutrino
and those that claim that there is
something incomplete in our model
of the interior of the Sun.

The particle physics explanations
all involve converting electron
neutrinos into other particles and
thus violate lepton flavor conser-
vation. Among these are neutrino
decay into unspecified secondaries,
and a variety of schemes that convert
electron neutrinos into other
neutrino species, either active or
sterile, either particle or antiparticle.
The first such idea originated with
Bruno Pontecorvo, who in 1966
suggested neutrino oscillations in the
vacuum. This suggestion was
modeled on two similar, well known
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processes, one classical involving the
description of polarized light in
birefringent systems as a super-
position of two circularly polarized
beams of light that rotate in opposite
directions, and the other involving
oscillations in the K0-KI system (see
box below).

Pontecorvo's 1966 proposal that
neutrinos might also undergo similar
oscillations in vacuum required two
neutrino states vl and v2 with slightly
different masses. But, unlike the K°
complex, only a phase shift was
involved, without any decay. In 1978
Lincoln Wolfenstein of Carnegie-
Mellon developed the second half of
the K° analogy, neutrino oscillations

in matter. In 1985, S. P. Mikhe'ev
and A. Yuri Smirnov at the Moscow
Institute of Nuclear Research applied
this picture to the Sun.

The picture is simple. Assume
that in vacuum the three neutrino
states, Ve, vM, and vr, have very small
masses with the electron neutrino
the lightest and the tau neutrino the
heaviest. In the high-density region
of the solar core, the electron neutrino
is effectively heavier than the other
two because it sees a deeper potential
well (has a bigger index of refraction)
due to the fact that it interacts with
electrons by both charged and neutral
currents while the other two neutrino
states only interact via neutral

currents. Of course, only electron
neutrinos are made in the fusion
reactions. As they move away from
the solar core, they enter pro-
gressively lower density regions of
the Sun. At some point they are in a
region where their effective mass is
exactly the same as that of the muon
or tau neutrinos.

Now we face a critical question,
"Is lepton flavor rigorously con-
served?" If it is, then nothing hap-
pens, and the electron neutrinos
continue their passage through the
Sun. But if lepton flavor is not
absolutely conserved, then in this
critical region it is possible for the
electron neutrino to transform into
one of the other neutrino species.
This is the so-called MSW effect.

By adjusting the parameters of
the MSW process, neutrino mass
difference and transition probability,
we can vary the part of the neutrino
energy spectrum involved in this
resonant transition and the fraction
of neutrinos that will convert. The
immediate questions that arise are,
"Are there one or more sets of these
parameters that will account for the
reduced neutrino flux observed in
the above experiments?" and, "Can
the MSW effect be directly demon-
strated?" The answer to the first
question is YES, with neutrino mass
differences of about 10-2 to 10- 3 eV,
but that answer does not unambigu-
ously demonstrate that the MSW
process is operative in the Sun. For
that we need an additional set of
experiments.

Several variants of the MSW
process have also been proposed. In
the process discussed above the
transition is between one neutrino
state and another. All of these are
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standard, weakly interacting par-
ticles. One variant that was proposed
involves an MSW type transition of a
neutrino with an appreciable
magnetic moment in a strong mag-
netic field in the solar interior. The
result is a simultaneous rotation of
spin, converting neutrino to anti-
neutrino, and flavor change. So, for
example, an electron neutrino would
then change into a muon anti-
neutrino. Other variants involve con-
version of neutrinos into sterile neu-
trino final states, which cannot be
observed by any detector.

REACTIONS IN THE SOLAR
INTERIOR

Suggestions have been made that our
lack of detailed understanding of the
sequence of processes in the solar
interior is responsible for the
difference between the observed and
predicted solar neutrino rates; these
arguments focus on the nuclear
reaction rates used in calculating
fusion chain processes and on the
temperature and composition of the
Sun's core. The lowest convenient
energy at which reaction rates can be
measured in a conventional nuclear
physics laboratory is around 50 keV.
The particle energies involved in
nuclear fusion processes in the Sun
are considerably lower. The limita-
tion in the laboratory is that the
lower the energy, the slower the
reaction rate and the larger the
fraction of false signals due to cosmic-
ray interactions in the detectors.
There is a plan to eliminate this
cosmic-ray background by building
a low energy accelerator in the under-
ground laboratory at Gran Sasso and

thereby extend the nuclear reaction
rate measurements to the energy
regime operative in the solar interior.

What about the assumptions used
in the standard solar model? The
model assumes no rotation and no
interior magnetic field. However, we
know that the exterior of the Sun
rotates and that the rotational peri-
ods of the polar and equatorial re-
gions are different. Also, there is a
small magnetic field external to the
Sun. Rotation and a magnetic field
would both contribute to the out-
ward pressure that is required to
maintain hydrostatic equilibrium
near the solar core. If these addi-
tional pressure terms were substan-
tial, they would reduce the demand
on the interior gas pressure and thus
lower the interior temperature. A
lower temperature would slightly
reduce the production of 7Be and
substantially reduce the production

of 8B but have no significant effect
on the p-p fusion rate, as that is
determined by the electromagnetic
energy radiated by the Sun.

The standard solar model also
assumes that the mass of the Sun has
not changed since it was formed ex-
cept for a small amount of material
lost as solar wind. Under this as-
sumption, the temperature of the
solar interior rises steadily, about
30% in all over the past 4.5 billion
years. Since the 8B production rate is
very temperature dependent, 8B neu-
trinos have become significant only
recently. Another scenario assumes
that the Sun suffered a substantial
loss of mass during its early period. A
massive early Sun would have had
an initially hotter interior and thus a
different temperature history than
predicted by the presently assumed
solar model. Of course, a hotter solar
interior is hardly what we want, since
it would predict an even higher flux
of 8B neutrinos and thus a greater
discrepancy between prediction and
observation. But it is possible that
this large mass loss model with its
higher 8B production rate would al-
low more desirable MSW parameters
and thus a better overall fit to the
data.

What mix of neutrino fluxes
would best fit the present data? One
scenario that would fit both the
Homestake chlorine and the
Kamiokande results is to reduce the
electron neutrino flux from 8B de-
cays in the Sun to 40% of that pre-
dicted and that from 7Be by an order
of magnitude. How do the predic-
tions of this scenario compare with
the gallium measurement, 60-85
SNU? The solar model predicts 71
SNU fromp-p neutrinos, 36 SNU from
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7Be neutrinos, 14 SNU from 8B, and
11 SNU from other minor reactions.
Applying this scenario to gallium
would wipe out the 36 SNU from 7Be,
and reduce 8B to about 5 SNU, leav-
ing a predicted rate of 76-87 SNU.
This prediction is now consistent
with the observations and, most im-
portantly, preserves the full electron
neutrino flux from p-p.

An alternative scenario is to re-
duce the electron neutrino flux at all
energies, with, perhaps, a larger re-
duction at high energies (8B signal)
and a smaller reduction at low ener-
gies where the p-p and 7Be neutrinos
predominate. This scenario would
suggest that most of the 8B signal at
Kamiokande is from muonic or tau
neutrinos.

How can we distinguish between
these two scenarios? We need to
measure the electron neutrino flux
from 7Be!

NEW SOLAR NEUTRINO
DETECTORS

The complex of experiments now
underway, under construction, and
planned is capable of measuring the
electron neutrino fluxes from p-p,
7Be and 8B as well as the other neu-
trino fluxes from 7Be and 8B. These
experiments include the Sudbury
Neutrino Observatory (SNO), a 1000
ton D20 Cherenkov detector at a
zinc mine in Sudbury, Canada;
Superkamiokande, a 33,000 ton en-
larged version of the present
Kamiokande detector; BOREXINO, a
low threshold liquid scintillator de-
tector, and ICARUS, a 3000 ton liquid
argon tracking detector, both at Gran

Sasso; a 3000 ton chlorine detector at
Baksan; and a 1000 ton iodine detec-
tor at Homestake. SNO, Super-
kamiokande, and ICARUS all have
thresholds in the 3-5 MeV range and
thus can only see neutrinos from 8B,
while BOREXINO and the chlorine
and iodine detectors have thresholds
around 800 keV and thus can see 7Be
as well as 8B neutrinos.

With neutrino flux measurements
from the pure electron neutrino de-
tectors: gallium, chlorine, iodine, and
one channel of SNO, it should be
possible to simultaneously solve for
three unknowns, the electron neu-
trino fluxes from 7Be, 8B, and p-p.
Iodine is particularly important in
this solution since preliminary indi-
cations are that the interaction rate
for 7Be neutrinos in iodine is compa-
rable to that for 8B, assuming the
solar model fluxes. But because the
electron neutrino flux from 8B is
already known to be suppressed by at
least a factor of 2.5 for all these cases,
iodine is very likely to be primarily a
detector of electron neutrinos from
7Be.

The other detectors all involve
neutrino-electron scattering and thus
see an overlap of electron neutrino
and other neutrino scatterings. By
subtracting the electron neutrino
fluxes determined by the first group
of detectors from the total rates mea-
sured by the second group, it will be
possible to establish the existence of
other neutrinos emitted by the Sun
(a direct confirmation of a new par-
ticle interaction) and determine the
flux of neutrinos from the various
solar fusion reaction sources. In ad-
dition, the SNO detector is sensitive
to an additional neutral current
interaction, the dissociation of the

deuteron into a proton and a neutron,
which provides yet another probe for
muon and tau solar neutrinos.

What results can we expect from
the new solar neutrino observations ?
From the overlap of all these mea-
surements, we will have the elec-
tron neutrino and other neutrino
fluxes from each of the major neu-
trino-generating reactions in the Sun.
From the total neutrino flux from
each of these reactions we will be
able to determine the rate of each of
these reactions in the Sun and thus
define the required outputs of the
solar model. The detection of other
neutrinos or the establishment of an
upper limit on their flux will deter-
mine whether a new physics interac-
tion is operating in the Sun. Thus we
will, at one and the same time, solve
a fundamental problem in astronomy
and explore one in particle physics.

The time scale for this effort is
quite reasonable. The new genera-
tion of solar neutrino detectors will
become operational in the period
1995-97. It will then take several
years to accumulate adequate statis-
tics and check detector systematics.
By the end of this decade we should
have a fairly complete picture of the
solar neutrino emission spectrum,
know whether a lepton flavor violat-
ing interaction is operative in the
environment of the Sun, and experi-
mentally determine the rates of the
various nuclear fusion reactions that
occur in its core.
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machine larger than the one ulti-
mately built. It may still be possible
eventually to approach 120 GeV per
beam, the limit imposed by the mag-
nets. At present, the design calls for
192 radiofrequency cavities. Depend-
ing on the accelerating voltage they
achieve, this should provide a c.m.
energy between 165 and 175 GeV.
The hope of the community is to
reach at least 190 GeV c.m. and ac-
cumulate a luminosity of 500 pb- 1

per experiment.

THE PRESENT SITUATION

The LEP collider has had quite a
successful start. Altogether the four
experiments have already registered
about four million Z°'s. Machine
development has led to the obser-
vation of transverse polarization of
the beams and to its use for a very
accurate determination of the beam
energy through the resonant depolari-
zation method. In the near future
LEP will exploit an 8-bunch scheme
(instead of 4), made possible by the
addition of separators, which in prin-
ciple should double the luminosity.

The Standard Model of electro-
weak interactions (see explanatory
material on the right) has already
been tested at LEP with an unprece-
dented accuracy. The mass of the Z°,
now known to about one part in ten
thousand, has reached an elevated
status by becoming the third
fundamental constant of the Standard
Model. Together with the fine
structure constant a and the weak
coupling constant GM, it constitutes
a basic input to the calculation of
other Standard Model observables.

The predictions of the Standard
Model are also dependent on the still

unknown values of the t-quark mass
and the Higgs mass. This dependence
arises because these particles, even
if they are not directly produced,
intervene as virtual states in the
electroweak processes. The Z0 line
shape and asymmetry observables,
measured with accuracy and con-
fronted with the Standard Model
expectations, have led, with the help
of earlier results from neutrino phys-
ics and hadron colliders, to an indi-
rect determination of the t mass Mt
- 150+30 GeV. Direct searches have
excluded the existence of the Higgs
boson in its standard version up to a
mass of about 55 GeV.

For all of these studies, the early
results from the SLAC Linear Collider
(SLC) and the ingenious methods pio-
neered around this machine have
been a great help.

What about the next steps? We
eagerly await the discovery of the t
quark and a direct measurement of
its mass to about ±5 GeV. This should
happen in the near future at the
Fermilab Collider if the limit quoted
above is correct. At LEP 1 increased
statistics and better control of the
systematic errors will lead to still
better measurements of the ZO obser-
vables. The ongoing polarized beam
experiments at the SLC should also
contribute to such measurements.

LEP 200 will bring at least two
major breakthroughs: (i) Measure-
ment of the Wmass to about one part
in a thousand; this is a key observ-
able of the Standard Model. The
Fermilab Collider should contribute
to this measurement and to the mea-
surement of the W couplings as well.
(ii) A search for the Higgs boson up to
a mass about 100 GeV less than the
c.m. energy of the machine.
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THE LEP 200 COLLIDER

It is well known that circular electron
accelerators are limited in energy by
the rapid growth of synchrotron
radiation emission. The energy loss
per turn varies as the fourth power
of the energy at a given radius of
curvature p. While at LEP 1 the en-
ergy loss per turn is a modest
130 MeV, it will become 2.3 GeV at
Ebeam = 95 GeV, i.e., 2.5% of the par-
ticle energy. The energy of a typical
synchrotron photon grows as the
beam energy cubed. At LEP 1 it is
about 100 keV; at LEP 200 it will
reach the MeV level.

The lost energy has to be restored
by using radiofrequency cavities (see
the explanatory material on the
right). The warm-copper cavities now
used at LEP 1 will be totally insuffi-
cient at higher energies, and the LEP
energy upgrade depends primarily
on the realization of a large set of
high-performance superconducting
cavities. This is the main challenge
of LEP 200, and we will see in the
next section where we stand in this
respect.

This is not, however, the only
problem to be solved. LEP 200 re-
quires more tightly focused beam
optics, as well. In the box on this
page we define the technical terms
and give a crude explanation of why
such optics are needed and why a
lattice with 90° phase advance per
cell maximizes luminosity by keep-
ing the colliding beams near the
beam-beam limit.

These changes were successfully
commissioned in running up to beam
energies of 46.5 GeV during the
machine development of last year.
New 90° optics are now the basic
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option for all LEP operations. They
required substantial changes to all
the insertions to achieve compatibil-
ity with all known requirements, in
particular with a scheme having
more bunches per beam.

Enormous progress was made in
1991. By increasing the bunch length
it was possible to accumulate a cur-
rent of more than 600 gLA per bunch.
For small beam currents the specific
luminosity (the luminosity divided
by the product of stored currents)
was about a factor of two higher
than the maximum ever achieved
with the 60° optics.

Hardware modifications of the
LEP lattice affecting about 10% of its
circumference must be performed
for LEP 200. For instance, some of
the quadrupole magnets in the
straight sections would run out of
focusing strength above 65 GeV. The
lattice modifications and installa-
tion of new components will happen
during the long winter shutdowns.

THE RF CAVITIES

The main challenge is to provide the
required rf accelerating voltage. What
matters is not only the total voltage,
but also its distribution around the
ring. At 95 GeV the energy loss per
turn due to synchroton radiation is,
as we saw, 2.5 % of the beam energy.
This loss occurs continuously in the
arcs, while the energy is restored
only at discrete locations, so that the
mean energy of particles actually
varies in a sawtooth manner around
the ring. The reflection symmetry
present in the LEP layout is destroyed
by the closed-orbit distortions
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The number of cavities (left) and the
power needed (right) to reach a given
energy for two assumptions on the
accelerating field in MV/m. At the top the
rise of the WW cross section near
threshold is indicated with the same
horizontal scale.

A LEP 200 superconducting radio-
frequency cavity.

remaining after correction, and all
beam parameters are slightly dif-
ferent for e+ and e- bunches. In par-
ticular the beams may miss each
other at the interaction point if their
positions are not corrected by electro-
static separators. Such effects are
proportional to E3 /nrf, where nrf is
the number of rf stations. To mini-
mize these effects, rf stations are
installed around the even-numbered
interaction regions (IR) as shown in
the diagram on the preceding page.

CERN began work on supercon-
ducting cavities very early, since it
was foreseen that they would be es-
sential for economical operation of
LEP 200 (see box on the preceding
page). The scheme envisioned at
present for LEP 200 is also shown in
the aforementioned box. It consists
of 192 superconducting cavities
which, together with the existing
warm copper cavities, should raise
the beam energy above the W-pair
threshold by 1994.

Because the energy lost to syn-
chrotron radiation grows rapidly as
the beam energy increases, the num-
ber of superconducting cavities must
be increased to compensate. The
graph on the left shows the number
of superconducting cavities required
(assuming no contribution from the
warm copper cavities) and the total
power needed to reach a given en-
ergy. Two possible values for the
accelerating field are shown: 6 and
8 MV/m. A slightly greater number
of cavities is actually needed to cope
with inevitable equipment failures.
It will be possible to add additional
cavities. The decision to do so will
depend on their achieved perfor-
mance and on the general policy of
the Laboratory.

THE PHYSICS AT LEP 200

While the physics capabilities of
LEP 200 have been studied for some
time, the role of LEP 200 has been
influenced by competition from the
Fermilab hadron collider and the
prospect of larger machines (hadron
supercolliders or an e+e- linear
collider). I will focus on three main
topics: W mass, W coupling mea-
surements, and the Higgs search.

Mass of the W

The W +, together with their neutral
partner, the ZO, were discovered at
CERN in 1983, but their properties,
unlike those of the ZO, have not yet
been measured with great precision.
The hadron colliders at CERN and
Fermilab have measured the Wmass
with an uncertainty of ±300 MeV.
The first aim of LEP 200 will be to
determine this quantity with the
highest possible accuracy.

Among observable quantities that
can be meaured at LEP, Mz is the best
determined, with a fractional
uncertainty of just 10- 4 . A convenient
means of comparing electroweak
measurements is to compute from
them an implied value of the weak
mixing angle, generally quoted as
sin20O. From the Z line shape and
other observables (forward-backward
charged lepton asymmetry, T polar-
ization, foward-backward b asym-
metry), sin 20wis presently known to
1Ox 10-4 . It is hoped that longitudinal
polarization and/or a substantial
increase in the number of accumu-
lated Z0's will allow us to reduce this
to 3x10-4. In the Standard Model,
given the value of M, a measurement
of Mw to 60 MeV is equivalent to
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Asin20w = 6x10-4. However the
physical content of the Mw
measurement is quite different from
what one learns from the Z°: this is
genuinely new information. Mw is
thus a high-quality observable,
providing a further check of the
consistency of the Standard Model.
Together with the top mass, the W
mass is the quantity most eagerly
awaited.

How can the mass of the Wboson
be measured at LEP 200? The W bo-
son can decay either leptonically,
giving a charged lepton and its asso-
ciated neutrino, or hadronically, giv-
ing two quarks, which appear as jets.
In the laboratory the energy spec-
trum of the lepton is continuous,
and its shape, correctly analyzed,
contains information about Mw.

Of the various methods proposed
to determine Mw, measurement of
the upper edge of the lepton spec-
trum in leptonic W decay is not com-
petitive. Measurement of the excita-
tion curve of W-pair production as a
function of energy (see graph on the
right) near the threshold of the reac-
tion could provide a decent mea-
surement, but the reduction of the
number of events collected would
detract from other physics goals. The
preferred method is the reconstruc-
tion of W pairs that decay either in a
mixed way (i.e., one leptonically,
one hadronically) or entirely into
hadronic jets, using the constraints
of energy-momentum conservation.

Without such a fitting procedure
the reconstructed W-mass distri-
bution is broad and shifted downward
because of energy lost in the recon-
struction due to experimental
imperfections including inefficiency
of tracking and calorimetry, and holes

and cracks in the detector acceptance.
Methods that improve the recon-
struction of invariant masses in
multijet events have been developed.
The properties of measured Z decays
can be used to tune the recon-
struction procedures.

Monte Carlo studies have shown
the merits of these fitting procedures.
The resulting W-mass distribution
is narrower and centered closer to
the nominal value. However a re-
sidual shift is still present and has to
be corrected for according to the
Monte Carlo indications.

The instrumental contribution to
the shift does not seem to depend
much on details of the detector, and
one can hope to correct for it quite
well. The shift is actually dominated
by the effect of initial-state radia-
tion. One, or both, of the positron
and electron radiates photons so that
the effective c.m. energy of the colli-
sion is reduced, and the W recon-
structed mass is shifted accordingly.
To correct for this = 500 MeV dis-
placement to about 5% of its value
will require, as is the case at LEP 1, a
strong but manageable effort in the
treatment of radiative effects, leav-
ing only a small systematic error
common to all LEP experiments. This
method should provide the quoted
uncertainty of - 60 MeV onMwfrom
the LEP 200 program for each of the
four experiments.
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The rise of the W-pair cross section
versus the beam energy.

Triple-Boson Couplings

While two photons cannot interact
directly with each other because they
do not carry electric charge, the weak
bosons do carry weak charges and
thus can interact, as shown on
page 19. It was recognized long ago
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that the W-pair channel provides a
crucial test of the validity of the
triple-boson couplings predicted by
the Standard Model. There are indeed
subtle interplays between the various
amplitudes present in that channel
that lead to cancellations and to a
well-behaved cross section at high
energies, even though individual
amplitudes grow too fast with in-
creasing energy. Any deviation from
the Standard Model couplings should
change the observable properties of
the W-pair channel.

Past studies have considered sys-
tematically all possible deviations
allowed by the basic symmetry prin-
ciples of quantum field theory and
have examined their influence on
the various observables of the WW
channel. In principle one has to con-
sider seven such possible anomalous
(i.e., non-standard) couplings to
maintain full generality. Some theo-
retical models have only one or two
free parameters and are thus easier
to confront with experiment. Gener-
ally, the sensitivity of the measure-
ments to these parameters improves
with higher statistics, with higher
energy (and what matters here is
how far above threshold one stands),
and also with the amount of infor-
mation one can get about the W-pair
final state. At LEP 200, 500 pb-1 will
provide a modest sample of; 8000 W
pairs per experiment, 40% of which
will be useful, mixed decays (one
leptonic and one hadronic). There is
not much one can do about this sta-
tistical limitation, except to exploit
fully these events by maximizing
the acceptance and quality of the
detector. Raising the energy well
above threshold is a source of im-
provement. One gains approximately

a factor of two in sensitivity in going
from 176 to 220 GeV c.m. energy. If
both the angular distribution of W
pairs and the angular distribution of
the W-decay products are measured,
the sensitivity increases as well.

At the large hadron colliders (the
SSC in Texas and the LHC at CERN),
triple-boson couplings like the ones
shown on page 19 are not accessible
in W pairs, because they are sub-
merged in the background from other
processes. Although the severe ex-
perimental conditions of high-lumi-
nosity pp machines may reduce the
actual physics output, the wz and
Wy channels are potentially promis-
ing. At some future date, a high en-
ergy linear electron-positron collider
with a c.m. energy of 400 GeV or
more could explore the W-pair chan-
nel more thoroughly.

To what extent are anomalous
couplings of W bosons already

excluded? Alvaro de Rujula et al.
argue that data from LEP 1, which
confirm the validity of the Standard
Model to a high level of accuracy,
already impose such tight bounds on
these couplings that LEP 200, with
its limited statistics, cannot do
better. Indeed, a description based
on an effective Lagrangian, constant
in Q2 andbuilt on the Standard Model
structure, limits substantially the
size of anomalies. However, even
within that framework there are
exceptions: for special couplings
corresponding to particular choices
of parameters, LEP 200 can do better.

Moreover, according to another
line of thought, presented by
Fernand Renard and co-workers,
such a description represents a quite
restricted view. For instance, a modi-
fication of the Higgs mechanism or
an extension of the basic algebra of
the underlying symmetry could, es-
pecially if the scale of energy of this
new physics is not far away, leave
room for surprises at LEP 200 with-
out affecting the agreement between
theory and measurements observed
at lower energy, and without violat-
ing any sacred theoretical principle.

Ignoring all theoretical prejudices,
LEP 200, in this domain as well,
should perform the most sensitive
measurements possible. This again
calls for luminosity, high energy,
and experimental care.

Higgs Search

In the Standard Model the Higgs
mechanism, which is analogous in
some respects to the transition from
normal conductivity to superconduc-
tivity, breaks the electroweak sym-
metry and provides masses to the
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particles. It is customary, but not
mandatory, to associate the Higgs
mechanism with the existence of a
neutral scalar particle, the Higgs
boson.

At an e+e- collider, for present
energies, Higgs boson production
should occur according to the mecha-
nism first identified by Ioffe and
Khoze, and by Bjorken. As shown in
the top figure on the right, the Higgs
boson is created in association with
a Z° through Z° exchange. At LEP 1
the exchanged Z is real and the pro-
duced one is virtual. This corresponds
to the first bump of the cross section
in the second diagram. At LEP 200
the roles are reversed: the virtual Z
is exchanged and the real Z is pro-
duced.

Above MH - 50 GeV the cross
section is higher at the second
maximum; that is, the cross section
for its production is greater in
association with a real Z than it is in
the decay of a real Z.The maximum
cross section occurs at Ec.m. _ MH +

100 GeV, and its height slowly
decreases as the Higgs mass increases
(bottom graph on the right).

The associated Z can decay to
charged lepton pairs, neutrino pairs,
or hadrons. There are thus three
search channels with different rates
and backgrounds. Very detailed stud-
ies show that with enough luminos-
ity, LEP 200 should find a Higgs boson
with a mass up to 100 GeV below the
total c.m. energy of the machine.
More detailed results are shown in
the table on the right, produced by
Patrick Janot of LAL/ORSAY.

The most difficult situation
occurs when the mass of the Higgs
boson is near the mass of the Z0. In
this circumstance, the signal HZ has

a similar appearance to the mundane
zz channel. Both produce 4-jet final
states. To get a manageable signal
over background, it is essential to
exploit the characteristic feature of
the Higgs boson with such a mass,
which is to decay close to 90% of the
time into a pair of b quarks (bb).
Efficient b tagging capability is
therefore required for such a program.
This is done by detecting the long
flight path (typically 1-2 mm) of b
particles by an accurate measure-
ment of the tracks at the interaction
vertex. All LEP experiments are or
will be equipped with high-quality
microvertex detectors. Work contin-
ues on improving the angular cover-
age and extrapolation accuracy of
these instruments. Other tools (jet-
shape variables, hadron and lepton
identification) will be used as well.

With eight bunches at LEP 200, a
linear increase of the luminosity per
bunch with beam energy between
LEP 1 and LEP 200, and an improved
reliability of the operation, one could
in principle hope for 150 pb-1 per
year of operation. This would be ad-
equate for an effective Higgs search,
as indicated in the bottom right table.

While nothing selects the
100 GeV mass region for the mass of
the Standard Model Higgs, the
situation is totally different in super-
symmetry. As is well known the
Standard Model, although it is an
accurate description of the experi-
mental facts up to now, is beset with
enough esthetic problems that it
seems unlikely to be the last word.
Supersymmetry (SUSY), which
associates to each known particle a
partner with its spin shifted by half a
unit, would help solve some of these
problems. Of the various versions of
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The discovery potential of LEP 200 for a
Higgs boson as a function of Ecm and
luminosity (from Patrick Janot).
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SUSY, the Minimal Supersymmetry
Standard Model (MSSM) could be
considered as the next model beyond
the Standard Model in order of
growing complexity, and it is thus
important to test it. The Higgs sector,
which in the MSSM is tightly
constrained, offers a suitable target.
In this model there are two charged
Higgs bosons and three neutral Higgs
bosons, at least one of which, hO, is
light. The theoretical upper limit for
its mass, which in first approxi-
mation is Mz, is actually raised by
virtual effects that depend mostly
on the top mass and only slightly on
other parameters. If for instance the
top quark is discovered around
140 GeV, then the upper limit for
MhO is about 110 GeV. In the mass
region of interest at LEP 200, the
MSSM requires that h0, for production
and decay, behave much as the
Standard Model Higgs. The difference
is that in the MSSM the exclusion of
this boson below the expected upper
limit would exclude the Model as
well, or at least a large domain of its
parameter space. Owing to the sharp
rise of the cross section with c.m.
energy for a given Higgs mass, as
shown in the bottom graph on the
previous page, one understands that
a small increase in energy can
dramatically change the situation at
LEP 200. Reaching a c.m. energy about
100 GeV above the upper bound for
the mass of the h° is the relevant
goal.

The large hadron colliders, which
are so promising in many respects,
are not in a favorable situation for
the particular problem of a light
Higgs, since the only accessible mode
is h° -> yy, notoriously difficult to
observe in the high-luminosity,

hadronic environment. A high energy
e+e- linear collider would be in
principle an ideal machine for this
purpose. However one has still to
prove that b tagging, very useful or
even indispensable here as well, is
possible despite the e+ and y back-
grounds inherent to such a machine.

To conclude, LEP 200, equipped
with four high-quality experiments,
will give access to a new unexplored
domain. Provided its energy and lu-
minosity reach the anticipated val-
ues it will represent the next major
step forward in the exploration of
physics at a level of cost, technical
risk and difficulty that still belongs
to our "brave old world."
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OTHER TOPICS

I have illustrated what I consider the
hottest topics for LEP 200. Reality
may be different. There may be truly
supersymmetric objects (gauginos,
etc.), not just an h°, within the reach
of LEP 200. There may even be
indications of a new layer of matter,
"compositeness," or other exotica.
Even if nothing new shows up, one
should remember that the most
obvious measurements to be done at
LEP 200, W-pair and fermion-
antifermion production, will be a
powerful complement to the mea-
surements performed on the Z°.
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Top: Conference participants mingle on
the SMU campus during a break.
Above: William Happer, Director of
DOE's Office of Energy Research,
delivers the keynote address at the
opening session.

by SSC Director Roy Schwitters was
formed in August 1991. As predicted,
the aggressive Texas air condition-
ing caused more comment than the
summer sun. Real warmth was gen-
erated by 1284 participants from 50
countries greeting old friends and
interacting with colleagues.

With over 125 hours of parallel
and plenary meetings, it is impos-
sible, in any summary, to do justice
to the mountains of experimental
and theoretical results presented. We
give an abbreviated view leaving out
news on relativistic heavy ions, lat-
tice gauge theories, quark structure
functions, light cone field theory,
neutrino mass limits, proton decay,
double beta decay, technicolor, walk-
ing technicolor, SUSY, Higgs search
background calculations, experimen-
tal and theoretical QCD spectros-
copy and decay rates, gamma-ray
bursters, cosmic strings, and dark
matter searches. We begin with five
topics, experimental and theoreti-
cal, selected by Steven Weinberg in
his conference summary. We then
review material presented on selected
accelerators. Finally, we give a few
new non-accelerator results.

NE OF THE LIVELIEST topics
at the conference was the solar

neutrino problem. The nuclear

reactions that generate energy in the
sun give rise to neutrinos of various
energies. An experiment to detect
the minority of neutrinos of higher
energy (with 600 tons of cleaning
fluid) has been running for over two
decades in a mine in the u.S. It finds
only roughly half the predicted num-
ber of the highest energy neutrinos;
its results have been largely con-
firmed by a second experiment that
has been running for half a decade in
Japan (with phototubes submerged
in 600 tons of water). Two new
groups, SAGE in Russia and GALLEX
in Europe (using 57 and 30 tons of
gallium, respectively), reported their
results to date, which include both
high- and low-energy neutrinos from
the Sun. They find only 56(±15)% of
the number of neutrinos predicted
by the Standard Solar Model. Perhaps
coincidentally, the fraction of low-
energy neutrinos about which it
would be most difficult for astro-
physical predictions to be in error is
60%. A beautiful model (the MSW
effect) exists to explain these results
without any change in the Standard
Solar Model: in it, a fraction of the
electron neutrinos emitted by
nuclear reactions in the center of the
sun are changed by the dense solar
matter into muon neutrinos which
are not recorded by the detectors
cited. Such oscillations would
establish non-zero mass for the neu-
trino. The experimental results so
far lean in this direction, but are not
yet compelling. The field awaits more
data. [Editors' Note: For a compre-
hensive review on this topic, refer to
the article by Kenneth Lande on
page 9 of this issue.]

Continuedprogress on StringTheory
was reported, but no breakthroughs.
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Top: SSC Director Roy Schwitters opens
the International Conference on High

Energy Physics in Dallas, Texas. Middle:
Steven Weinberg, University of Texas,
Austin, delivers conference summary

talk. Bottom: Persis Drell, Cornell
University, gives plenary talk on weak

decays and CP violation.

In String Theory, an elementary par-
ticle at a point in space-time corre-
sponds to an excitation of a one-
dimensional string, whereas in con-
ventional field theory an elementary
particle corresponds to a point-like
excitation. String Theory is highly
mathematical. Superstring Theory
adds as an extra richness the notion
of supersymmetry (a half integer spin
particle partnered with each integer-
spin particle). Recent progress in-
cludes finding new classical solu-
tions to the equations of String
Theory, studying black holes in
String Theory, and applying String
Theory calculational techniques in a
growing number of cases to non-
String Theory computations. Its big-
gest problem remains the same-
deciding among the wide range of
possible choices for a String Theory
which, if any, is the one that should
correspond to the real world.

Of increasing interest is the de-
velopment of a Heavy Quark Effec-
tive Theory. Very basically, HQET
considers a "brown muck" of light
quarks, antiquarks, and gluons, at
the center of which is the heavy
quark, Q. The heavy quark Q is analo-
gous to the nucleus of a hydrogen
atom and acts as a source of static
color charge at the origin. Also analo-
gous to symmetries in atomic phys-
ics, the spin of Q decouples like the
reciprocal of the heavy quark mass
giving a flavor-spin symmetry. The
spectroscopy has levels character-
ized by the quantum numbers of the
light degrees of freedom. HQET makes
predictions for spectroscopy, for lep-
tonic decays of B's into D's, for non-
leptonic decays of mesons and bary-
ons with one heavy (b or c) quark,
and for other observables.

A wealth of precision tests of the
Standard Model of the electroweak
interactions, from laboratories
around the world, were reported. No
results are found in conflict with the
Standard Model, and the number of
results in agreement and the pre-
cision of the agreement continues to
grow inexorably. The universality of
interactions involving the "sequen-
tial leptons," (a) the electron and its
neutrino, (b) the muon and its neu-
trino, and (c) the tau and its neutrino,
was studied at TRIUMF in Canada, at
BES in Beijing, at CLEO in Cornell,
and at LEP at CERN. One result (from
BES, with Argus and CLEO compat-
ible) was a decrease in the mass of
the tau from the previous world
average 1784(+2.7/-3.6) MeV/c 2 to
1776.9(±0.7) MeV/c 2 . Neutrino-
electron scattering was studied at
CERN's CHARM II and Fermilab's
CCFR detectors. The physics of the Z
gauge boson was studied in detail at
LEP, where the beam energy is now
known to about 3.7 MeV; they
reported on Z line shape, decay lepton
forward-backward asymmetry, tau
polarization asymmetry, and b-
quark/antiquark asymmetry. On the
number of different light neutrino
families, LEP now quotes, averaged
over the four detectors, 3.04(±0.04).
Finally, the new SL C/SLD result with
polarizedbeams was reported; it gives
a left-right asymmetry in a measure-
ment described by the speaker as
"very robust" since acceptance and
luminosity systematics cancel in the
cross-section ratio.

The mass of the still-missing top
quark is constrained to be in the
approximate region 110-190 GeV/c 2

by current measurements of Standard
Model parameters. All measured
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Robert Siemann, SLAC, summarized
future accelerator technologies.

parameters are within one percent of
their Standard Model values, but
there could be disagreements emerg-
ing with regard to the cross section
for producing quark/antiquark pairs
and the ratio of the coupling of taus
to that of muons. What the Standard
Model does not do is to give those of
us who live in Dallas any hint as to
the mass of the Higgs boson, whose
discovery is an important SSC
objective. Only after the top quark
mass is known will the Standard
Model make prediction as to a Higgs
mass range.

Another active area has been
"effective field theories," in which
amplitudes are expanded in powers
of the momenta involved in the
processes. Such an approach is
unambiguous but introduces extra
parameters. A growing number of
calculations are being performed,
including meson-meson scattering
and weak and electromagnetic meson
andbaryon decay modes. At the same
time attempts are being made to cal-
culate from first principles the
parameters introduced.

T HE FUTURE DIRECTOR of
DESY, Bjorn Wiik, reported on

the status and first results of the
HERA electron-proton collider. It
collides 30 GeV electrons against
820 GeV protons for a total energy of
314 GeV in the center-of-mass sys-
tem. Current maximum luminosity
(per bunch pair) is about 10% of the
design value. Its two detectors, HI
and ZEUS, were installed early this
spring by collaborations of about 400
Ph.D.'s. The first results from HERA
include deep inelastic scattering at
large values for the virtual exchanged

photon mass and/or small values for
the fraction of the proton's momen-
tum carried by the scattering quark
or gluon and new limits on two ex-
otic particles, the leptoquark (an in-
teger spin particle composed of a lep-
ton and a quark) and an excited state
of the electron.

In a review of current and future
colliders, Robert Siemann from SLAC
concluded that the circular colliders
TRISTAN and LEP are working very
well, and SLC/SLD at SLAC are
beginning to produce physics and
show that linear colliders work for
high-energy experiments. Sub-
stantial progress is being made by
half a dozen groups around the world
on critical components of future
linear colliders, and prototype
systems are being prepared to study
the next level of questions. Similarly,
several laboratories are working on
designs for B factories, storage rings
designed to produce billions of B
mesons to study the rare decay
modes. These could give insight into
the origin of CP violation that, for
the past 28 years since its discovery
by Val Fitch and SMU alumnus
James Cronin, has been observed
only in K meson decays.

CERN Director General Carlo
Rubbia reviewed the Large Hadron
Collider (LHC) proposed to be built at
CERN to complement LEP and HERA
in the near term and to succeed them
after the year 2000. LHC is designed
for proton beam energies of "more
than 6 TeV" with luminosity "well
in excess of 1033cm-2s- ." It will be
built in the existing LEP tunnel,
which has a circumference of 28 km.
The plan uses high-field super-
conducting magnets based on a two-
in-one design in which there is one
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ring of long dipole magnets with two
beam tubes in each magnet. To
achieve a maximum one-beam
energy of around 8 TeV the field will
need to be 10 tesla. A string test of a
half cell of five dipole (bending)
magnets is planned for next summer.
For comparison, note that the SSC
design plans two parallel rings of
dipole magnets in a tunnel of
circumference 84 km. To achieve a
proton beam energy for each beam of
20 TeV, the SSC fieldwillbe 6.6 tesla.
SSC has a design luminosity of
103 3cm-2s-1 . Presently, plans are
being developed for, at most, two
general purpose detectors for LHC, as
for SSC.

The SSC, approved in 1989, under
construction at Waxahachie, Texas,
has a staff of 2200 at three sites. Its
physics goals have been described at
length by Michael Riordan in the
Beam Line (Summer 1991, Vol. 21,
No. 2). A string test of a magnet half
cell, under way during the confer-
ence, was successfully completed just
after the conference ended, on
August 14. The half cell of five dipole
(bending) magnets, and a quadrupole
(focusing) magnet was cooled to 4 K
to test the functioning of an entire
unit at the full 6550 A current. (More
recently they have gone to 9600 A at
1.6 K.) Substantial conventional con-
struction is completed or underway.
During the conference, participants
toured the Magnet Development
Laboratory in Ellis County, the
Accelerator String Test Facility, and
viewed the nearby 240 foot deep
Magnet Delivery Shaft. In December
the boring machine will be lowered
down the shaft and assembled. After
the tour the participants enjoyed a
country picnic.

ABROAD RANGE OF NON-

accelerator results was dis-
cussed. Most exciting was the recent
data from the Cosmic Background
Explorer Satellite (COBE), put into
orbit to measure in detail the cosmic
microwave background radiation left
over from 100,000 years following
the Big Bang and shifted since then
from x rays to microwaves by the
expansion of the Universe. This ra-
diation is fantastically uniform as a
function of direction. Astronomers
consider the effective temperature
of the radiation as a function of angle.
This temperature is around 2.7 K but
is smooth as a function of angle to
better than one part in 10,000, ex-
cept for a dipole anisotropy due to
the motions of the galaxy, sun, earth
and satellite with respect to the frame
in which the background radiation
is, on the average, at rest. We knew,
however, that it could not be com-
pletely uniform since the dumpiness
we see today in galaxies and clusters
of galaxies must have grown from

Top: Carlo Rubbia, Director General of
CERN, discusses future directions for his
institution. Bottom: Tour of the SSC
Magnet Development Laboratory in Ellis
County, Texas. A superconducting
dipole magnet is in the foreground.
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View from the bottom of the 240 foot
shaft where the SSC tunnel boring
machine will soon begin work.
Conference participants saw the shaft
from above.

some small irregularities at earlier
times. COBE found the anisotropy,
about one part in 100,000 at angular
scales down to seven degrees. Fur-
ther work by other instruments will
be needed to get down to the scale of
minutes which corresponds to the
angular size of galaxies and clusters
of galaxies.

For five years or so, some beta-
decay experiments based on crystal
detectors have been seeing evidence
for the existence of a neutrino with a
mass of about 17 keV/c 2 that couples
to the electron with about one per-
cent of the strength of the ordinary
electron neutrino. Other groups, in-

cluding all those using magnetic spec-
trometers to measure the energy of
the electron, see no sign of an effect.
Four results (three negative, one posi-
tive) were new. The box score at the
conference was roughly ten crystal
experiments seeing an effect; six
magnetic and three crystal not see-
ing an effect; three magnetic experi-
ments in progress; and one propor-
tional counter experiment not see-
ing an effect and one in progress.
Unscientific exit polling indicated
to us that the burden of proof re-
mains with those claiming an effect.

A potentially sensational result is
being found by the Kamiokande and
IMB neutrino detectors. Cosmic rays
are mostly high-energy protons; these
interact in the atmosphere making
pi mesons which, in turn, decay to
muons which themselves decay to
electrons. This chain produces two
muon neutrinos for every electron
neutrino. The neutrino detectors are
seeing a deficiency of muon neutri-
nos (or an excess of electron neutri-
nos). One speculation is the possibil-
ity we are seeing neutrinos from de-
cay of the earth's protons. Stay tuned.

During a difficult summer in
which the fate of the SSC was in
doubt, one of the most delightful
announcements at the conference
was an experimental result inbaryon
spectroscopy. As expected, a particle,
Q2c in official nomenclature, was con-
firmed by ARGUS and Fermilab to
exist and to have a mass of about
2710 MeV/c2. The Qc is composed of
two strange quarks and one charmed
quark and thus can be known famil-
iarly as ssc.
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TESLA 500
by MAURY TIGNER

A 500-GeV linear collider based
on radiofrequency superconductivity

is described. *

xperience shows that a full understanding of the

fundamental interactions at the evolving energy frontier requires the experimen-

tal study of electron-positron (e+e- ) collisions. Many groups and individuals

around the world are engaged in the race to provide a practical accelerator vehicle

for these essential studies. Several of the most ad-
vanced approaches have been described recently in
these pages. All seek to move beyond the synchrotron-
radiation-limited energies of synchrotron-based tech-
nologies by means of the linear collider approach. All
must demonstrate the capability of achieving lumi-
nosities a thousand to ten thousand times that now
achieved in the highest energy e+e- colliders. Each
seeks to exploit the particular advantages that inhere in
certain technologies and bands of operating frequen-
cies. The TESLA approach seeks to reach these energy
and luminosity goals economically by harnessing the
peculiar properties of the superconducting (sc) state,
i.e., the very low power losses incurred in establishing
the accelerating field, losses easily supplied by now-
existing rf sources.

In certain materials, uni-directional electric current
can flow without resistance provided that the tempera-
ture, magnetic field, and current density do not exceed
critical values characteristic of each material. For alter-
nating or radiofrequency current, the circumstances
are different, at finite temperatures, but the inherent
losses are still miniscule by comparison with normal
conducting materials such as copper. While it is true
that those charge carriers that have condensed into the
superconducting state can move without resistance,

*Eleven institutions have joined in an international collaboration
to construct and test prototype superconducting radiofrequency
structures for linear colliders: CEN, Saclay; CERN; Cornell Univer-
sity; TH Darmstadt; DESY; Fermi National Accelerator Laboratory;
INFN, Frascati; INFN, Milan; KfK, Karlsruhe; University of Karlsruhe;
and the University of Wuppertal.
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they do have inertia. Thus some electric field must be
present within the material to produce the alternating
direction of current flow. This field must also acceler-
ate those charge carriers that have not condensed into
the sc state, and their motion is ohmic producing some,
albeit small, heat dissipation. The population of un-
condensed carriers is governed by a Boltzmann factor,
as one might guess on general grounds: At the critical
temperature none of the charge carriers has condensed.
As one approaches zero temperature, the number of
uncondensed carriers falls to zero exponentially. Thus,
for practical purposes, one will need to operate at a
temperature small compared to the critical tempera-
ture of the material chosen. A calculation for the
motion of the charge carriers in an alternating field
shows that the surface resistance encountered by the
uncondensed carriers is proportional to, approximately,
the square of the operating frequency.

To put this all in quantitative perspective, one may
note that for niobium, the best understood technical
material for rf cavities,* the critical temperature is
about 10 K and the critical field about 140 mT. In cases
of interest in the present context, these values imply
operating temperatures of about 2 K and maximum
expectancies for accelerating fields of up to 50 MV/m.
At an operating frequency of 1.3 GHz, the surface loss
corresponding to 25 MV/m accelerating gradient is
about 140 W/m at 2 K. In other words, for a given
operating frequency and field, the surface losses are one
hundred thousand times less than for the normal con-
ducting copper structures envisioned in most other
linear collider approaches.

EFORE DESIGNING A LINEAR COLLIDER based on
superconducting rf technology, one must decide

how best to use its unique property. One could choose
to emulate many of the normal conducting approaches.

*In the future, new superconducting materials may permit opera-
tion at even lower losses and higher temperatures and fields. For
today, niobium must be the material of choice.

In them one tries to achieve the needed luminosity
through high specific luminosity using beams of much
lower emittance than now achieved and very tight
focusing at the interaction point to produce interaction
spot sizes of a few nanometers vertically. In this case
the superconducting rf approach could dramatically
decrease the needed ac input power by comparison
with the normal conducting versions. Alternatively,
one could use the high inherent power efficiency of the
superconducting rf approach and afford higher beam
currents for the same input electric power. This alter-
native would permit the needed luminosity achieve-
ment with the beam emittances and focusing systems
already in use. In the former case not only will one have
to make beams of unprecedentedly high brightness but
one will also have to preserve that brightness through-
out the linac, giving rise to unprecedentedly tight
construction and alignment tolerances. In the latter
case, in addition to being able to use current beam-
damping and beam-focusing methods, the larger beam
sizes and lower operating frequencies permitted by the
superconducting rf approach result in alignment toler-
ances that are achievable with today's technologies.
For these reasons, most superconducting rf workers
have concluded that the latter approach is likely to be
most fruitful and are proceeding along these lines.

Any complete design must be the result of an opti-
mization taking into account not only the primary
input physics parameters but also a large number of
technological parameters. Trade-offs among capital
and operating cost, unit sizes and tolerances, and a host
of other considerations must be made. These optimiza-
tions are under intense study by proponents of all
approaches and are in a state of flux today. Neverthe-
less the major outlines are clear, and a snapshot of the
major themes is shown in a typical parameter list on
the next page. Note that the emittance, bunch length,
and final focus parameters are comparable to those in
use at the SLAC Linear Collider today. Note also the
relatively low operating frequency, 1.3 GHz. This choice
is the result of several considerations pulling in various
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directions. The frequency-dependent coupling constant
of the accelerating mode to the beam favors higher
frequencies, as do the transverse accelerator and cry-
ostat dimensions. The coupling constant of the higher
order cavity modes, that for the transverse mode de-
pending on frequency cubed, and the squared frequency
dependence of the superconducting surface losses favor
lower frequencies. Quantitative study indicates abroad
optimum frequency between 1 and 3 GHz. The ready
availability of klystron rf sources at 1.3 GHz makes this
a natural choice. The rf drive requirements of this
superconducting rf version are modest enough that one
4 MW peak-power klystron suffices to power 20 meters
of accelerator at 25 MV/m with full beam loading.

The overall layout of a superconducting rf accelera-
tor, with the exception of the cryostations, is similar to
the other, rf-linac-based approaches. The length would
be about 28 km. Because of the large number of bunches
per one-millisecond-long pulse, 800 or more in this
case, the length of the damping ring required for the
positrons is relatively large. A ring the size of the HERA
(Hadron-Electron Ring Accelerator in Hamburg, Ger-
many) electron ring would suit well. Owing to the
relatively modest emittance requirements, a direct
electron source without damping ring may be possible.

W x THILE EACH OF THE APPROACHES to linear col-WVV liders has its advantages, each also has its tech-
nical challenges. In the present instance the challenges
are the reliable maintenance of high (20-30 MV/m)
accelerating gradients and the lowering of capital costs
to about 50 K$/m. Until now, most designers of super-
conducting rf systems have limited themselves to
gradients of 5 MV/m. Present industrial costs for short
sections of superconducting rf accelerator are in the
range of 200 K$/m. Naturally, current R/D programs
focus on meeting these challenges.

Recent progress has been steady. By now more than
one hundred thousand operating hours have been reg-
istered with superconducting slow-wave, heavy-ion
linacs for nuclear physics. More than ten thousand
operating hours have been accumulated with electron-
type superconducting accelerators worldwide. At CEBAF
in Newport News, Virginia, in the latest installation of
superconducting rf electron linac structures, the aver-
age operating gradient in the tunnel exceeds 9 MV/m. In
linac-type structures, it is known that gradient limits
are imposed by the phenomenon of field emission (FE).
When subjected to high electric field, tiny point-like
projections from the cavity surface are induced to emit
electrons copiously, thereby extracting energy from
the electromagnetic field. Improved cleanliness in prepa-
ration has permitted significant reduction in the num-
ber of these projections per unit area.
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A process for eliminating
remaining projections, high-
power pulse processing (HPP),
is being developed and shows
great promise. In this process,
millisecond-long pulses of rf
power are applied to a fresh
structure held below 2 K in
liquid helium. The power is
raised gradually until the
threshold of FE is reached,
whereupon it is held steady
as the FE declines. When the
FE is negligibly low, the power
is again increased and the pro-
cess repeated, ideally until the
critical surface magnetic field
is reached. By this means, con-
tinuous accelerating-field lev-
els of 20 MV/m have beenS-band niobium linac

structure connected to a achieved. Evidently HPP
high-power pulse physically destroys each FE
processing stand. source in turn, evaporating

them to a harmless film. This
conclusion is supported by electron microscopic ex-
aminations of HPP-processed surfaces. The results of
HPP are robust against successive exposures to clean
air. HPP can also restore field capability of structures
exposed to "dirty" air, thus showing possibilities for in
situ gradient maintenance. The photograph above shows
an S-band niobium linac structure connected to a HPP

stand. The expectation that HPP will be even more
effective at 1.3 GHz will soon be checked on an L-band
processing stand being assembled at Cornell. If suc-
cessful, this technique will lead to reliable operation in
the 20-30 MV/m gradient range needed for an economi-
cal linear collider.

N THE AREA OF COST REDUCTIONS, significant
progress has also been made. The primary approach

is simplification and consolidation both in cavity and
cryostat designs. Cavity savings have been achieved by
simplifying the past designs, principally the weld prepa-
ration, and also by using as many cells per structure as
is compatible with wakefield damping and with rapid
propagation of rf energy through the structure to replace
energy extracted by the beam. At Cornell, careful ac-
counting of material and labor expenses has shown
that the simplified L-band structure can be fabricated
and chemically processed for less than 10 K$/m, exclud-
ing the couplers. The current cavity design is illustrated
below. Eight of these nine-cell units are assembled
together, each in its own helium vessel, into 12 m cryo-
modules making up the basic linac unit. A cross section
of the cryomodule at one of its three internal support
points is shown at the top of the next page. An industrial
design and cost estimate for the 12 m cryostat are being
prepared. Achievement of cost savings goals is expected
through use of much longer modules and the adoption
of the cryogenic and support designs developed already
for the long sc magnets of HERA and SSC.

Longitudinal section of cavity modules and their individual helium vessels.
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Even if technical and cost goals
for these components can be met,
they must be linked in an overall
system that works reliably. To ex-
plore this crucial subject, ongoing
system studies are underway consid-
ering both cryogenic and accelerator
systems. A refrigeration system lay-
out is shown below. This design dem-
onstrates that a TESLA 500 system
can be assembled from cryogenic
units now in use in accelerator sys-
tems such as HERA and currently
supplied by industry. Accelerator as-
pects of the system are to be tested
by the earlier mentioned interna-
tional collaboration. Four of the 12 m
cryomodules together with refrigera-
tion, rf supply systems, and an elec-
tron injector will be assembled and
operated at DESY. Construction and
testing of these components into a
complete operating system over the
next three to four years could form
the technical and cost basis for a
complete TESLA 500 design and pro-
posal by 1996 or 1997.

0

Refrigerator System

1750 m
Collision Point

General layout of the TESLA facility, with each of the eight main refrigeration units servicing two 1750-meter-long sections of the
accelerator. The cryogenic load is 2.9 watts per meter.
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GLOBULAR CLUSTERS

by VIRGINIA TRIMBLE

75 years after the
globular clusters got
us out of the
center of the galaxy,
they continue to
(mis)guide us around
the universe.

ONENE OF THESE MONTHS I promise to write about
something you are likely to have seen-but this is
not the one. The brightest of the northern hemi-

sphere globular clusters, M13, checks in at apparent mag-
nitude 5.7 and is an exceedingly difficult naked-eye object
even for an experienced observer at a good site. A typical
cluster (like M13 shown above) consists of a hundred
thousand stars, nearly all less massive than the sun,
gravitationally bound in a tidally truncated isothermal
sphere 10 parsecs (1018 feet) across, and situated somewhere
in the spheroidal halo of a galaxy. Those belonging to our
own Milky Way are naturally the best studied. Applied
clusterology has been a significant branch of astronomy at
least since the 1920s, when Harlow Shapley used their
distances and distribution on the sky to establish that we
live on the outskirts of our galaxy, not at its center, as most
astronomers had previously thought.
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Topics to which cluster studies are currently con-
tributing include: setting a lower limit to the age of the
universe; looking for signatures of interesting stellar
dynamical processes; probing the era of galaxy forma-
tion; and testing our understanding of stellar structure
and evolution. I think these are all fascinating and will
carry on trying to explain why until I run out of space.

EVEN OLDER THAN THE PROFESSOR

Normal stars use up their hydrogen fuel at rates
proportional to the 3rd or 4th powers of their masses,

Work by Sir Fred
Hoyle in the late
1940s focussed
attention on the
order-of-magni-
tude discrepancy
between the 20-
30 billion year
ages of globular
cluster stars and
the 2-3 billion
year expansion
time scale of the
Universe as then
understood. The
Bondi-Gold-Hoyle
Steady State cos-
mological model
was partly an out-
growth of taking
that discrepancy

seriously. We see him here standing next to his bronze
replica recently installed on the grounds of the Institute of
Astronomy, Cambridge, of which he was the founder and
first director, in the days when it was the Institute of
Theoretical Astronomy and he was the Plumian Professor of
Astronomy and Experimental Philosophy. The bronze was
cast by sculptor Sheila Soloman and donated to the Institute
by friends and colleagues in a ceremony in July 1992.

leading to lifetimes that scale as M- 2 to M-3. Thus, if you
have an ensemble of stars all formed at the same time
out of the same sort of stuff, you can tell its age from the
mass of the brightest star still burning hydrogen (in
turn measurable from the observed colors and bright-
nesses of the stars, and a certain amount of theory).

Fred Hoyle and others tried this half a century ago
and found cluster ages of 20-30 billion years, ten times
the then-advertised age of the universe. The formulation
of Steady State cosmology was partly motivated by this
discrepancy. Through the 1950s and 60s, better stellar
evolution calculations made the clusters a bit younger
(15-20 Gyr), and recalibration of the cosmic distance
scale made the universe much older (up to 20 Gyr). The
problem seemed to have gone away.

It has come back. A general-relativistic universe
with no cosmological constant has an age of F/Ho,
where F is a fudge factor between 2/3 (if the universe is
dense enough to stop expanding some day) and 1 (if the
density is very low). Ho is the notorious Hubble con-
stant, whose numerical value has been oscillating
between 100 and 50 km sec- 1 Mpc- 1 (1/H = 10-20 Gyr)
since about the time I left Toluca Lake Grammar
School. Critical-density (F = 2/3) universes are cur-
rently in favor because they somewhat simplify the
complexities of galaxy formation and are a conse-
quence of elegant physical theories like inflation. The
implied age is 6.7 (Ho = 100) to 13.3 (Ho =50) Gyr. Papers
favoring large H outnumber those favoring small H by
about three to one in the recent literature. And you
have to allow a bit of time after the Big Bang for the
clusters to form. In other words, clusters older than 10
billion years are a bit of an embarrassment.

Naturally, many of us have been working hard to
push down the estimated ages. A by-product has been
a fairly convincing demonstration that the globulars
are not all the same age (see illustrations on the next
page), but it is the oldest one that matters for this
purpose.

At least four sorts of anti-gerones have been ex-
plored. First, John Faulkner of Lick Observatory and
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down to a level where modified com-
position (especially the lithium abun-
dance) would give away the trick. It
apparently didn't happen this way.

Third, standard age determina-
tions assumed that the globular clus-
ter deficiency in iron abundance rela-
tive to the sun, a factor of 5 to 250 for
different clusters, applied equally to
other heavy elements. Observations
have shown this is wrong. Oxygen,
magnesium, calcium, and a few other
things are under-deficient,* that is,

0 0.5 1.0 1.5 there is not as much ot them as In the
B- v sun, but more than you would have

1I .1

Comparison of observed (pluses) and calculated (lines) brightnesses and colors of
stars in two globular clusters. V is observed brightness in the visual wavelength
band (smallest numbers = brightest stars) and (B-V) is a measure of their surface
temperature or color (smallest numbers = bluest stars). Cluster R106 is best fit by the
calculations for stars 12 Gyr old, and NGC 6732 by 15 Gyr. Both the absolute values
have sizable error bars, but the difference between the clusters is much more
reliable. [Adapted from G. S. Da Costa et al., Astron. J. 104, 154 (1992).]

others suggested that WIMPs (weakly interacting mas-
sive particles) in the sun and stars could flatten the Finally, gravi
central temperature gradients, simultaneously mak- main evolution,
ing the clusters younger, solving the solar neutrino gradual build-up
problem, fine-tuning solar oscillation frequencies, and makes the star 1(
possibly getting that stubborn gravy spot out of your is. John Bahcall (
best tie. Unfortunately, things that sound too good to Princeton and M
be true usually aren't-the necessary WIMP cross sec- shown that sucl
tions and masses probably violate limits set by labora- the solar neutri
tory experiments and other astrophysical processes. globular clusters

Second, Lee Ann Willson of Iowa State and col- probably a billio
leagues suggested that stars might lose significant ignore the effect
mass during their hydrogen-burning lives. The stars Adding them
would then have evolved faster at the beginning and reduction of 3 G
not be as old as their present masses and conditions most likely to oc
suggest. Some mass loss undoubtedly occurs (even the
sun sheds as much material per year as is carried by the *This is a wonderfu

colleagues or the yo
Amazon River). But cutting globular cluster ages by deficient in lecturin
more than about 1 Gyr this way strips stellar surfaces bad as you would e:

expected trom tile iron. Groups at
Yale, Victoria, and elsewhere have
explored the age effects of nuclear
reaction rates and radiative opacities
modified by the non-solar element
ratios. Indeed the clusters come out
younger, but again you gain only a
billion years or so.

itational settling can accelerate the
ary effect of hydrogen burning, the
of helium at the centers of stars. This

ook more evolved (older) than it really
of the Institute for Advanced Study at
arc Pinsonneault of Yale have recently
h settling of helium slightly worsens
ino problem. But it also makes the
3 a bit younger. There is, once again,
n year shift from determinations that

all up, we can perhaps squeeze an age-
-yr out of the three processes that are
ccur. Other recent changes in state-of-

1 word. fust think of using it to describe your
unger generation: Prof. Bloggs is under-
g skills, meaning, pretty awful, but not as
xpect from reading his papers.

16
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20

22
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the-art stellar evolution calculations affect equations
of state, reaction rates, descriptions of convection, and
so forth. The combination of these with the de-aging
processes has yet to be traced out completely and could
well undo some of the good work. But, pending this
next round of more complex calculations, the oldest
clusters probably sign in at 13-16 Gyr. There is, in
other words, a real problem unless (a) Ho or the density
of the universe or both are quite small; (b) the cosmo-
logical constant is not zero after all (this is OK by me;
I could never see that Einstein's disliking it in later life
was evidence for anything in particular); or (c) some
important piece of physics is still missing from the
models of globular cluster stars.

ROUND AND FIRM AND FULLY PACKED

Your mother probably told you that if you went looking
for trouble, you would almost certainly find it. It is also
true that, if you go looking for dynamical instabilities,
you will find mainly incipient ones. The reason is
slightly different-if the dynamical time scale of a
system is much longer than its age, nothing very
noticeable will have happened yet; while if it is much
shorter, the system is likely to be unrecognizable by
now. Globular clusters are interesting to stellar dynami-
cists precisely because the range of their dynamical
timescales straddles across their 10-17 Gyr ages. As a
result, we can see onset and completion of a range of
processes, including core collapse and gravithermal
oscillations; binary star formation, disruption, and star
exchange; mass segregation; and tidal disruption.

The field is changing rapidly, in part because hard
and software are just reaching the stage where the
hundred thousand stars of a typical cluster can be
followed as individual point masses in computer
simulations of cluster evolution, and in part because
observations with improved angular resolution and
sensitivity have revealed some unexpected products of

that evolution, including remarkably rich populations
of recycled pulsars, X-ray sources, and other mani-
festations of interacting binary stars.

At first glance, the globular clusters look to be in a
totally relaxed, stationary dynamical state, to the point
where Sir James Jeans once thought it would take 1012
years to get them that way, and therefore greatly
overestimated the age of the universe and the energy
supply needed to keep stars shining. (He had included
only two-body processes, a poor approximation in this
case.)

In fact, no such stable endpoint is ever possible for
systems dominated by purely gravitational forces. Stars
with more than escape velocity will depart, carrying
more than their fair share of the energy with them, and
leaving the remainder to contract down ever more
tightly toward a runaway stage called core collapse.
Nevertheless, in the 1960s, Ivan R. King of the Univer-
sity of California, Berkeley, found that isothermal
spheres with tidal truncation, when projected onto the
plane of the sky, provided excellent fits to the distribu-
tions of light and numbers of stars in real clusters. They
still do; the clusters are quite round and quite firm.
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The realization that a fifth or more of Milky Way
clusters should have passed through core collapse there-
fore left theorists (not to mention clusters) a bit shaken.
Bravely, they invoked populations of primordial bina-
ries that could fall into the core, get torn apart, and
retard collapse. It wasn't enough. Then some creative
soul (probably Jerry Ostriker at Princeton) asked, "Well,
but what happens after core collapse? " The answer was
easy: "My program blows up." When that problem had
been overcome,* the answer was even more interest-
ing: the cluster doesn't look all that different from what
it did before, except for a sharp central cusp in star
numbers, light, and velocity dispersion. And, by golly,
there is considerable correlation between clusters that
show such a cusp sticking out of their otherwise-
Kingly profiles and ones with calculated dynamical
times less than the age of the universe. An important
globular cluster goal for the Hubble Space Telescope
(HST) is to map out cores and separate the cusps from
the non-cusps. Some progress has been made on this
(see photograph on the right), but most clusters will
require the higher angular resolution of HST post-fix.

Meanwhile, core collapse has left fingerprints all
over some clusters. Astronomers recognized globular
cluster X-ray sources as a separate, interesting category
in 1975. I came to this subject through trying to find
ordinary binary star systems that should be formed in
the clusters by the same sort of capture processes that
were invoked to make the neutron star binary X-ray
sources. An obvious search strategy was to identify
close star pairs from their mutual eclipses. Ivan King
loaned me some photographic plates of the cluster M55
that had been taken and loaned to him from the
Harvard plate collection for a variable star project.* *

They yielded no persuasive candidates for eclipsing
binary stars, but a later plate series did. David Malin of

*Credit has to be shared among many people, but Sverre Aarseth
of the Institute of Astronomy at Cambridge has surely been
working on it the longest.

* *And when I finally returned the plates in 1989, "on loan since
1949" was held to have set a record for the collection.

the Anglo-Australian Observatory did the photogra-
phy, and Mike Irwin, Institute of Astronomy, Cam-

1] A--; ,, Ad 1 A Lt
nuicige, pirocesse uieC

date, while I made en-
couraging noises. The
handful of probable
eclipsing binaries re-
vealed were all far from
the cluster center, as be-
fits a cluster that has
not been through core
collapse.
In contrast, X-ray bi-

The core of globular cluster M 15. nary sources, recycled
pulsars (ones that have

been spun up to rapid rotation by accreting material
from binary companions), and the richest supplies of
blue stragglers* * * occur in dense, dynamically evolved
clusters. 47 Tucanae (photo on next page), with a dozen
recycled pulsars, several X-ray sources, and a centrally
condensed population of blue stragglers, first seen by
HST, is an extreme example, It can be shown that most
of these cannot be simple survivors from an initial
population of binaries as old as the cluster.

The fun is in trying to decide how they all get
assembled as the cluster passes through core collapse.
Relevant processes include two- and three-body tidal
captures, star exchange between a primordial binary
and a singleton, single star collisions and mergers, and
collisions, mergers, and exchanges between two binary
pairs. Among the surprises are that collisions turn out

***If you are looking down here to find out what a blue straggler
is, you have come to the right place. They are stars that are
bluer and brighter than the biggest ones still burning
hydrogen in a cluster. That is, they act as if they were younger
and more massive than other cluster members. Several
scenarios might produce such stars; many of them involve
mass transfer or mergers in binary systems. In the figure on
page 40, NGC 6752 has no such stars (they would fall near
V= 16, B-V = 0.3). Ruprecht 106 might have a couple near
V = 20 to the left of the main concentration, or those could be
foreground stars not belonging to the cluster.
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to be about as common as captures
and that binary x binary interactions
can result in stars more than twice
the mass of any single component,
thereby accounting for some of the
more extreme blue stragglers.

THE CLUE OF THE SECOND
PARAMETER

Given that the globular clusters are
the oldest objects around, they ought
to be able to tell us interesting things
about the distant past, including the
mysterious epoch of galaxy forma-
tion. This is conceptually not very
different from asking your grand-
mother what life was like in the
1920s. It is also subject to some of
the same caveats: a good many things
have happened to her since then to
blur memories, and even at the time
she may have been paying more at-
tention to her immediate environ-
ment than to global issues.

The clusters at least are unlikely
to try to improve your moral stan-
dards by exaggerating the changes
since their youth. Despite this, many
of us feel that we don't quite under-
stand or know what to do with an-
swers that the globulars are provid-
ing at the moment. Most astrono-
mers believe pretty firmly that the
average fraction of heavy elements
has gradually increased from 0 to
about 2% over the age of the uni-
verse, and that structure has gradu-
ally evolved from very smooth gas to

The center of globular cluster 47
Tucanae in a photo taken by the HST's
Faint Object Camera. At least 21 of the
stars shown here are so-called "blue
stragglers" that are exceptionally bright
in the ultraviolet. Blue stragglers may
actually be old stars that evolve back
toward a hotter and brighter "youth"
through stellar collisions and mergers.
This high concentration of blue strag-
glers towards the core of 47 Tucanae
suggests they are significantly more
massive than most of the cluster's stars;
their mass could indicate they are really
double star systems.

strong density contrasts between
galaxies and intergalactic space,
through the action of gravitation.
But the globular clusters that are
most persuasively younger than av-
erage turn out to be very deficient in
heavy elements and to reside in the
outer reaches of the galaxy.

Other answers to which I am not
quite sure what the question is in-
clude (a) the distribution of lumi-
nosities of globular clusters is much
the same in every galaxy where it has
been measured, even when the total
number and chemical composition
of the cluster and the size and type of
the galaxy are very different; and (b)
in most galaxies, the clusters are
poorer in metals than the rest of the
halo at their locations; but the Milky
Way seems to be an exception. Try-
ing to fit all this into a model in
which the galaxy collapsed mono-
lithically and rapidly from initially
smooth, metal-less gas reminds one
a bit of a line from an Allen Sherman
song: "Here's a size 8 I can fix; gotta
let it out to 46." What are the alter-
natives? Q
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FROM THE EDITORS' DESK

HIS ISSUE OF THE BEAM LINE has an interesting mixture of infor-

mation about the past, the present, and the future.

Starting with the very distant past-the age of the Universe-

Virginia Trimble includes in her discussion of "Globular Clusters" the

unsettling observation that some Clusters appear to be older than it is

possible to be old. This is one of several cluster-related puzzles.

The recent past is represented by Ivars Peterson's review, "Particles

of History," which we reprint here with the kind permission of Science

News. Peterson describes the Third International Symposium on the

History of Particle Physics, held at SLAC in June 1992, which dealt with

"The Rise of the Standard Model," the present paradigm of the field,

during the past twenty years or so.

Moving to the present, Doris Rosenbaum and Vigdor Teplitz sum-

marize their impressions of the recent Rochester Conference on High

Energy Physics, hosted by the SSC Laboratory and held in Dallas last

August. Included in their review of current topics of interest is a brief

summary of the solar neutrino puzzle.

That too few solar neutrinos are presently being observed is taken

up by Kenneth Lande, who sharpens the issue and describes the near-

future prospect of "New Solar Neutrino Detectors" and how they can

help to resolve this puzzle.

The near future continues to hold sway in Daniel Treille's article on

"LEP 200," the big electron-positron collider at CERN that is being up-

graded to an energy that will create, inter alia, W-boson pairs. LEP 200

experiments will help to pin down some of the key properties of the

Standard Model and will also look for signs of new physics beyond the

Model.

Looking toward a somewhat more distant future, Maury Tigner

describes the "TESLA 500" development program, a blueprint for an

electron-positron linear collider of 500 GeV based on radiofrequency

superconductivity. This is one of several approaches to the goal of a large

e+e- collider that has been described in these pages.

The span, then, is from stars that appear to be too old to neutrinos

that don't appear at all. As once remarked by Siam's King, "Is a puzzle-

ment." Is many engaging puzzlements. Is physics.
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CONGRATULATIONS TO ONE OF OUR COLLEAGUES, Georges

Charpak, this year's winner of the Nobel Prize in Physics, for his many
contributions to the instrumentation used in experiments at high-energy
accelerators. Many of the new particles discovered in the last few decades
have used electronic particle detectors developed or greatly improved by
Charpak. A French citizen, Charpak has spent much of his career at
CERN.

SLAC'S QSPIRES has a well-deserved reputation for helping to locate
bibliographic material, but we recently heard of a case where it was used
to locate missing siblings. At the suggestion of Karl Brown of SLAC, Judy
Handwork of the SSC Laboratory used the QSpires whois command to
reunite a travel agent in South Africa with her brother, a physicist at
Princeton, with whom she had lost contact just prior to World War II.
Evidently a Texas friend of the sister called the SSCL and unraveled a
story about her friend in South Africa who thought that her brother was a
physicist. Handwork searched the QSpires database and found an indi-
vidual with the same name at Princeton. He was called and told how to
reach the woman in South Africa, who, it turned out, was his lost sister.
It's good to end on a heart-warming tale.

Bf^^^4-^^
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IVARS PETERSON is the Mathematics and Physics Editor at Science News and
author of The Mathematical Tourist: Snapshots of Modern Mathematics and
Islands of Truth: A Mathematical Mystery Cruise.

He attended the University of Toronto, where he earned undergraduate degrees
in physics, chemistry, and education. He taught high school science and math-
ematics for eight years. In 1980, he left his teaching position to obtain a M.S. in
journalism from the University of Missouri in Columbia, and the following year
he joined the staff of Science News.

Peterson has just completed his third book, Newton's Clock: Chaos in the Solar
System, to be published next year by W. H. Freeman.

c

KENNETH LANDE is a Professor of Physics at the University of Pennsylvania
and also serves as Chairman of the Department of Astronomy and Astrophysics.
His research is focused on particles of extraterrestrial origin, with a primary
interest in neutrinos emitted by the Sun. The Pennsylvania group operates the
chlorine solar neutrino detector in the Homestake Gold Mine in Lead, South
Dakota, is developing an iodine-based solar neutrino detector, and participates
in the gallium solar neutrino detector that is located at Baksan in the former
Soviet Union. In addition, this group is now carrying out solar neutrino detector
calibrations using neutrinos produced by the Los Alamos Meson Physics Facility.

DANIEL TREILLE, senior physicist at CERN, began working in particle physics
at LAL, Orsay, France, in 1961. His first experiments concerned nucleon form
factors, photoproduction of pions, and vector meson production with the e+e -

storage ring ACO. He came to CERN in 1969 and performed a series of experi-
ments on hadron hard scattering. He returned to photoproduction, working first
on charm production at the Omega spectrometer and then leading the NA14
experiment on deep inelastic Compton effects. Since the early 1980s he has
been deeply involved in LEP physics and is presently the DELPHI group leader.
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DORIS ROSENBAUM is Scholar-in-Residence at Southern Methodist University
in Dallas, Texas. Her research has been in elementary particle theory and cosmol-
ogy. She is currently, with collaborators at the Jet Propulsion Laboratory, setting
limits on the amount of dark matter in solar orbit using the improvements in the
ephemerides of the outer planets that result from Voyager II fly-bys. Her past work
on the implications of proton decay for the cosmological future resulted in publi-
cation not only in the Astrophysical Journal, but also in Scientific American, in an
article modestly titled "The Future of the Universe." She is the editor of a supple-
mentary graduate text, Electromagnetism: Paths to Research (Plenum). She has
been a consultant to Time Life Books and others as well as doing research at
Northeastern University, Virginia Tech, and the University of Maryland.

VIGDOR TEPLITZ has been Chairman of the Physics Department of Southern
Methodist University in Dallas, Texas, since 1990. In this position, he has presided
over a major reorientation of the Department into high energy physics, including
establishing an experimental group, hiring a number of theorists, and reinvigorating
the Ph.D. program. He also serves as Senior Advisor on International Coordination
at the SSC. His research has been in Elementary Particle Theory, Astrophysics and
Cosmology. From 1978 until the end of the Cold War, he worked in the Strategic
Nuclear Affairs Bureau of the u.S. Arms Control and Disarmament Agency on
bilateral negotiations with the Soviet Union.

VIRGINIA TRIMBLE divides her time between the

MAURY TIGNER
teaches physics at
Cornell University
and has worked in the
field of rf supercon-
ductivity since the
early 1960s. He main-
tains an active interest
in applying supercon-
ducting radiofre-
quency devices to
electron accelerators.

Physics Department at the Univer-
sity of California, Irvine, and the
Astronomy Department of the
University of Maryland, College
Park. Her degrees come from UCLA
(B.A.), California Institute of Tech-
nology (M.S., Ph.D.), and Cambridge
University (M.A.). She was the 1986
recipient of the U.S. National Acad-
emy of Sciences Award for scientific
reviewing and currently serves as editor of Comments
on Astrophysics and associate editor of the Astrophysi-
cal Journal in addition to writing articles for her
regular Beam Line department.
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LETTERS T THE EDITORS

Jeffrey Tennyson Remembered

Jeffrey Tennyson, an accelerator physicist in the
SLAC Accelerator Theory and Special Projects
Department, passed away on June 13, 1992, in
Berkeley, California, after a year-long struggle with
leukemia. He was 41 years old. He is survived by his
wife Lyn, his parents, and two sisters.

- - 1 1I 1

He began graduate work in
the physics program at the
University of California,
Berkeley, but transferred to
electrical engineering after
having difficulty with the
preliminary exams in
physics. Ironically, this
forced change had fortunate
consequences. Working
with Michael Lieberman
and Allan Lichtenberg, he

acquired a deep interest in nonlinear dynamical
systems at a time when the field was just beginning
a period of remarkable growth. His Ph.D. disserta-
tion, completed in 1982, was a pioneering effort
toward understanding modulational diffusion in
colliding particle beams. In the following years he
went on to become a world expert in the theory of
beam-beam interaction and applied his expertise in
positions he held at seven institutions on three
continents.

His career path was unusual in that for many
years he did not seek a permanent position. He
enjoyed the freedom and stimulation of working at
various places and only recently accepted a regular
appointment at SLAC. Such a lifestyle allowed him
to develop a contemplative, persistent, and highly
personal style in approaching the problems that he
loved. His devotion to his subject was apparent in
his lectures, which were elegant, well-prepared, and
much in demand. He helped organize Aspen summer
workshops on complex dynamical systems, the first

of which, in 1988, became a milestone in the subject
of modeling, controlling, and predicting chaotic
behavior.

During the cold war years Jeff thought that it was
important for Soviet and American physicists to
maintain close personal and professional contacts.
This was the main reason he decided to live and
work for extended periods of time, at considerable
personal inconvenience, at the Institute of Nuclear
Physics in Novosibirsk. There he started collabora-
tions with leading accelerator physicists and nonlin-
ear dynamicists that continued until the time of his
death. He became quite well-known at the Institute,
where he is remembered with affection.

Jeff had a most pleasant, warm, cheerful, and
relaxed personality. He was a delightful and stimu-
lating research collaborator, and he never hesitated
to take time off to talk about his interests and
explain new ideas to students. During the last year
of his life he maintained his interest in physics and
in world events and viewed his upcoming death with
a mixture of great wisdom and a touching sense of
humor. His friends and colleagues will feel a great
loss for a long time to come.

MIGUEL FURMAN, Lawrence Berkeley Laboratory

BOB WARNOCK, Stanford Linear Accelerator Center

FELIX IZRAILEV, Institute of Nuclear Physics

MICHAEL LIEBERMAN, University of California,

Berkeley

ANDY SESSLER, Lawrence Berkeley Laboratory
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DATES TO REJk EMBER

Jan 4-8, 1993

Jan 10-16

Jan 18-29

Feb 4-5

Mar 29-31

Apr 26-30

May 3-7

May 6-8

May 17-21

May 31-Jun 4

Jun 21-Jul 2

1993 Gordon Conference on Superconductivity, Oxnard,
CA (David C. Johnston, Chairman, Ames Lab., Inst. Phys.
Research & Technology, Iowa State University, Ames, IA
50011-3020).
1993 Aspen Winter Physics Conference on Particle
Physics from Supercolliders to the Planck Scale, Aspen,
CO (Howard Haber, Physics Department, University of
California, Santa Cruz, CA 95064).
U.S. Particle Accelerator School, Tallahassee, FL
(U.S. Particle Accelerator School, Fermilab, MS 125,
P.O. Box 500, Batavia, IL 60510 or USPAS@FNAL).
International Sympoisum on 30 Years of Neutral
Currents: From Weak Neutral Currents to the W/Z
and Beyond, Los Angeles, CA (Melinda Laraneta, UCLA
Physics Department, 405 Hilgard Avenue, Los Angeles,
CA 90024 or LARANETA@UCLAHEP).
SSC Physics Symposium, Madison, WI (Linda Dolan,
University of Wisconsin, Phenomenology Institute,
1150 University Avenue, Madison, WI 53706 or
SSCSYMP@WISCPHEN).
Second International Workshop on Physics and Experi-
ments with Linear e+e- Colliders, Waikoloa, HI (F. Harris,
University of Hawaii, Department of Physics, 2505 Correa
Road, Honolulu, HI 96822 or LCSW@UHHEPG or
FAH@UHHEPG).
4th ICFA Seminar on Future Perspectives in High Energy
Physics, Hamburg, Germany (DESY, Notkestrasse 85,
2 Hamburg 52, Germany)
5th Annual International Industrial Symposium on the
Super Collider (IISSC), San Francisco, CA (Pamela E.
Patterson, IISSC, P.O. Box 171551, San Diego, CA 92197)
Particle Accelerator Conference, Washington, DC
(C. W. Leemann, CEBAF, 12000 Jefferson Avenue,
Newport News, VA 23606 or LEEMAN@CEBAFVAX).
Physics Computing '93, Albuquerque, NM
(American Physical Society, 335 E. 45th Street,
New York, NY 10017).
Beauty Physics at Proton Accelerators, Snowmass, CO
(Vera Luth, SSCL, 2550 Beckleymeade Avenue, MS 2080,
Dallas, TX 75237 or BPHYSICS@SSCVX1).




