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IDNEY DRELL and SLAC have histories which are
inseparable. Right from the beginning, when SLAC was
no more than Project M housed in a warehouse on the
Stanford campus, Sid left the more familiar and comfort-

able world of academe to join the adventure of cre-
ating a great new laboratory. A major challenge he
faced, as a theorist, was to create the kind of intel-
lectual climate more typically found in university
departments, and in those days not commonly
found within this country’s accelerator laborato-
ries. This turned into an incredible success story.
Quickly the SLAC theory group became very well
known, not only for the variety of talent it
attracted, but especially for its unique personality.
To this day this personality persists: uncompro-
misingly high intellectual standards, a good mix of
applied and formal theory, a close interaction with
the experimental community, a breadth of vision,
an essential humanism, and an informality and
lack of pretension which keeps the pursuit of
physics something not only deeply satisfying but
also just plain fun to do. It is no accident that this
“SLAC style” is a mirror of Sid’s own persona.

Generations of students and postdocs who have passed through the laboratory—
such as John Ellis of CERN who discusses future options for particle physics in this
issue—as well as we old-timers, will attest to his overwhelming influence in creat-
ing this environment.

Sid’s research contributions, within and beyond the SLAC program, have
been legion and broad-ranging, of fundamental importance. And his impact on SLAC
has extended well beyond that of theoretical physics. From the beginning of SLAC
he was invaluable in the building of the laboratory, its staff, and its program. He
has, as deputy director, played a quiet, but vital role in the overall management and
orchestration of the SLAC program. His calm guidance, based on the highest scien-
tific standards, an unwavering integrity, and an astute understanding of human
nature, has been in most demand in just those periods of SLAC history that have
been the most stressful. And his wise counsel is always sought by the international
particle physics community on how to deal with the broad issues facing the field.
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BUT SID’S INFLUENCE has extended far beyond particle physics, in a
real sense to the entire planet. As he himself recounts in this issue, he
was drawn into the public policy issues of strategic defense and arms

control already in the 1960s, and his credo and contributions can better be dis-
cerned by his own words than by any of mine. Making headway on political
and social issues is much slower going than on physics, and Sid’s modus
operandi has been to patiently work “from the inside,” a method which was
strongly challenged during the Vietnam years. Sid, confronted personally at
that time, responded with steadfastness and great integrity. He exemplifies
for everyone the value and necessity of his form of public service. One small
expression of his influence is that some of his students and other physicists
passing through the SLAC environment have chosen to move their careers
out of physics and into public affairs. Quite a few others, while staying
within physics, have been especially active in the social issues created by
the big-science character of particle physics.

THEN THERE IS SID’S IMPACT on me. I first encountered Sid as an
undergraduate at MIT, where he taught courses I took, and in addi-
tion sponsored evening informal journal-club seminars for under-

graduate physics majors in his home. We happened to emigrate to Stanford
together in 1956, he on the faculty, I as a graduate student. I soon was priv-
ileged to be one of his many thesis students, something which then evolved
into writing our textbooks. It was absolutely natural that I too should join
SLAC, and to continue the close association. Sid has been everything to me,
as a teacher and mentor, as a second father, as an esteemed colleague, as
best man, and as simply a dear friend. Sid, it is a time for warm congratu-
lations on your long and distinguished career at SLAC, and for best wishes
for many happy retirement years—years which we at SLAC trust will
continue to be shared with us. 

James Bjorken
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MYCAREERINRESEARCH
as a theoretical physicist
dates back to fifty years ago

shortly after the end of World War II. And it
has been the best of times. Back then, it was
a dream time to have been a graduate stu-
dent! There was no need to worry about a
job, unless for some strange reason you felt
that Harvard was the only place to be.

Vannevar Bush had laid out a map for
the support of science in his perceptive
report to President Truman in 1945 enti-
tled Science, the Endless Frontier. With
clear and brilliant insight he presented
the design and foundations of the nation’s
post-World War II scientific research pro-
gram that has become the envy of the
world. Here was his far reaching, vision-
ary blueprint: “Science, by itself, provides
no panacea for individual, social, and eco-
nomic ills. But without scientific progress
no amount of achievement in other direc-
tions can insure our health, prosperity,
and security as a nation in the modern
world.” Furthermore, he reminded Wash-
ington that research is a difficult and of-
ten very slow voyage over uncharted seas
and therefore, for science to flourish with
governmental support, freedom of inquiry
must be preserved, and there must be
funding stability over a period of years so
that long-range programs may be under-
taken and pursued effectively. Physics
was then a growth industry with an
unreal coefficient of inflation that nur-
tured us all.

R E F L E C T I O N S

b y  S I D N E Y D R E L L



“ I t  w a s  t h e  b e s t  o f  t i m e s  b u t  i t  c o u l d
h a v e  b e e n  t h e  w o r s t  o f  t i m e s . ”

Looking back at the particle physics of fifty years ago—which now seems
like the Dark Middle Ages—we had a theory of quantum electrodynamics
(QED) with which we could do lowest order calculations that were adequate to
account for what was observed in processes involving photons, electrons, and
positrons. But beyond that, exceedingly laborious calculations generally gave
infinity, a result that was usually equated to zero and ignored. The infrared 
divergences alone were understood, thanks to Felix Bloch and Arnold Nord-
sieck. Although fragile, limited, and frustrating to work with, QED was the 
only “successful” field theory, and was variously, and usually unsuccessfully,
used as a model to try and to understand other physical systems. These in-
cluded nuclei and nuclear forces and what was occurring in situations where 
mesons were assumed to be the quanta and perturbation theory was invalid.

The first lightning flashes of real progress came in 1947 from Richard 
Feynman, Julian Schwinger, and Sin-Itiro Tomonaga, with a thunderous 
rumble from Freeman Dyson. They turned QED into a beautiful, quantita-
tive theory whose divergences would be isolated into renormalization con-
stants, and whose predictions could be calculated to very high precision. 
Feynman propagators turned horrendous calculations by the old methods
into (well, almost) baby’s play, and Feynman graphs helped us know 
what we were doing. It was a very heady time as we found theory 
agreeing with the beautiful precision measurements of the Lamb 
Shift, the electron g–2 value, hyperfine splitting in positronium, and 
higher order radiation processes.

Shortly thereafter there was great excitement as we dis-
covered that there were two mesons—the cosmic ray one and
the nuclear force one—and large new accelerators produced a
veritable zoo of strange particles. Not only was the physics
very exciting but also we were buoyed up by the strong sup-
port for science, and physics in particular, inspired by the
demonstrated importance of the contributions that physi-
cists had made to the successful conclusion of World
War II through development of radar and the atomic
bomb. As the cold war intensified there was growing
concern that, perhaps, we would be needed again and so 
we better be nourished and rejuvenated as a strategic asset.

During the next three decades, into the 1970s, particle
physics sped ahead with what now seems like a dizzying
pace. A number of great laboratories were built in the
United States and around the world. With the creation of
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Drell, D.J. Levy, T-M Yan (SLAC). SLAC-PUB-0556,
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LATION PROCESSES. I. S.D. Drell, D. J. Levy, T-M
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Phys. Rev.187:2159-2171,1969 
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185,1970 
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CERN in Geneva, we truly became one international community collabo-
rating productively on experiments and theories. Parity fell, and we
learned the beauty of broken symmetry, spontaneous and otherwise.
Muons and neutrinos came into the fold and a theory of weak interactions
was completed. We dispersed, analytically continued, and Reggeized to
study strong interactions. The proton and neutron revealed their inner
structures and acquired many relatives in a strange particle zoo with new
symmetries and selection rules; eventually quantum chromodynamics or
QCD—a non-abelian gauge theory of quarks and gluons, with confinement
and asymptotic freedom—was developed as a fundamental field theory of
the strong interactions. Here at Stanford a new laboratory was created
based on the peculiar idea that very high energy electron beams were also
valuable probes for advancing our frontiers of understanding in parallel
with the still higher energy protons. Thus the Stanford Linear Accelertor
Center came to be and soon generated its own miraculous decade of discov-
eries—partons, charm, tau leptons—and developed progressively higher en-
ergy electron-positron storage rings and colliders as extraordinarily produc-
tive new tools for exploration. Our sister labs on the high energy frontiers
also made landmark scientific and technical achievements of comparable
importance.

Today, fifty years later, we have a Standard Model that unifies weak,
electromagnetic, and strong interactions. We are able to put to the test our
ideas on energy scales that reach back almost to the Big Bang fourteen bil-
lion years ago, and on distance scales hundreds of million times smaller
than the Bohr radius. Currently we are awash in a sea of revolutionary and
powerful new, and perhaps even correct, ideas of supersymmetry, strings,
branes, etc., that have incorporated gravity into a unified theory of every-
thing, as even its most modest practitioners describe it.

The union of our progress in particle theory with the probing by our as-
trophysicist colleagues into the farthest reaches of the Universe makes our
extraordinary voyage of the past fifty years even more exciting. We are now
beginning to read the history of the Universe almost all the way back to the
Big Bang. Puzzles abound, but astrology has mutated into a science of cos-
mology. It has ceased to surprise us to wake up in the mornings to new pic-
tures of clashing galaxies, stars being born and dying or being sucked into
Black Holes, and other sensational evidence of what was going on far out
there way back when! What a gig this has been! And what fun to have been
ringside to so much of the action. The strong interaction with our
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experimental colleagues that has long been a SLAC hall-
mark has added greatly to the stimulating and enjoyable
climate for our work.

In recent years we have suffered occasional disap-
pointments in receiving less than hoped-for financial sup-
port for our activities and plans for the future. Gone are
some of the momentum and optimism of the earlier
years. More patience is required of us in fulfilling our
aspirations. This is especially tough on the younger scien-
tists looking for opportunities to spread their wings and
fly. But the future remains rich with promise. The
Department of Energy and the National Science Founda-
tion program offices in Washington, with help from the
High Energy Physics Advisory Panel, continue their
strong and enlightened support for our work with due
respect for the principles established by Vannevar Bush’s
report. We have also forged increasingly strong bonds of a single inter-
national community, cooperatively at work on a truly international Large
Hadron Collider at CERN.

Looking back retrospectively, we cannot forget that, at the same time as
we dreamed of the theory of Grand Unification, there were the nightmares of
what could have been the worst of times. Scientific progress had also led to
new technologies of nuclear weapons, missiles in space, and the possibility, for
the first time in human history, that the new weapons we had created had such
great destructive potential that they could lead to the end of civilization as
we know it.

THE CHALLENGE TO PREVENT that nightmare from materi-
alizing led many physicists to work with the military and the gov-
ernment. Their commitment took many forms, some working at

weapons laboratories and others working as technical advisers in the arms-
control negotiating and policy initiatives. Some of us had the good fortune
of being able to divide our lives between our academic research trying to un-
derstand Nature’s mysteries and our technical efforts to help better under-
stand and thereby try to reduce or counter the dangers we face. It is my per-
sonal conviction that the scientific community—not each individual but as
a whole—bears a responsibility, a moral obligation, to project the implica-
tions of the technological changes initiated by our scientific progress, and to
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2, p. 8-18 

PCAC AND THE PI0 —-> 2 GAMMA DECAY RATE.
By S.D. Drell. SLAC-PUB-1158, Nov 1972. 57pp.
Phys.Rev.D7:2190,1973 

SPECULATIONS ON THE BREAKDOWN OF SCAL-
ING AT 10**-15-CM. M.S. Chanowitz, S.D. Drell.
SLAC-PUB-1201, Mar 1973. 10pp. Phys.Rev.Lett.
30:807,1973 

K(L3) DECAYS IN A TWO COMPONENT THEORY
OF PCAC J.L. Newmeyer, S.D. Drell. SLAC-PUB-
1275, Jul 1973. 18pp. Phys.Rev.D8:4070,1973 

KNOWN AND UNKNOWN REGIONS IN LEPTON
PHYSICS. S.D. Drell. SLAC-PUB-1310, Sep 1973.
41pp. Invited paper Int. Symposium on Electron
and Photon Interactions at High Energies, Bonn,
West Germany, Aug 27-31, 1973. Bonn Conf.
1973:493 

SPECULATIONS ON THE BREAKDOWN OF SCAL-
ING AT 10**-15-CM.M.S. Chanowitz, S.D. Drell.
SLAC-PUB-1315, Oct 1973. 43pp. Phys.Rev.D9:
2078,1974 

HEAVY QUARKS AND STRONG BINDING: A
FIELD THEORY OF HADRON STRUCTURE. W.A.
Bardeen (Stanford U., ITP), Michael S. Chanowitz,
S.D. Drell, M. Weinstein, T-M Yan. SLAC-PUB-1490,
Sep 1974. 128pp. Phys.Rev.D11:1094,1975 

SURVEY OF THEORETICAL SPECULATIONS ON
THE NATURE OF PSI (3105) AND PSI-PRIME
(3695).I. Bars (Stanford U., Phys. Dept.), M.S.
Chanowitz (LBL, Berkeley), S.D. Drell,, R.D. Peccei
(Stanford U., Phys. Dept.), X.Y. Pham, S.H.H. Tye,
S. Yankielowicz (SLAC). SLAC-PUB-1522, Jan
1975. 39pp. Informal Notes - not for publication
from the SLAC Workshop - Theory Subgroup.

8 SUMMER 1998

help citizens and their governments shape their practical applica-
tions in ways beneficial to all society. This responsibility is most
cogently manifest in dealing with nuclear weapons, whose enor-
mous destructive potential leaves so little margin for error.

In my case the dual tracks of academic research and teaching
and involvement in government work opened in 1960 when the
JASON group was organized. Its purpose was to enlist fresh sci-
entific talent to work on problems of importance for our
national security. We were in the dawning new age of nuclear

weapons, space and intercontinental missiles, and the challenges they pre-
sented to formulating national security policy. At the same time, the great
physicists and other scientists, whose contributions were so important in
the winning of World War II with radar and the atomic bomb, had other re-
sponsibilities and were twenty years older than at the start of that war. I was
inspired and greatly influenced in considering JASON by the example of two
of my heroes. As physicists and wise counselors, Wolfgang K. H. (“Pief”)
Panofsky and Hans Bethe had made great personal commitments and enor-
mously valuable contributions to informed policy choices by the United
States concerning arms control and national security. I very much admired
what they had done. JASON thus became a new component of my scientific
work. It served as an introduction for me to new problems that were often
scientifically fascinating and strategically compelling. Subsequently many
other doors opened for my involvement, both inside and outside of the gov-
ernment. Over time I ended up working on a variety of interesting technical
issues of national security and arms control.

EARLY ON I BECAME INVOLVED in the technical possibilities of
gaining intelligence from space-based satellite systems as a way of
piercing the Iron Curtain erected by an obsessively secretive Soviet

government. Photoreconnaissance from satellites circling the earth above the
atmosphere at altitudes above 100 miles enabled the United States to pierce
the shroud of secrecy by means that were effective, and that were accepted as
non-provocative. With the photography brought back to earth we could more
accurately assess the growing threat of Soviet nuclear warheads mounted on
intercontinental range missiles and bombers. Subsequently it also opened the
path to arms control. Since we could count and size the Soviet’s threatening
strategic forces from the satellite photographs, we could negotiate treaties and
verify compliance with treaty provisions to limit their deployment and to



PARTONS - ELEMENTARY CONSTITUENTS OF
THE PROTON? S.D. Drell. SLAC-PUB-1545, (Re-
ceived Mar 1975). 12pp. Physical Reality and
Mathematical Description, Ed. by C. Enz, et al.,
NY., Reidel, 1974, p. 111-123. 

QUARK CONFINEMENT SCHEMES IN FIELD THE-
ORY. S.D. Drell. SLAC-PUB-1683, Nov 1975. 41pp.
Lectures given at ‘Ettore Majorana Int. Summer
School’, Erice, Sicily, Jul 11 - Aug 1, 1975. Erice
Subnucl.Phys.1975:143 (QCD161:I65:1975:PT.A) 

VARIATIONAL APPROACH TO STRONG COU-
PLING FIELD THEORY. 1. PHI**4 THEORY. S.D.
Drell, M. Weinstein, S. Yankielowicz. SLAC-PUB-
1719, Feb 1976. 99pp. Phys.Rev.D14:487,1976
(*Title changed in journal*) 

STRONG COUPLING FIELD THEORIES: 2. FERMI-
ONS AND GAUGE FIELDS ON A LATTICE. S.D.
Drell, M. Weinstein, S. Yankielowicz. SLAC-PUB-
1752, May 1976. 62pp. Phys.Rev.D14:1627,1976 

FEASIBILITY STUDY FOR A 15-GEV ELECTRON
POSITRON STORAGE RING: E(CM) = 30-GEV.
S.M. Berman, S.D. Drell, J.R. Rees, B. Richter.
PEP-0005, (Received Dec 1976). 45pp. 

QUANTUM FIELD THEORIES ON A LATTICE:
VARIATIONAL METHODS FOR ARBITRARY COU-
PLING STRENGTHS AND THE ISING MODEL IN A
TRANSVERSE MAGNETIC FIELD. S.D. Drell, M.
Weinstein, S. Yankielowicz. SLAC-PUB-1942, May
1977. 44pp. Phys.Rev.D16:1769,1977 
.
QUARK CONFINEMENT. S.D. Drell. SLAC-PUB-
2020, Oct 1977. 78pp. Lecture presented at SLAC
Summer Insitute, Stanford, Ca., July 11-22, 1977.
SLAC Summer Inst.1977:81 (QCD161:S76:1977) 

FERMION FIELD THEORY ON A LATTICE: VARIA-
TIONAL ANALYSIS OF THE THIRRING MODEL.
S.D. Drell, B. Svetitsky, M. Weinstein. SLAC-PUB-
1999, Aug 1977. 45pp. Phys.Rev.D17:523,1978 

FIELD THEORY ON A LATTICE: ABSENCE OF
GOLDSTONE BOSONS IN THE U(1) MODEL IN
TWO-DIMENSIONS. S.D. Drell, M. Weinstein.
SLAC-PUB-2026, Oct 1977. 29pp. Phys.Rev.D17:
3203,1978

ELEMENTARY PARTICLE PHYSICS. S.D. Drell..
SLAC-PUB-2043, Nov 1977. 18pp. Daedalus,
Summer 1977. 

WHEN IS A PARTICLE: THE RICHTMYER MEMOR-
IAL LECTURE. S.D. Drell. SLAC-PUB-2074, Jan
1978. 33pp. APS/AAPT Meeting, San Francisco,
Jan. 23-26, 1978. Am.J.Phys.46:597-606,1978,
Phys.Today 31:23,1978 (issue No.6) 

EXPERIMENTAL STATUS OF QUANTUM ELEC-
TRODYNAMICS. S.D. Drell.. SLAC-PUB-2222, Oct
1978. 29pp. Talk given at UCLA Symp. honoring
Julian Schwinger’s 60th birthday, Feb 18-19, 1978. 
Physica 96A:3,1979 

QED ON A LATTICE: A HAMILTONIAN VARIA-
TIONAL APPROACH TO THE PHYSICS OF THE
WEAK COUPLING REGION. S.D. Drell, H.R.
Quinn, B. Svetitsky, M. Weinstein. SLAC-PUB-
2122, Jun 1978. 64pp. Phys.Rev.D19:619,1979 

RELATIVISTIC QUANTUM FIELD THEORY. (GER-
MAN TRANSLATION). J.D. Bjorken, S.D. Drell.
1979. Bibliograph.Inst./mannheim 1967, 409
P.(B.i.-hochschultaschenbuecher, Band 101). 

DYNAMICAL BREAKING OF CHIRAL SYMMETRY
IN LATTICE GAUGE THEORIES. B. Svetitsky, S.D.
Drell, H.R. Quinn, M. Weinstein. SLAC-PUB-2453,
Jan 1980. 54pp. Phys.Rev.D22:490,1980 

APPROXIMATE DYNAMICAL SYMMETRY IN LAT-
TICE QUANTUM CHROMODYNAMICS. M. Wein-
stein, S.D. Drell, H.R. Quinn, B. Svetitsky. SLAC-
PUB-2486, Mar 1980. 26pp. Phys.Rev.D22:1190,
1980 
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initiate reductions. Photoreconnaissance satellites were the first big step to-
ward achieving the Open Skies that President Eisenhower had first called for
in 1955.

Working in this area of technical intelligence was compelling for its ob-
vious strategic importance. The more accurately we can gauge the nature
and imminence of developing threats from our perceived or potential foes,
the more responsibly and confidently we can act in crises and plan for our
national security. This truism is consonant with the fundamental tenet of
an academic career—the more we learn and the better we understand a situ-
ation, the better prepared we are to address it and act wisely. I also found
this work, continuing up to the present, extraordinarily fascinating on tech-
nical grounds as I interacted with scientists and engineers from both the
academic and the industrial world whose accomplishments were remarkable.

Throughout the cold war the issue of how best to discourage, deter, or
defend ourselves against the use of nuclear weapons was on center stage,
front and center. Debates about the potential value, versus the dangerous il-
lusions, of nationwide anti-ballistic missile (ABM) defenses were ongoing,
with periodic crescendos, for more than three decades. Though often driven
by political considerations, these were serious debates about strategic policy
that touched a fundamental instinct of all human beings to protect our fami-
lies and homes. Nuclear warheads with their enormous destructive poten-
tial had greatly changed the requirements of an effective defense
from the pre-nuclear era. But how different, and what constituted
sensible programs and goals? Was it practical to try to defend
society with ABMs? What was the best way to maintain a sur-
vivable missile force in order to establish a strategic stability that
relies on mutual assured destruction to deter a would-be attacker?
There is an essential technical core to any informed debate be-
tween defense and deterrence. It has commanded the attention of
many scientists for a long time, and I did not escape involvement
in this important issue of national security.

At the root of this issue are two technical realities: the rela-
tive ease and economy of designing and deploying offensive
countermeasures to overpower any conceivable defenses; and
the requirement that a missile defense against nuclear-tipped
missiles must be near perfect if it is to be effective in protecting society. In
addition, and of utmost importance, one has to consider the almost certainly
harmful impact of an arms build up between competing offenses and
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defenses, and their countermeasures and
counter-countermeasures, on strategic stabil-
ity and future prospects of reducing the nu-
clear threat.

These considerations are still central to
the continuing debate about ballistic mis-
sile defenses in 1998. Technology has
changed enormously over the years and
new ideas have come to the fore, such as
directed-energy weapons and space-based
sensors. Furthermore we face new strate-

gic challenges in the post-cold war years. However, I still
see the situation pretty much as stated by President Eisenhower in 1953 in
his “Atoms for Peace” speech at the United Nations: “Let no one think that
expenditures of vast sums for systems and weapons of defense can guarantee
absolute safety. The awful arithmetic of the atom bomb does not permit any
such easy solution. Even against the most powerful defense, an aggressor in
possession of the effective minimum number of atomic bombs for a surprise
attack could place a sufficient number of his bombs on the chosen targets to
cause hideous damage.” 

Simply put, as much as one would like to have an effective defense
against nuclear attack, one cannot escape limitations dictated by laws of
Nature in a futile effort to achieve a policy goal that is technically unrealis-
tic, even if desirable.

In his famous “Star Wars” speech in March 1983, President Ronald
Reagan sought to escape these limitations and build an effective nation-
wide defense by relying on the new and emerging technologies of beam
weapons and advanced space-based sensors. Some of the most ardent sup-
porters of his proposed Strategic Defense Initiative indulged in hyperbole
with claims that they could and would create an “astrodome,” or impene-
trable defense, of the entire nation against a massive attack by interconti-
nental ballistic missiles. In the absence of a careful analysis of the practical
technical realities, fanciful claims preceded more measured judgments, and
a largely political and highly acrimonious debate ensued. Subsequently,
much more modest, but more realistic, goals for a limited ABM system
emerged after a lot of hard work and careful analyses by many physicists in
academia, think tanks, and industry, who analyzed the broad repertoire of
new and prospective technologies along with relevant operational issues.

THE ANOMALOUS MAGNETIC MOMENT AND
LIMITS ON FERMION SUBSTRUCTURE. S.J. Brod-
sky, S.D. Drell. SLAC-PUB-2534, Jun 1980. 27pp.
Phys.Rev.D22:2236,1980 

THE RUNNING COUPLING CONSTANT IN
QUANTUM ELECTRO

DYNAMICS. S.D. Drell. 1981. Cambridge 1981,
Proc., Asymptotic Realms Of Physics, 32-36.

ASYMPTOTIC FREEDOM.S.D. Drell (Oxford U. &
SLAC). SLAC-PUB-2694, Feb 1981. 9pp. Recd as
reprint. Trans.N.Y.Acad.Sci.Ser.2 v.40 1980:76
(QCD113:G6) 

QUARKS, UNIFICATION, AND BEYOND. S.D.
Drell (SLAC). SLAC-PUB-2856, May 1981. 5pp.
Reprinted from J. of College Science Teaching,
May 1981.

SUMMARY TALK GIVEN AT 1981 LEPTON PHO-
TON SYMPOSIUM. S.D. Drell. SLAC-PUB-2833,
Oct 1981. 15pp. Invited talk given at 1981 Int.
Symposium on Lepton and Photon Interactions at
High Energy, Bonn, West Germany, Aug 24-29,
1981. Lepton-Photon Symp.1981:1003
(QCD161:I71:1981) 

COMPOSITE MODELS OF QUARKS AND LEP-
TONS AND STRONG COUPLING LATTICE
GAUGE THEORIES. H.R. Quinn, S.D. Drell,
S. Gupta. SLAC-PUB-2920, May 1982. 30pp.
Phys.Rev.D26: 3689, 1982 

ENERGY LOSS OF SLOWLY MOVING MAGNETIC
MONOPOLES IN MATTER. S.D. Drell, N.M. Kroll
(SLAC & UC, San Diego), M.T. Mueller (Stanford
U., ITP), S. Parke (SLAC), M.H. Ruderman (Colum-
bia U.). SLAC-PUB-3012, Nov 1982. 13pp.
Phys.Rev .Lett. 50: 644,1983 

EXCITATION OF SIMPLE ATOMS BY SLOW MAG-
NETIC MONOPOLES. N.M. Kroll (UC, San Diego),
S. Parke (Fermilab & SLAC), V. Ganapathi (UC,
San Diego), S.D. Drell. FERMILAB-PUB-84-25-T,
Jan 1984. 32pp. Invited paper Monopole ‘83 Conf.,
Ann Arbor, MI, Oct 6-9, 183. Monopole ‘83:295
(QCD161:N15:1983) 

CONSTRAINTS ON RADIATIVE Z0 DECAYS. S.D.
Drell (SLAC), Stephen Parke (Fermilab & SLAC).
SLAC-PUB-3308, Mar 1984. 12pp. Phys.Rev.Lett.
53:1993,1984 
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This experience was the most compelling and
clearest case I know for restoring a high-level non-
partisan presidential science advisory mechanism
that is actively engaged in technical national securi-
ty problems. President Eisenhower created one in
1957 following the Soviet launch of Sputnik and
development of long-range missiles as a potential
threat to the United States. The scientists involved
in this mechanism were his resource for direct, in-
depth analyses and advice as to what to expect from
science and technology, both current and future, in
establishing realistic national policy goals. They
were selected apolitically and solely on the grounds
of demonstrated achievements in science and engi-
neering. Two things set them and their work apart
from the existing governmental line organizations
and cabinet departments with operational responsibilities, and from non-
governmental organizations engaged in policy research. First of all, they had
White House backing and the requisite security clearances to gain access to
all the relevant information for their studies on highly classified national
security issues. Second, the individual scientists were independent and pre-
sumably, therefore, immune from having their judgments affected by opera-
tional and institutional responsibilities. Therein lay their unique value.
Unfortunately the advisory mechanism that served the White House and
the nation well when it was created, eroded in the late 1960s during the
political strains and public discord of the Viet Nam conflict and has not
been reenergized effectively in national security matters.

Most recently I have been involved in helping to provide the technical
basis for the U.S. decision to sign, and to lead the effort to ratify, a world-
wide Comprehensive Test Ban Treaty (CTBT) that would, once-and-for-all,
end all testing of nuclear weapons of any yield, anywhere, anytime after
more than fifty years and more than 2000 nuclear test explosions. The politi-
cal and strategic importance of such a treaty for accomplishing our non-
proliferation goals was made clear in the debate in May 1995, at the United
Nations. One hundred and eighty one nations signed on to the indefinite
extension of the Non–Proliferation Treaty based on the commitment of the
nuclear powers to work toward the cessation of all nuclear weapons tests.
Before committing itself to honor this commitment, the United States had

THE CASE AGAINST STRATEGIC DEFENSE:
TECHNICAL AND STRATEGIC REALITIES. S.D.
Drell, W.K.H. Panofsky. Print-85-0835, 1984. 23pp.
Issues in Science and Technology, p.45-64. Fall
1984. 

JOHN WHEELER: A PERSONAL TRIBUTE. S.D.
Drell. SLAC-PUB-4035, Oct 1986. 3pp. Reprint. 
Found.Phys.16:681-683,19?? 

A QUANTUM TREATMENT OF BEAMSTRAH-
LUNG. R. Blankenbecler, S.D. Drell. SLAC-PUB-

4186, Jan 1987. 47pp. Phys.Rev.D36: 277, 1987 
THE MANY DIMENSIONS OF T.D. LEE..S.D. Drell.
SLAC-PUB-4201, Jan 1987. 10pp. Invited talk
Symp. Commemorating the 13th Anniversary of
Parity Nonconservation and Celebrating the 60th
birthday of T. D. Lee, NY, Nov 22, 1986. T.D. Lee
Symp.1986:85 (QC16:L4S9:1986) 

THE BETHE-MAXIMON RESULT. R. Blankenbecler,
S.D. Drell. SLAC-PUB-4271, Mar 1987. 15pp.
Phys. Rev.D36:2846,1987 

A QUANTUM TREATMENT OF BEAMSTRAHLUNG
AND ITS APPLICATION TO RIBBON PULSES. R.
Blankenbecler, S.D. Drell. 1987. *Batavia
1987/Ithaca 1988, Proceedings, Physics of particle
accelerators* 711-757. 

QUANTUM BEAMSTRAHLUNG FROM RIBBON
PULSES. R. Blankenbecler, S.D. Drell. SLAC-PUB-
4483, Nov 1987. 41pp. Phys.Rev.D37:3308,1988 

QUANTUM BEAMSTRAHLUNG: PROSPECTS FOR
A PHOTON-PHOTON COLLIDER. R. Blankenbecler,
S.D. Drell. SLAC-PUB-4629, May 1988. 15pp. Phys.
Rev.Lett.61:2324,1988, Erratum-ibid.62:116, 1989 

FEYNMAN MEMORIAL LECTURE. S.D. Drell. VT-
7,V.15 (VIDEOTAPE), Jul 1988. 0pp. Lecture given
at SLAC Summer Institute, July 1988. 

QUANTUM BEAMSTRAHLUNG: PULSE SHAPING
PROSPECTS FOR A PHOTON-PHOTON COLLID-
ER. R. Blankenbecler, S.D. Drell. SLAC-PUB-4810,
Nov 1988. 11pp. Submitted to Proc. of 1988 Sum-
mer Study on High Energy Physics in the 1990s,
Snowmass, Colo., Jun 27 - Jul 15, 1988. Snow-
mass: DPF Summer Study 1988:683
(QCD161:D15:1988) 

PAIR PRODUCTION FROM PHOTON PULSE COLLI-
SIONS. R. Blankenbecler, S.D. Drell, N.M. Kroll.
SLAC-PUB-4954, Mar 1989. 53pp. Phys.Rev.D40:
2462, 1989 
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to determine what would have to be included as
permitted activities in a negotiated CTBT, so that
we could retain confidence in the safety and reli-
ability of our enduring nuclear warheads into
the future.

A JASON study was organized to answer this
question in 1995. It was our finding that confi-
dence in the safety and reliability of the endur-
ing stockpile can be maintained, even if very
low yield tests are banned under a true CTBT,
so long as the United States sustains a strong
scientific and technical infrastructure in nu-
clear weapons. Simply put, with a strong
science–based stockpile stewardship and
management program, equipped with ad-

vanced diagnostic equipment and led, as it presently is,
by first–class scientists and engineers at the national weapons laboratories,
there is no need to continue nuclear testing at any level of yield. Instead we
will rely on enhanced attention to surveillance and diagnostic information,
and accurate simulations that will be made possible by major advances in
computational speed and power to deepen our understanding of the physical
processes in a nuclear explosion. By filling in the substantial gaps in that un-
derstanding that we could accept so long as we could directly monitor the
performance of our bombs by testing, we will establish a basis for retaining
confidence in our ability to hear whatever warning bells may ring—however
unanticipated they may be—alerting us to evidence of deterioration of an ag-
ing stockpile. There will also be facilities to provide for warhead refurbish-
ing or remanufacture in response to identified needs. This program is consis-
tent with the spirit, as well as the letter of the CTBT: without testing the
United States will not be able to develop and deploy with real confidence
more advanced weapons at either the high or the low end of destructive
power.

Our conclusion was endorsed by the weapons laboratories and proved to
be persuasive in Washington. It provided the technical base for President
Clinton’s decision for the United States to support and seek a true, zero-
yield Comprehensive Test Ban Treaty in August 1996. The scientific
challenge to develop and successfully accomplish this mission is a major
one for the weapons labs, and for all involved in the process.

NUCLEAR WEAPONS SAFETY: REPORT OF THE
PANEL ON NUCLEAR WEAPONS SAFETY. S.D.
Drell, J.S. Foster, Jr., C, H. Townes. 1990. 44pp.
Sidney D. Drell, Chairman. 

STATEMENT TO THE JOINT MEETING OF THE
SUBCOMMITTEES ON ARMS CONTROL, INTER-
NATIONAL SECURITY, AND SCIENCE AND EU-
ROPE AND THE MIDDLE EAST. S.D. Drell. Jun
1990. 13pp. 

ANDREI DMITRIEVICH SAKHAROV. S.D. Drell, L.
Okun (Moscow, ITEP). SLAC-PUB-5448, Aug 1990.
8pp. Phys.Today 43:26-36,1990

SAKHAROV REMEMBERED: A TRIBUTE BY
FRIENDS AND COLLEAGUES. S.D. Drell, S.P.
Kapitza. 1991. 303pp. AIP, NY, Ed. S.D. Drell and
S.P. Kapitza. 

FERMION MASSES IN THE STANDARD MODEL.
I-H Lee (Rockefeller U.), S.D. Drell. SLAC-PUB-
5423, Feb 1991. 8pp. In Memoriam M.A.B. Beg. In
*Islamabad 1990, Proceedings, High energy
physics and cosmology* 13-20. In *Islamabad
1990, Proceedings, High energy physics and cos-
mology* 13-20 and SLAC Stanford -SLAC-PUB-
5423 (91/02,rec.Apr.) 8 p and Rockefeller Univ.
New York - RU-91-B-005 (91/02,rec.Apr.) 8 p. 

ACCELERATOR PRODUCTION OF TRITIUM
(APT).S.D. Drell. JSR-92-310, Jan 1992. 56pp. A
MITRE Corp. Jason report, S. Drell, Chairman. 

THEORETICAL ASPECTS OF LEPTON-HADRON
SCATTERING. S.D. Drell (SLAC). SLAC-PUB-5720,
Jan 1992. 41pp. Presented at 1991 SLAC Summer
Inst. on Particle Physics: Lepton Hadron Scatter-
ing, Stanford, CA, Aug 5-16, 1991. SLAC Summer
Inst.1991:47-67 (QCD161:S76:1991) 

IN THE SHADOW OF THE BOMB: PHYSICS AND
ARMS CONTROL. S.D. Drell. 1993. 358pp. AIP, NY
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LOOKING BACK, it has been the best of times. SLAC has been and
remains a wonderful home with great science, colleagues, students,
and friends. Indeed it is one of the great pleasures of a career in

physics to have such wonderful colleagues worldwide. The future of our
field—and of SLAC too—depends on the continuing extraordinary inventive-
ness of its scientists—the accelerator builders and experimentalists on
whom we rely for data, the lifeblood of science. By all signs the future looks
bright, with no end in sight. With amazing inventiveness, theorists have in-
troduced new concepts that one couldn’t even have dreamed of fifty years
ago. The questions we must still answer are certainly sharper and at least as
compelling as they were fifty years ago: Where has all the antimatter gone?
What is the origin of CP violation? Of particle masses, especially for fermi-
ons? Whether or whither sypersymmetry and sparticles?

On the nuclear front we have had the good fortune to avoid the worst of
times, but much work remains to be done. The end of the cold war has
greatly reduced the immediacy of the nuclear fear that was a recurrent ele-
ment of that long contest. But that danger persists, inherent in what we
know how to do, concrete in the between 20,000 and 30,000 warheads pos-
sessed today by at least eight nations, and present in the ambitions of oth-
ers. And new threats are emerging, involving other weapons of indiscrimi-
nate destruction—chemical and biological—in the hands of sub–state
entities and terrorists. They can no longer be ignored, as the attack in the
Tokyo subway system by the Aum Shinrikyo reminded us in 1995. The com-
munity of scientists will have to remain strongly involved, as we have been
up to now, in efforts to build a safer twenty-first century as we advance our
understanding of Nature.

REDUCING NUCLEAR DANGER: THE ROAD
AWAY FROM THE BRINK. McG. Bundy, W.J.
Crowe, Jr., S.D. Drell (Council on Foreign Rela-
tions, NY). 1993. 107pp. 

VERIFICATION OF DISMANTLEMENT OF NU-
CLEAR WARHEADS AND CONTROLS ON NU-
CLEAR MATERIALS. S.D. Drell. JSR-92-331, Jan
1993. 119pp. A MITRE Corp. JASON report,
S. Drell, Chairman. 

ANDREI DMITRIEVICH SAKHAROV (21 MAY 1921
- 14 DECEMBER 1989). S.D. Drell (SLAC). 1994.
6pp. Proc.Am.Phil.Soc.138: 177-182,1994 

TECHNICAL ISSUES OF A NUCLEAR TEST BAN.
S.D. Drell (SLAC), B. Peurifoy. 1994. 43pp.
Ann.Rev.Nucl.Part.Sci.44:285-327,1994 

HIGH ENERGY PHYSICS ADVISORY PANEL’S
SUBPANEL ON VISION FOR THE FUTURE OF
HIGH-ENERGY PHYSICS: SIDNEY D. DRELL,
CHAIRMAN. S.D. Drell. DOE-ER-0614-P, May
1994. 89pp.

SCIENCE BASED STOCKPILE STEWARDSHIP.
S.D. Drell. JSR-94-345, Nov 1994. 113pp. A MITRE
Corp. Jason report, S. Drell, Chairman. 

SAFETY IN HIGH CONSEQUENCE OPERATIONS:
KEYNOTE ADDRESS. S.D. Drell. Dec 1994. 8pp.
Proc. High Consequence Operations Safety Sym-
posium, Jul 12-14, 1994 (SANDIA report SAND-94-
2364). 

SCIENCE AND SOCIETY: THE TROUBLED FRON-
TIER: ADDRESS ON RECEIVING SIGMA XI’S 1995
JOHN P. MCGOVERN SCIENCE AND SOCIETY
AWARD. S.D. Drell. 1995. 16pp. Published in Van-
nevar Bush II, Science for the 21st Century: Forum
proceedings, Mar 2-3, 1995, p. 92-107. 

ACCELERATOR PRODUCTION OF TRITIUM: 1995
REVIEW. S.D. Drell. JSR-95-310, Jun 1995. 52pp.
A MITRE Corp. Jason report, S. Drell, Chairman. 

NUCLEAR TESTING: SUMMARY AND CONCLU-
SIONS. S.D. Drell. JSR-95-320, Aug 1995. 9pp. A
MITRE Corp. Jason report, Sidney Drell, Chairman. 

THE LANDAU-POMERANCHUK-MIGDAL EFFECT
FOR FINITE TARGETS. R. Blankenbecler, S.D. Drell
(SLAC). SLAC-PUB-95-6944, Sep 1995. 48pp.
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ARTICLE PHYSICS IS NOW POISED to take its next
steps. A well-established framework is provided by the Stan-
dard Model, which has been tested in experiments at CERN’s
Large Electron Positron (LEP) accelerator and the SLAC Lin-
ear Collider (SLC) to a precision approaching the tenth of a

percent level. According to the Standard Model, the fundamental
forces are due to the exchange of intermediate vector bosons, such as

The Next Steps
in Particle Physics

P

b y J O H N E L L I S

the Z boson probed at LEP and the
SLC, analogous to the photon respon-
sible for electromagnetism. These in-
teract with the fundamental matter
particles—the strongly-interacting
quarks and the non-strongly-
interacting leptons. Experiments at
LEP and the SLC have established a
limit of six each on the numbers of
conventional quarks and leptons.
The sixth and last quark—the top—
was found at Fermilab in 1995 with a
mass consistent with predictions
based on its quantum effects in the
precision electroweak data (see
“Discovery of the Top Quark” in the
Fall 1995 Beam Line, Vol. 25, No. 3).
Higher-energy experiments at LEP
are now producing pairs of the
charged vector bosons W+ or W− that
carry the weak nuclear forces, with
the aims of measuring their masses

and couplings to the photon and Z to
see, in particular, if they agree with
the predictions of gauge theories. By
the end of its operations  in the year
2000, LEP will also have searched sys-
tematically for all possible new parti-
cles weighing less than about
100 GeV. Meanwhile, the Fermilab
proton-antiproton collider will be
exploring masses up to a few hun-
dred GeV for some new particles.

The very success of the Standard
Model in describing to date all con-
firmed accelerator data raises funda-
mental problems to be addressed by
the next generation of experiments.
Foremost among these is the
Problem of Mass—What is the origin
of the different particle masses, and
in particular how do the Z and W
acquire masses around 91 and 80
GeV, respectively, while the photon
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remains massless? Newton taught us that weight is proportional to mass,
and Einstein taught us an equivalence between mass and energy, but neither
said anything about the origin of mass itself. In the initial formulation of the
Standard Model, particle masses were generated by an unseen field permeat-
ing the Universe, named after one of its proponents, Peter Higgs. There
should be a particle associated with this field, corresponding to quantum
fluctuations, which has been the quarry of searches at LEP and elsewhere.
The absence of such a Higgs boson, at the time of writing, implies that its
mass must exceed about 90 GeV.

Theoretically, this picture of a simple Higgs field and its accompanying
elementary boson is unsatisfactory. Some theorists have suggested that it
might be composite, and one of a multitude of new strongly-interacting parti-
cles, but the precision electroweak data disfavor many of these hypotheses. Al-
ternatively, an elementary Higgs boson may exist accompanied by a plethora
of supersymmetric particles—one for each known particle, with identical elec-
tric charge but different spin. Experiments at LEP and Fermilab have sought
such supersymmetric particles, which should weigh less than about 1000 GeV,
but to no avail so far. The search for a Higgs boson and its colleagues, be they
composite or supersymmetric, and the elucidation of their properties, is one of
the main items on the agenda of the next generation of particle accelerators.

Another key concern is that of the Problem of Flavor: Why is there such a
proliferation of quark and lepton species, and what explains their bizarre pat-
tern of masses and couplings to the W, including the appearance of CP viola-
tion? The Standard Model has no explanation for the number of particle
species, and just rewrites the couplings of the W boson in terms of the cou-
plings of the Higgs boson. This is unsatisfactory and has led some theorists
to postulate that quarks and leptons are composite. However, despite recent
alarms from Fermilab and the HERA electron-proton collider at DESY in
Hamburg, there is no experimental evidence for this radical hypothesis. The
new generation of experiments on mesons containing bottom quarks, at B
factories at SLAC and KEK as well as other laboratories, may elucidate the
mechanism of CP violation and help us understand flavor.

Finally, there is the Problem of Unification: Can the gauge theories of the
electroweak interactions be combined with quantum chromodynamics (the
theory of the strong nuclear interactions) in a Grand Unified Theory (GUT),
and perhaps with gravity in a Theory of Everything? Data on the vector-
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ton-proton collisions at a center-of-
mass energy of 14 TeV, with a lumi-
nosity of 1034cm−2s−1. In the longer
term, the LEP machine components
could be combined with the LHC to
make electron-proton collisions at a
center-of-mass energy of 1300 GeV
and a luminosity of 1032cm−2s−1.

The LHC proton-proton collisions
will provide the first exploration of
physics at an effective scale of 1000
GeV or more. At the top of the agen-
da in this energy range is the reso-
lution of the Problem of Mass. The
Higgs boson, or whatever replaces it,
is expected to weigh less than 1000
GeV. Indeed, the precision elec-
troweak data from LEP, the SLC and
elsewhere indicate that the Higgs
boson may weigh around 100–200
GeV. In this mass range, the Higgs
boson of the Standard Model should
have observable decays into photon
pairs or four charged leptons. Two
major detectors for discovery physics
at the LHC are under construction:
ATLAS and CMS (see companion ar-
ticles by M. G. D. Gilchriese and Dan
Green respectively in the Winter 1997
Beam Line, Vol. 27, No. 4). Each is
designed to be able to explore all the
possible range of Higgs-boson
masses, and particular attention is
being paid to the precise measure-
ments of photons and leptons.

The range of Higgs-boson masses
favored by the analysis of precision
electroweak data coincides with that
predicted in supersymmetric mod-
els, giving encouragement to their
advocates. The major LHC experi-
ments should be able to find strongly-
interacting supersymmetric particles—
the squark partners of quarks and the
gluino partners of the gluons of
QCD—if they weigh less than about

boson gauge couplings favor GUTs
with supersymmetry, and there are
hints that neutrinos might have
masses, as predicted by many GUTs,
but it may be difficult to accumulate
direct evidence for GUTs, or for a
more ambitious Theory of Every-
thing based on string theory.

Several accelerators have programs
that address these fundamental prob-
lems. I have already mentioned the
continuing runs of LEP and the Fer-
milab collider, and HERA will also
continue to run for several more
years. And, as already mentioned,
about to start operation are the B fac-
tories at SLAC and KEK in Japan that
will address the Problem of Flavor
(see “Why Are We Building B Facto-
ries” in the Spring/Summer 1996
Beam Line, Vol. 26, No. 1).

IN ADDITION, construction
has started on the Large Hadron
Collider (LHC) at CERN,which is

scheduled to come into operation
in 2005. The LHC will provide pro-
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This is how a Higgs boson weighing
150 GeV might look in the CMS detector
if it decays into four muons. Particles are
first tracked in the central part of the
detector, and muons then pass through
the cylindrical calorimeters that absorb
other particles, to be measured in the
outer chambers.
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2000 GeV, as expected in super-
symmetric models. They may also
be able to reconstruct decays of
squarks and gluinos, and to identify
some weakly-interacting supersym-
metric particles, as well as discover
at least one of the super-symmetric
Higgs bosons.

In this way, the LHC should pro-
vide a breakthrough in our under-
standing of the Problem of Mass. If
supersymmetric particles exist, it
should also provide some detailed
measurements of their spectroscopy,
that could provide some hints con-
cerning GUTs and perhaps a Theory
of Everything, contributing to our un-
derstanding of unification. The LHC
will also make possible measure-
ments of mesons and baryons con-
taining bottom quarks that are more
detailed than those possible with the
SLAC and KEK B factories, continu-
ing their assault on the Problem of
Flavor.

The LHC machine and detectors
are being constructed as a global pro-
ject, with significant contributions
from the United States, Japan, Rus-
sia, Canada, China, and Israel as well
as the European member states of
CERN. Indeed, the American con-
tingents of experimentalists are the
largest in ATLAS and CMS. It seems
likely that any future major accel-
erator project will be realized as a
similar global collaboration.

This is the context in which sev-
eral projects for linear e+e− colliders
are currently being prepared for pro-
posal to governments around the
world. Although we cannot be sure
what the LHC may (or may not) dis-
cover, we can already make some ed-
ucated guesses as to the stones it will
leave unturned. Although it can

discover the Higgs boson, the LHC
cannot measure many of its cou-
plings to other particles and verify
that it does its job of providing their
masses. Although it can discover
some supersymmetric particles, the
LHC probably cannot discover all the
predicted weakly-interacting ones. It
is also limited in its possible mass
measurements, and hence in the pos-
sible tests of unification it can make.
Also, the LHC may well be unable to
discover the heavier Higgs bosons ex-
pected in supersymmetric theories.
There is plenty of scope for an ac-
celerator with complementary capa-
bilities to complete our picture of
physics in the range of energies up to
about 1000 GeV.

LEPTON-ANTILEPTON col-
lisions offer a cleaner experi-
mental environment than

proton-proton collisions, and one in
which all types of particles—both
weakly- and strongly-interacting—
are produced democratically. An ex-
ample of the complementarity of e+e−

and hadron-hadron collisions has
been provided in the 100 GeV range.
Although the Z was discovered in

proton-antiproton collisions, its
detailed study has been possible only
in e+e− collisions. These and other
prior experiences convince us that
future e+e− colliders are likely to
broaden and deepen considerably our
understanding of physics beyond the
Standard Model.

The first established landmark be-
yond the energy reach of LEP is the
top quark-antiquark threshold around
350 GeV in the center of mass. De-
tailed measurements of properties of
the top quark will be possible, and
spectroscopic measurements may
enable us to derive indirectly some
properties of the Higgs boson.

Moreover, the fact that present
electroweak data favor a relatively
light Higgs boson offer the enticing
prospects of copious production at
a next-generation e+e− collider. This
would enable its couplings to the Z
boson, the bottom quark, the tau lep-
ton and perhaps two photons to be
compared in detail with the predic-
tions of the Standard Model or its su-
persymmetric extension. A linear
e+e− collider would certainly advance
our knowledge of the Higgs boson far
beyond its initial discovery.

Another guaranteed physics topic
is W+W− production, which will en-
able the gauge theory predictions for
W+W−photon and W+W−Z couplings
to be tested with far higher precision
than is currently possible at LEP or
Fermilab. It may also be possible to
measure the W mass more precisely,
as well as many other properties.

IN ADDITION to this (more or
less) guaranteed physics agenda,
there is the prospect of a thresh-

old for new physics beyond the
Standard Model, perhaps that for

The fact that

present electroweak

data favor a relatively

light Higgs boson

offer the enticing

prospects of copious

production at a next-

generation e+e− collider.
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supersymmetry. Unfortunately, we
do not yet know what the crucial
threshold energy may be. LEP may be
able to provide us with a better hint,
or perhaps the Fermilab proton-an-
tiproton collider, but we may well
have to wait for the LHC before
knowing better where (for example)
supersymmetry may appear.

Once one is above the threshold, a
linear e+e− collider will enable unpar-
alleled measurements to be made. The
masses of supersymmetric particles
can be measured with high precision,
and their spins determined. All the
heavier weakly-interacting super-
symmetric particles can be studied, as
well as the heavier supersymmetric
Higgs bosons. Many consistency
checks on the supersymmetric theory
will be possible, and many checks of
unification ideas will be made. Al-
though the LHC should be able to dis-
cover supersymmetry, and may be
able to make many spectroscopic
measurements, a linear e+e− collider
will be needed to complete the job.

In view of the uncertainty in the
supersymmetric threshold energy,
flexibility in the energy of such a col-
lider is essential. We have already
seen that a center-of-mass energy of
350 GeV provides an interesting ini-
tial program of top physics and per-
haps the Higgs boson. However, the
machine should be able to reach
much higher energies eventually: ide-
ally up to 1000 GeV per beam so as

to cover all the likely range of su-
persymmetric particle masses.

To my mind, there is a compelling
physics case for a linear e+e− collider
to cover the energy range between
LEP and 2000 GeV in the center of
mass. Its complementarity to the
LHC would ensure that the Problem
of Mass is completely resolved, and
the possible path to related physics
beyond the Standard Model is clari-
fied. Here, personal prejudice and a
broad consensus among theorists
have guided me to concentrate on su-
persymmetry, but the linear collider
would surely have similar benefits
for the study of composite Higgs
models. During the coming few
years, as projects for linear collid-
ers are finalized around the world,
this physics case must be conveyed
convincingly to the world particle-
physics community, and beyond. It
seems to me clear that any such pro-
ject would need to be constructed on
a fully international basis, building
on previous experiences with HERA
and the LHC. In this connection, the
present cooperations between dif-
ferent laboratories around the world,
notably between SLAC and KEK, are
excellent first steps. On the other
hand, it is also good that several al-
ternative technologies be researched
and developed in parallel, so that the
optimal choice may be made when
the time comes. Since several dif-
ferent options are being studied, one
might wonder whether more than
one project could be proposed suc-
cessfully. In my view, it would be dif-
ficult to convince the physics com-
munity of the need for more than one
linear collider in the energy range be-
low 2000 GeV in the center of mass,
but politics is another story.
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Pre-Accelerator

Damping
Ring

Artist’s conception of a TeV linear
electron-positron collider. The individual
elements are not drawn to scale.



can be demonstrated, so there is
plenty of work to go around! It is at-
tractive to consider a demonstration
project, analogous to the SLC as
“proof of principle” for linear e+e−

colliders. From the physics point of
view, an interesting option could be
a Higgs factory, which would exploit
the larger coupling of the Higgs bo-
son to muons, and the possibility of
a reduced energy spread compared to
an e+e− collider.

Finally, let me mention the ideas
that are being discussed for a possi-
ble proton-proton collider with
beams in the 50–100 ×103 GeV range.
The key technical issues here are the
reduction of tunneling and equip-
ment costs by an order of magnitude
below those of the LHC.

IT IS TOO EARLY to say
which of these possible options
for accelerators beyond the LHC

and the linear e+e− collider might be
most interesting.
The answer depends
on the unknown
physics that these
prior machines will
uncover. However,
we can already be
sure that both the
LHC and a linear col-
lider capable of
reaching up to about 2000 GeV in the
center of mass will be very exciting
physics projects. Now that the LHC
is under construction, I hope that all
the world’s particle physicists will
work together to gain approval and
construct such a linear e+e− collider.
Physics needs it!
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SINCE THE PERIODS be-
tween the first discussions and
the realizations of new accel-

erators are long and lengthening—
LEP was first studied in 1975 and en-
tered operation in 1989, a gap of
fourteen years, the LHC was first
mentioned in 1978 and first studied
in 1984—it is not too soon to consider
what might come after the LHC and
the linear collider. Several ideas are
circulating in the United States and
in Europe, many of which will re-
quire years of research and develop-
ment before a specific project can be
formulated.

One of these is a higher-energy
linear e+e− collider, operating in the
range of 2000 to 5000 GeV in the cen-
ter of mass. This would probably re-
quire a different technology from
those currently envisaged, operating
at a high accelerating frequency.
CERN has been doing research and
development on such a technology,
based on the compact linear collider
(CLIC) two-beam concept, as part of
the world-wide linear collider effort.
I trust that the CLIC work will con-
tinue, with the aim of demonstrat-
ing its feasibility for a post-LHC
project.

Another concept for colliding lep-
tons at several thousand GeV in the
center of mass is a muon collider.
There are major issues connected, for
example, with source intensity, beam
cooling and decay radiation, that will
need to be tackled in an extensive re-
search and development program.
Aspects of this idea are now being
discussed actively in the U.S. and it
is desirable that other regions of the
world also contribute to this effort.
A lot of work is necessary before the
feasibility of such a muon collider

Linacs

Synchrotrons

Solenoid

Li/Be
Absorbers

Recirculation   

Linacs

Linacs

Future Collider Parameters

Collider Particles Ec.m. Luminosity Starting
(GeV) (cm-2s-1) Date

PEP II e+e− 10 3×1033 1999
KEK-B e+e− 10 1034 1999
LHC pp 14,000 1034 2005
LHC ep 1300 1032 ?

Possible layout of a muon collider.



HE DEVELOPMENT AND HISTORY of the vio-
lin covers much the same time frame as contemporary
physics. While Newton was developing his classical
mechanics and formulating how the planets move in the
sky, Antonio Stradivari was creating some of the world’s

greatest and most treasured violins in Cremona, Italy. This
instrument had evolved from the viol family
about one hundred years earlier and was given
its final form by another Italian maker,
Gasparo da Salo, and his student Giovanni
Maggini. Like the modern-day electric guitar,
this evolution was driven by the need for a
louder sound to accommodate public func-
tions. It was an instrument of the masses,
unsophisticated and brash. The viol remained
the refined favorite of the royal courts.

Salo’s new design was seen and copied by a Cremonese
maker, Andrea Amati, whose sons continued their father’s
lead and perfected the violin’s design. The question of
whether Stradivari was an apprentice in the Amati shop rests
on a single label in one of his violins attributing its style to
Amati. What we know for sure is that both lived in Cremona
in the second half of the 1600s and that Stradivari began mak-
ing violins in the Amati style. He soon branched out,
however, and went on to a long and illustrious career during
which he produced over a thousand instruments.

By 1750 the violin had gained wide acceptance. Indeed,
most famous composers of the day produced works that fea-
tured this instrument. It was their demands that led to some
last modifications. The definition of pitch was raised and the
neck (and hence the string length) was lengthened, allowing
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A Physicist in the World of Vi
by WILLIAM ATWOOD

A physicist applies well-known

principles to the construction

of violins and in the process comes

to a better understanding

of techniques for shaping their sound.



BEAM LINE 21

a greater range in notes.
Unfortunately, the original
technique of simply nail-
ing and gluing the neck
onto the body proved too weak to counterbalance the pull of
the strings. In response, in the late 1700s the maker Man-
tegazza developed a method of mortising the neck into the
sides and top block for added strength. The modern violin
had been born. However, violins made during the next two
centuries failed to achieve the success of the earlier Italian
makers, leading many to believe that a secret or secrets had
somehow been lost.

Yet, progress was made during this period in understand-
ing how bowed instruments produced their characteristic
sound. The German physicist Hermann von Helmholtz is
credited with explaining bowed string motion. The condi-
tions of fixed length and tension and of continuous sound
(periodicity) mean that the only frequencies present could be
integral multiples of the fundamental (that is, the lowest al-
lowed vibration mode). Musically this means that for a given
note, its octave, the fifth above that, the next octave, the
third above that, and so on are part of the sound. Helmholtz
recognized that the timbre of the violin sound must be very
rich in these harmonics, and he became curious as to how
the moving string produced them. The string, he determined,
does not just wag back and forth upon being agitated by the
bow. Rather a sharp kink makes round-trips between the
bridge and the nut, flipping over at each reflection (see the
above illustration). As the kink passes by the contact point
of the bow on its way to the bridge, it first releases the grip
of the bow hairs on the string and then an instant later grabs
them again. The result is a continuous plucking action often
referred to as “slip stick.” The kink travels in an apparent 

lins KinkBridge

Nut

An example of Helmholtz string motion
where a kink appears to rotate around
the string, alternately bouncing off the
bridge and the nut.
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profound influence on the sound but
also are structurally critical as the
downward force of the bridge owing
to the tension of four strings is about
twenty pounds.

The violin body is basically a res-
onator driven by the vibrations from
the bridge induced by the aforemen-
tioned Helmholtz-type string mo-
tion. However, only those frequen-
cies that approximately match the
natural resonances of this system
will result in any appreciable sound.

The frequency response can be
measured by vibrating the bridge
with a pure sine wave (no harmon-
ics). This is accomplished by at-
taching a lightweight transducer to
the bridge and sweeping the drive fre-
quency while keeping the amplitude
constant. The relative sound out-
put can then be recorded (see left il-
lustration on the opposite page).
While the data in this plot are in de-
tail complex, some overall features
are easily understood. First there is
a forest of resonances extending from
about two hundred hertz up to about
fifteen kilohertz. Although there are
many sharp gaps, most notes gener-
ally sit sufficiently close to a reso-
nance to be excited. The lower end
of this range is quite curious: the bot-
tom few notes on a violin (G at 196
Hz and G# at 208 Hz) fall off the edge
of the response envelope. Somehow
our ears are able to infer these notes
from the higher harmonics they con-
tain. Also, investing money in home
audio equipment with responses
above fifteen kilohertz won’t make
the violins sound better!

Each note on a violin has its own
particular sound. The fundamental
as well as its harmonics will fall in
various places in the response

clockwise direction for “down” bows
and counter clockwise for “up” bows.
As a result, when drawn across a lev-
el string, the bow tends to skate to-
wards the bridge on an up-bow and to-
wards the fingerboard on a down-bow.

Following the Second World War,
a renaissance in violin making began
with luthiers bent on recapturing the
precision and artistry of former years
and a new interest from scientists
about how the violin works. Sever-
al new schools dedicated to the con-
struction of stringed instruments
now exist in the United States. And
there are organizations with refereed
journals focused mainly on the sci-
ence of the instrument. In this stim-
ulating environment, a young and en-
thusiastic group of makers is argu-
ably producing violins that may in
fact rival the old Italian instruments.

FUNDAMENTALS
OF A WORKING VIOLIN

The illustration at the top of the page
is a cross section of the violin at the
location of the bridge. The body is es-
sentially an empty, thin-walled box.
The top plate, or “belly,” that pro-
duces most of the sound is typically
two to three millimeters thick while
the back is similar in thickness
around the edges but can be five mil-
limeters or more near the center. The
walls are approximately one mil-
limeter thick except for the linings
that reinforce the glue joint to the
belly and the back. Under the foot
of the bridge corresponding to the E
string, a small dowel mechanical-
ly couples the top to the back. Un-
der the other foot is a longitudinal
stiffener called the bass bar. Both of
these components not only have a

Bridge

Bass Bar

Sound Post

f Hole

A cross section of the violin at the
bridge.
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spectrum and be amplified accord-
ingly. In the right-hand figure above
the waveform of the sound of a vio-
lin being bowed on the open E string
is shown fit to a harmonic series. For
this note the fifth and sixth har-
monics are three and two times larg-
er than the fundamental. The appar-
ent rapid oscillations are the result
of these harmonics, slowly interfer-
ing with each other while the (slow)
overall envelope modulation is at the
fundamental frequency of 660 Hz.
Yes, we hear E, but we also very
quickly identify the note as coming
from a violin. It is the presence of
these harmonics that identifies the
source of the sound for us. If we re-
peated the above exercise for other
notes, similar results will be ob-
tained; however, the harmonic con-
tent (which harmonics are impor-
tant) will change. 

To achieve good projection, one
wants positive pressure waves to be
produced simultaneously from the
top and back of a violin. You might
visualize this condition as the violin
alternately swelling and shrinking.
Jack Fry, another noted physicist,
pointed out in the 1970s that the
arrangement of sound post and bass
bar inside a violin resulted in this
type of radiator. But certainly not all
of the resonances can be so simple.
Various places on the surfaces of the
two plates will be moving in and out
of phase and hence form higher pole

radiator patterns. For each note, var-
ious radiation patterns will empha-
size various harmonics when mea-
sured at different locations. As
Gabriel Weinreich recently observed,
“perhaps this is part of the intrigu-
ing aspect of the violin sound. . .it
seems to dance and sparkle, coming
all at once from some place and at
the same time from no place in
particular!”

APPLYING PHYSICS
TO MAKING VIOLINS

A physicist’s approach to learning
about a new physical system often
starts with fundamentals such as
how big, how small, what controls
the overall behavior, etc. John Schel-
leng pursued this type of dimensional
analysis and found an overall figure
of merit for violin wood: the ratio
of the density to the velocity of
sound. One can intuitively under-
stand this ratio is important by ob-
serving that if, for instance, the top
weighs a lot, it will require a hard
shove to get it moving. But, just be-
ing light is not sufficient. We want
the entire top plate to move—not just
the local area under the feet of the
bridge. Hence, the stiffness is also of
prime importance.

It is interesting to plot the den-
sity versus velocity for various types
of wood (see illustration next page).
Along straight lines emanating from
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A modern mechanical engineer
might view the violin as an example
of thin shell technology. Violin plates
begin as thick pieces of wood. The fi-
nal cross-sectional shape shown in
the figure on page 22 is arrived at
through a two step-carving process.
First the outside is shaped. The curve
(called the arching pattern) is usu-
ally copied from one of the old Ital-
ian masters. While these arching pat-
terns may appear the same to the
untrained eye, there can be a wide
variety in the maximum height and
how full the curve is. “Height” is a
measure of how much the center sec-
tion puffs up from the plane of the
sides (usually 14–16 mm). The back
of the instrument can have a differ-
ent height than the front. The “full-
ness” of the arch refers to how far
this puff extends toward the edges.
“Swoopy” arches start their descent
closer to the center. Full arches (de-
scent closer to the edge) tend to be
stronger and more resistance to long-
term deformation owing to the sta-
tic loading produced by the strings.

After shaping the outside, the in-
side is scooped out. Here’s where the
fun begins! How thick should the
wood be and what thickness pattern
should be used. This is complicat-
ed and still only poorly understood.
Since the material is wood and there-
fore anisotropic with variations in
physical properties from piece to
piece, any recipes based purely on
dimensions will fail. Somehow one
must use the vibrational properties
of the individual plate to guide the
thinning (or graduating) process.

Traditionally makers have use a
technique based on “tap” tones.
Holding the free plate off center in
the upper area with the thumb and

the origin the ratio is con-
stant: large values being
“good.” Balsa wood seems
to be the material of
choice! Of course we’re
not even suggesting this
option since, as already
mentioned, the static load-
ing of twenty pounds from
the downward force of the
bridge would tax the
strength of balsa. Not far
behind, however, is
spruce. This is the mate-
rial of choice in practically
all musical instruments
that have a wooden sound

board (pianos, guitars, harps, violins)
and for the same reason (high stiffness
per unit weight) was the material of
choice for aircraft before aluminum
was readily available (Howard
Hughes’ famous Spruce Goose).

However only the top of a violin
is made of spruce. The rest is usu-
ally made from curly maple, a high
figured hard wood. The above chart
reveals that this material wasn’t cho-
sen on the basis of sound production
but rather for its beauty and perhaps,
more fundamentally, its strength (the
axial pull of the four strings combine
to over sixty pounds). It also matters
how the wood is cut from the tree.
Detailed experiments have revealed
that the velocity of sound decreases
as the alignment of the fibers deviates
from being parallel to the surface. In
fact not only does the sound velocity
go down, but the rate at which vi-
brations are damped-out increases.
This becomes a noticeable effect for
deviations as small as a few degrees.
Traditional makers have always pre-
ferred wood split from logs rather than
sawed. Now we know why.

6

7

5

4

3

V
el

oc
it

y 
  (

x1
05

 c
m

/s
ec

)

2

1

0
0 0.40.2

18
15 12 10

8
7

6
5

4

3

0.80.6
Density    (g/cc)

1.0 1.2

1

2

3

4

5

6

7

8

9 10 12

11
13

14 15

16 17

18
19

1 	 Balsa	 8	 Pine	 15	 Sycamore
2	 Poplar	 9	 Larch	 16	 Rosewood
3	 Norway Spruce	 10	 Walnut	 17	 Oak
4	 Poplar	 11	 Amer. Mahogany	 18	 Pear
5	 Linden	 12	 Ash	 19	 Pernambuco
6	 Padouk	 13	 Norway Maple
7	 White Fir	 14	 Sycamore Maple

Data from Barducci and Pasqualini

The velocity of sound versus the density
is plotted for different types of wood.
This ratio (velocity/density) is a good
figure of merit for acoustical quality of a
material, high values being best. The
data points indicate typical values for a
particular wood; however, a variation of
30 percent in both sound velocity and
density is not uncommon.
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forefinger and tap-
ping near the cen-
ter with the other
hand produces a
distinct pitch that
can be perceived as
the plate nears its
final thicknesses.
Keeping the same
holding point and
tapping at the cen-
ter near the bot-
tom reveals yet
another pitch.
When old Italian
instruments are disassembled for
repair, their tap tones are often ex-
amined. In particular, a famous
maker/restorer named Simone Sac-
coni, who worked on many of the ex-
isting Stradivari violins, reported that
all had tap tones between F and F#,
strongly suggesting that this was part
of the equation that evolved in Italy
three hundred years ago.

Carleen Hutchins, who studied
under Sacconi, developed a new
method for measuring tap tone while
making instruments. She showed
that they corresponded to eigen-
modes of the free plate, which can be
seen clearly using the technique of
Chladni patterns. Hutchins sus-
pended a violin plate horizontally
above a loud speaker connected to an
audio signal generator. When black
glitter is sprinkled on the surface,
at resonance, the patterns shown in
the drawing on the right appear. The
nodal lines are the places where the
plate is not moving and hence the
glitter tends to accumulate. The tra-
ditional tap-tone technique required
holding the plate on a nodal line and
tapping at an anti-node. This simple
process is in wide use today.

Tuning the tap tones has now been
reduced to a “science,” but free vio-
lin plates are not an end in them-
selves. The plates are eventually glued
to the sides, changing the boundary
conditions from free to somewhere
between hinged and clamped. Inves-
tigations into the vibration modes for
plates both free and clamped have
shown that the thickness of wood
near the edges of a plate is critical in
determining the eigenmodes for the
clamped condition but has little ef-
fect on the free plate. Wood removal
near the center controls the latter.

SETUP

Completing the violin after graduat-
ing the plates involves a great deal
of precision woodworking and then
comes the varnishing. The next phase
in which physics can play a part is
in the “setup.” This includes shaping
the fingerboard and bridge, fitting the
sound post, adjusting the tailpiece,
and so on. Much of how the final
product will sound is determined at
this stage.

The bridge of the instrument con-
veys the vibrations from the strings Mode 1 Mode 2 Mode 5

The three main eigenmodes for a free
violin top plate are shown below. The
frequencies associated with these
modes are approximately an octave
apart.
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While there has been little
quantitative work to detail what
sound a mode-matched instrument
makes as opposed to an unmatched
one, both players and listeners pre-
fer the former. The frequency of the
air cavity mode is determined most-
ly by the volume of the box and the
size and shape of the f holes. Little
can be done to alter this “bottle” note
and indeed one finds little variation
from instrument to instrument. A
closely related note can be found by
humming into an f hole and finding
the pitch at which the body resonates
(usually between C to C#). The first
bending mode has two transverse
nodal lines running across the widest
sections of the upper and lower ar-
eas. The pitch of this eigenmode can
be determined by holding the in-
strument upside down at the widest
point in the area next to the tailpiece
and lightly tapping on the scroll. It
turns out that the fingerboard can be
modified to vary this note. By adding
weight at the end near the bridge or
by thinning the fingerboard in the
area where it joins the neck, the note
can be lowered.

The tailpiece also plays an im-
portant role. The relative lengths of
the strings between the bridge and
the nut at the far end of the finger-
board and between the bridge and the
tailpiece should be six to one. This
length can be approximately tuned
using a ruler; however, a knowledge
of harmonics gives a simpler and
more accurate technique. A string
which is one-sixth the full length
will sound a note at the fifth above
the second octave. Given that violins
are tuned in fifths means that by
plucking the string behind the bridge

to the top. In some sense it may be
viewed as an audio filter. Its tradi-
tional and intricate shape was most
likely arrived at through trial and er-
ror with an eye on the esthetics and
an ear on the resulting sound. Ob-
servations of which bridges sound
good suggested an experiment us-
ing similar tuning techniques to
those used for free plates. A high-
power audio tweeter and audio gen-
erator revealed that the best bridges
had a simple bending eigenmode
pitched at high F (2800 Hz).

After a final fitting with strings,
the vibrational modes of the com-
plete instrument can be investigated
and adjusted. When the lowest air
cavity resonance and the lowest
body-bending mode have similar fre-
quencies, the violin comes alive.

Both Helmholtz and Drell seem fascina-
ted with bowed string motion. Here Drell
is engaged in a real time analysis of the
bow’s slip-stick interaction with the
string.
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and comparing it to the note of the
next higher string plucked in front of
the bridge an octave should be heard.
The pitch of the note behind the
bridge may be adjusted by changing
the length of the cord (called the tail-
gut) fastening the tailpiece to the end-
pin of the instrument. But the tail-
piece also has resonances which have
been found to have optimal values.
Changing the tail-gut length changes
these pitches as well. The only re-
maining free parameter is to adjust
the weight of the tailpiece: heavier
lowers its resonance pitches while
lighter raises them.

PLAYING

One of the appealing attributes of the
violin is the variety of sounds. This
sound palette is manipulated through
the bowing technique. The main
variables are the speed of the bow,
the downward pressure on the string,
and the point of contact on the string
with the bow hair. (To a lesser extent
the amount of hair which is in con-
tact with the string also plays a role.)
All this occurs essentially in a three-
dimensional space. A two-dimen-
sional projection of this bowing space
is illustrated in the figure on the
right. The softest sound is obtained
with a slow, light bow halfway be-
tween the fingerboard and the bridge
while the loudest notes are produced
with a fast, heavy bow at a similar
contact point. The most variation in
speed and pressure can be found in
the middle of the range. Here too is
the largest range of possible contact
points. Harsh, biting sounds may be
produced with the bow near the
bridge, while soft, fluffy sounds are

obtained with the contact point near-
er the fingerboard. By adjusting these
three variables, the violinist is chang-
ing not only the music dynamic but
also the timbre of the sound.

An obvious question is what hap-
pens if you go outside the “allowed”
region in the bowing space? You pro-
duce either an annoying scratching
sound or an equally unpleasant
whistling. The edges of this space are
given by the boundaries for the
Helmholtz-type “slip stick” action
as discussed in the introduction. Pre-
ferred violins have a large bowing
space. These instruments allow the
concert artist the greatest range in
sound color and dynamic. A corol-
lary is that cheap violins have a small
bowing space. This explains how the
beginning student, with little bow
control, may sound atrocious on a
$200 fiddle provided by the parents
while the teacher (with a great deal
of bow control) can sound reasonably
good!

Physics or physics training does
not give any intrinsic advantage to
violin making. Music is essentially
esthetic and producing an instrument
necessitates highly developed wood-
working skills. However, physics can
be a tool for understanding what pa-
rameters of the instrument control
various aspects of its sound, thereby
providing a guide for shaping it. It can
also inspire experiments with nar-
row focus aimed at resolving specific
issues in violin making. And, final-
ly, good experimental science, specif-
ically the recording of detailed notes
on each instrument, can pay off
handsomely when trying to deter-
mine what works or doesn’t work.
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The bowing space for the violin is illus-
trated above. The speed that the bow is
drawn across the string together with the
down pressure changes the musical
dynamic (shown inside the white dia-
mond). The point of contact between the
bow and string changes the “color” of
sound and has its largest range in the
middle (shown outside the white
diamond).
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by HEINO HENKE & ROBERT SIEMANN

A Possible Future
Microfabrication for Millimeter W

Large and small scales are

intertwined throughout

physics. Huge accelerators

produce beams for atomic,

nuclear, and particle science.

In an interesting, new twist,

microfabrication could be

the key to the accelerators

of the future.

INSTRUMENTS AND THEIR CAPABILITIES often
determine the frontiers of science. The particle physics fron-
tier is the highest achievable energy, and there has been
exponential growth in energy because of breakthrough con-
cepts, inventions and discoveries, and application of new
technologies to particle acceleration. The Fermilab Tevatron
is an example—there the earlier breakthrough concepts of
strong focusing and colliding beams are combined with
superconductivity, one of the great discoveries of modern
physics, and the application of superconducting technology
to accelerator magnets.

Synchrotron radiation sources are having profound impact
on a wide range of sciences from condensed matter physics
to protein crystallography. Those synchrotron radiation
sources were made possible by the invention of klystrons
which are efficient high power radio-frequency (rf) ampli-
fiers, strong focusing, and sophisticated magnet technology.

What concepts, discoveries, and/or technologies will
determine the future frontiers of accelerator-based sciences?
In the near term the CERN Large Hadron Collider and the
NLC—or ILC—the international linear collider being
designed jointly by KEK and SLAC, depend on extensions of
magnet and rf technologies. Superconducting rf is becoming
more and more important for high current applications in
nuclear and particle physics, for single-pass coherent light
sources and for linear colliders with the TESLA project at
DESY. However, none of these are breakthroughs—and
without breakthroughs the costs of accelerators are
becoming formidable.
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Our interest has been in explor-
ing new technologies which are riski-
er but have breakthrough potential.
One such technology is microma-
chining that makes it possible to
think about millimeter-wavelength
accelerators that have millimeter-
size features. These accelerators have
potential for both particle physics
and synchrotron radiation, but they
cannot be realized from straightfor-
ward extrapolations of long wave-
length accelerators like the classic
SLAC 10-cm wavelength, S-band
linac. We do not imply that there are
not formidable problems; rather we
see an opportunity if the problems
posed can be solved either through
technological developments or con-
ceptual insights.

MICROFABRICATION

In the last few decades microfabri-
cation has made impressive progress.
High speed milling machines and
shaped diamonds allow 2–5 µm pre-
cision. Tiny high pressure water jets
and laser beams provide fast and pre-
cise cutting. Pressureless wire elec-
trodischarge machining reaches the
accuracy limits (below 1 µm) of the
best measuring devices. Ion etching
and lithographic techniques, the
work horses of the semiconductor in-
dustry, have been modified for
mechanical manufacturing. The
youngest offspring is shape deposi-
tion manufacturing where metallic
powder is injected into the melt-pool
of a scanning laser focus.

Traditionally linac structures are
cylindrical, but a more open struc-
ture is needed for adequate vacuum
pumping as dimensions shrink to the
millimeter scale. The planar, muffin-
tin geometry shown in the illustra-
tion above seems to be the best can-
didate. It consists of two separate
halves with a wide gap in between
that provides sufficient pumping con-
ductance. This simple two-dimen-
sional structure has mechanical tol-
erances in the 1 to 3 µm range. These
tolerances and the planar geometry
make wire electrodischarge ma-
chining and deep X-ray lithography
with the German acronym LIGA that
stands for Lithographie, Galvanofor-
mung, Abformung meaning lithog-
raphy, electroforming, and molding.

Electrodischarge machining (EDM)
is a relatively cheap and conceptu-
ally simple process, and the toler-
ances achieved are remarkable. The
workpiece and an electrode are im-
mersed in a dielectric fluid, and a
high voltage pulse produces an arc
between the electrode and workpiece
which erodes the surface. Since the
electrode is eroded as well, it has to
be replaced, and a wire electrodis-
charge machine uses a thin, spooled

Beam Axis

Cooling

RF Input

Vacuum

A muffin-tin accelerator structure.

aveAccelerators
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required for accelerator applications,
and they have relative advantages
and disadvantages that could prove
crucial. Two drawbacks of EDM are
that the structure must be con-
structed in layers and diffusion bond-
ed together and that the process is
not well suited for mass production.
LIGA is expensive for prototype fab-
rication since it requires an X-ray
mask which typically must be man-
ufactured in three steps, a synchro-
tron radiation beam line for a many-
hour exposure of the plastic resist,
and facilities for developing the re-
sist and electroforming the structure
which proves to require care and ex-
perience. It should be much cheaper
when producing large numbers of
identical structures because molding
can be used. Open questions depend
on the application and relate to sur-
face quality and the suitability of elec-
troformed copper for high gradients.

mm-WAVE POWER SOURCES

In many ways the availability of high
power sources is critical for accel-
erator development, and at the pre-
sent time such sources for mm wave-
lengths are scarce. The only real high
power sources are gyrotron oscilla-
tors with up to 1 MW power, and they
are large and expensive. Modifying
them to be amplifiers reduces the
power rating and efficiency dramat-
ically. The Naval Research Labora-
tory, working in collaboration with
CPI and Litton, is developing a
100 kW gyrotron amplifier. Another
candidate for high power at short
wavelengths is the ubitron, but it is
better suited as an oscillator, and sig-
nificant development is needed for it
to be a high power amplifier.

tungsten wire that cuts through the
workpiece like a fretsaw. The cutting
speed strongly depends on the thick-
ness of the workpiece and the desired
surface finish. Today, the best ma-
chines cut 1 mm per minute in a
1 mm thick copper sheet with sub-
micron precision and 1 µm surface
roughness. A nearly optical surface
roughness of 0.1 µm is possible at
lower speeds.

LIGA has been developed primar-
ily at Karlsruhe, Germany, for fab-
ricating microstructures with ex-
treme height to width ratios. In a first
step (Lithographie) a thick resist lay-
er of plastic is irradiated through a
mask by synchrotron radiation (see
illustration on the left). By develop-
ing the exposed resist layer, a tem-
plate is produced which can be filled
with a metal by electroforming
(Galvanoformung). After stripping
the unexposed resist a metallic mi-
crostructure is obtained. A third and
fourth step allow for mass fabrica-
tion. A negative of the microstruc-
ture is obtained by injection mold-
ing of thermoplastic material
(Abformung). This negative serves as
a template for subsequent electro-
forming processes. Many structures
can thus be made from the original
master.

Today LIGA is an advanced tech-
nology. Many components such as
acceleration sensors, microturbines,
electrostatic motors, and linear ac-
tuators are being manufactured by
industry. The achievable accuracy is
around 1 µm or better, and structure
depths of 600 to 800 µm are possible.
This is exactly what is needed for a
muffin-tin structure.

Both EDM and LIGA have the
promise of meeting the tolerances

X-ray Sensative Plastic

Injection Molding

Substrate

Metal

X-rays

Material

Expose and Develop Plastic

Electroplate

Remove Plastic

Injection Molding

Simplified lithography process.

20 mm

A 94 GHz muffin-tin accelerator fabri-
cated with LIGA by Argonne National
Laboratory scientists (top) and the
center of a 25-cell, 91 GHz accelerator
machined with EDM at Ron Witherspoon,
Inc. (bottom).
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Microfabrication offers a new and
different approach to a mm-wave
power source—a large number of
small, simple, and cheap tubes with
a minimal power distribution net-
work in contrast to the usual con-
figuration of a small number of high
power tubes with a complex distri-
bution circuit. A mm-wave klystron
should be able to generate up to
150 kW and would have good effi-
ciency. Using permanent magnet fo-
cusing, developed at SLAC for X-band
(3 cm wavelength), such klystrons
would meet the goal of being small,
simple, and cheap.

A 150 kW klystron would be an
ideal power source for compact, low
energy accelerators, but high energy
accelerators require substantially
more power. Possible ways to achieve
that are discussed in the high energy
accelerator section.

COMPACT, LOW ENERGY 
ACCELERATORS

An advantage of mm-wave accelera-
tors is the small, planar geometry.
Complex structures can be realized
with lithography on a single support
with no extra fabrication costs, and
the designer’s skill—rather than cost
or space—becomes the limiting fac-
tor. This leads to new ideas for com-
pact, low energy accelerators that
could include a small, light linac for
medical applications, a space-based
accelerator, or a compact synchro-
tron radiation source.

Some applications require stand-
ing wave cavities where forward and
backward traveling waves conspire
such that the accelerating gradients
have alternating signs from cell-to-
cell. It isn’t possible to feed many

cells of a standing-wave cavity from
a single input coupler, and these
structures are also sensitive to fab-
rication errors. The solution is to use
specially designed coupling cells that
do not contribute to the acceleration
but increase and symmetrize the cou-
pling. Such a structure is normally
complicated and expensive, but with
lithography one gets it for free.

Klystron Amplifier Principle

RF In

Cathode

Collector
Anode

Input
Resonator

Output
Resonator

Solenoid

Drift Space

Electron Beam

RF Out

Basic klystron arrangement.

THE PRINCIPLE OF THE KLYSTRON AMPLIFIER is shown
in the figure above. A heated cathode emits a continuous electron
beam of relatively low density. The beam is accelerated and at the

same time focused by an electrostatic anode before entering an input

resonator that is fed by a low power in-
put signal. There the beam receives a
velocity modulation that depends on the
input signal. This dependence makes the
klystron an amplifier, as opposed to an
oscillator. This is critical because it al-
lows control of the multiple klystrons
needed in an accelerator. After a drift
space, where the beam is focused mag-
netically, the originally continuous beam
is bunched which corresponds to a large

rf current. It enters the output resonator
where it loses energy to an external load
(usually the accelerator). The leftover
beam with a strongly reduced kinetic en-
ergy is dumped into the collector. The
klystron as described would be fully op-
erational, but it would have low efficiency
and low gain. High power klystrons have
additional idling resonators between the
input and output resonators to improve
the bunching process.
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a klystron, beam monitors, and mag-
netic focusing devices are mounted
on a single support and all fabricated
lithographically. A module then
needs only connections to the pow-
er supplies, vacuum pumps, and low
power electronics to become a work-
ing accelerator.

PARTICLE PHYSICS

The potential advantage of mm-
wavelength accelerators for parti-
cle physics is a higher accelerating
gradient. It is known from experience
with 1–10 cm wavelengths that gra-
dients are limited by dark current
capture, which is the acceleration of
field emitted electrons to relativis-
tic energies, and by rf breakdown
which is a complex phenomenon
involving field-emitted electrons,
X rays, ions, rf fields, and surface con-
ditions. The maximum gradients
from these phenomena scale approx-
imately inversely with wavelength
as shown in the figure on the left.

These wavelength dependencies
give mm-wavelengths breakthrough
potential, but short wavelength, high
gradient accelerators require much
more than a straightforward extrap-
olation from longer wavelengths.
Our colleague Dave Whittum of
SLAC has a lighthearted, but also se-
rious, transparency that summarizes
the situation were such an extrap-
olation made, “The power source
doesn’t exist; the accelerator would
melt in one shot; the beam density
dilution is unacceptably large; the
beams destroy themselves during the
collision; and the collider would
require a dedicated power plant.”
This is fertile ground for imaginative
solutions.

A mm-wave rf undulator is under
development at Argonne National
Laboratory’s Advanced Photon
Source. When a relativistic electron
beam travels through an rf undula-
tor, it is subjected to transverse forces
from the rf fields, and it radiates co-
herent, quasi-monochromatic radia-
tion similar to that from a conven-
tional magnetic undulator. At around
100 GHz the undulator period can be
as short as 1 mm. This is substan-
tially smaller than possible with a
magnetic undulator, and the electron
beam energy can be lowered for the
same photon energy.

Scientists at the Technische Uni-
versitaet in Berlin are interested in
low energy accelerators with gradi-
ents between 1 and 10 MV/m, and the
main concerns are small size, low
weight, and low cost. One example
is a compact 50 MeV linac that could
power either an undulator or a free
electron laser and generate tunable
radiation down to 50 nm wavelength.
The figure at the top of the page
shows some details. The klystron
and beam focusing device are inte-
grated such that the whole acceler-
ator fits on one table apart from pow-
er supplies. For the future it would
be attractive to have integrated ma-
chine modules. That means a certain
number of rf structures together with
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Begin with pulsed temperature
rise and associated destructive ef-
fects. Radio-frequency losses are con-
centrated on the surface, and the
resultant heat does not diffuse sig-
nificantly into the metal during the
rf pulse. The surface volume is re-
peatedly stressed beyond the yield
strength and eventually the surface
could fail. This has been seen with
40˚C temperature rise in high power
laser mirrors where surface quality
is critical.

Forty degrees is far below the tem-
perature rise for interesting acceler-
ating gradients, but there is anecdo-
tal evidence that pulsed temperature
rises well above that do not cause
problems for rf cavities. An experi-
ment using power from the X-band
klystrons is in progress to study this
systematically. The first run had the
tentative result that rf properties of
copper were not affected after 107

pulses with over 100˚C pulsed tem-
perature rise. This apparatus will also
allow testing of materials with higher
yield strength and testing of ideas to
reduce pulsed temperature rise such
as a thin diamond coating that is
transparent to rf but serves as a heat
sink thereby reducing the tempera-
ture rise by up to a factor of three.

Beam-induced fields, or wake-
fields, reduce the beam phase space
density. If the reduction is suffi-
ciently large, it is impossible to fo-
cus tightly at the interaction point.
Wakefield effects are proportional to
charge, offset of the trajectory from
the center of the aperture, and vary
inversely with the cube of the wave-
length. The latter is obviously bad
for short wavelengths. The best way
to reduce wakefields is to precisely
align the beam and accelerator.

Experiments with a prototype X-band
structure have demonstrated that
wakefields can be detected and are
precise position monitors. A
wakefield-derived signal can be used
as the input to a feedback loop that
maintains alignment. Such feedback
loops could provide the wakefield
control that is needed for millimeter
wavelengths. To the degree they do
not, the charge will have to be
lowered.

But, since luminosity depends on
the beam charge as well as phase
space density, this is also bad. It is
possible to get high luminosity with
low charge individual bunches by ac-
celerating a large number of bunches,
one behind the other, with a long rf
pulse (see the illustration at the top
of the page). This cannot be extended
to millimeter wavelengths because
the pulsed temperature rise is pro-
portional to the square root of the
rf pulse length. Dave Whittum has
conceived of a simple, elegant way
to accelerate multiple bunches: let

RF Energy Beam Bunches Accelerator Structure

RF Energy

e–

The conventional and matrix accelerator
approaches to multiple bunch
acceleration.
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SOME OF WHAT we have
written about is futuristic;
some is not. Some will come to

pass, and some will not. The 150 kW
klystron and low energy compact
accelerators could be realized in the
near term. When they are, they will
be direct results of thinking about
and applying microfabrication to
accelerators.

A millimeter-wavelength, 5 TeV
collider is an ambition to study
physics at a new energy frontier. It
will take originality and creativity to
make it possible, and even so it may
never be. It is a promising direction,
and, as with all basic research, one
pursues it for that reason while at the
same time realizing that the unex-
pected is expected.

the rf and beam travel in perpendic-
ular rather than parallel directions.
This “matrix accelerator,” shown on
the previous page, accelerates mul-
tiple bunches while keeping the rf in
a single cell for only a short time.
Like many conceptual breakthroughs,
this solves a problem but introduces
new ones which, hopefully, are eas-
ier to solve. Parallel beams must be
combined; the rf structure remains
to be designed and shown to be prac-
tical (lithography could be the key);
and a source for the required high
power rf needs to be invented.

To put a scale to the rf power, the
gradient depends on the square root
of the rf power, and a muffin-tin
structure requires 40 MW input
power for 200 MV/m gradient. If such
powers are possible they require both
a power source beyond the 150 kW
klystron we discussed and pulse
compression. A high power ubitron
may be the right power source. We
will know better when the klystron
development is further along. With
a ubitron one could reach multi-
megawatt power levels for several
microseconds. This must be com-
pressed down to a few nanoseconds
to have the appropriate peak power
and pulse length for the matrix ac-
celerator. Pulse compression is rou-
tine; it is used in the SLAC Linear
Collider and is part of the NLC rf sys-
tem. The new aspects are the degree
of compression and the almost cer-
tain need for active switching of high
power rf which has been demon-
strated at moderate powers.
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THE UNIVERSE AT LARGE

Can’t You Keep Einstein’s Equations Out 
of My Observatory?
by VIRGINIA TRIMBLE

LL SPECIES ARE ADAPTED to the environ-
ment that has been around for a while (some ad-
mittedly better than others). This includes Homo

scientificuss and its subspecies H. scientificuss astronomische.
Thus even we, committed though we are to Progress and
Advancement, tend to resist changes in our surroundings.
Such resistance is by no means completely foolish. Most of
the inventions patented never worked very well; most new
ideas are wrong; and most of the people who tell you how to
improve your research want to start without the second law
of thermodynamics. Hence, betting against neat, new things
is nearly always the winning strategy. But when you lose,
you lose spectacularly, and virtually all the achievements of
astronomy over the last few centuries can be traced pretty
directly to changes in technology, demographics, or theoreti-
cal constructs.

New widgets include amplifiers, detectors, telescopes,
launch vehicles, computers, and much else. The community
constantly recruits not just new people but new kinds of
people. And I hope at some future time to explore how we
have (often reluctantly) incorporated these. Today (Wednes-
day), however, the focus is on interchanges of ideas between
astronomy and other parts of science. An oral presentation of
some of the material, at the 150th anniversary meeting of
the American Association for the Advancement of Science, 

Fish and guests start

to smell after three days.
—Old Country Saying A

Part I
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was originally entitled “How physics came to visit and
tried to take over the house,” but I soon realized that
the real situation is a good deal more complex. Notice,
however, that even the name of the society includes “de-
fend our territory” words as well as “reach out” words.

Both the domains of thought and the specific ideas
within each of the following sections are as chrono-
logical as I could make them (which isn’t very). And the
approach is relentlessly Whiggish, making use of high-
ly collimated hindsight, emphasizing contributions that
we perceive as moving the subjects forward, and draw-
ing distinctions between disciplines that probably did
not exist when some of the ideas were being formulated.

NEWTONIAN GRAVITATION

Sir Isaac, in assembling his theory of universal gravita-
tion, made direct use of astronomical observations of
the motions of the moon and planets. He promptly re-
turned the favor by providing the first estimates of the
mass of the sun: 29.7 earth masses in 1687 and 226.512
earth masses in 1713. Notice he shared the fondness of
modern, calculator-owning freshpersons for carrying
around more (in)significant figures than necessary! The
correct value is actually 332.9 earth masses, but nearly
all of Newton’s error the first time out arose from us-
ing a distance to the sun that was not the best avail-
able even then, not from the content of his theory. As-
tronomers soon fell in with the idea, and improved “solar
masses” came from Lalande (a cataloguer of stars) in 1774
and Encke (who found an interesting comet) in 1831. Es-
timates for the masses of Jupiter and the other planets
with satellites followed and gradually improved in par-
allel as the distance scale for our solar system improved.

The next step obviously was masses for other stars,
but this required recognizing that many of them orbit
in gravitationally bound pairs. John Michell, the Eng-
lish polymath, had said so on statistical grounds as
early as 1767. He was perhaps more ignored than dis-
believed, and the recognition of the reality of bound sys-
tems had to wait for William Herschel’s efforts to mea-
sure stellar parallax. He thought that close star pairs

in the sky were accidental projections. But, after more
than twenty years of looking for changes in separation
angles due to the motion of the Earth (parallax), he con-
cluded that the real motions were orbital and the pairs
not accidents.

Masses for stars followed slowly (most visual bina-
ries have orbit periods of many years, and you need a dis-
tance estimate as well). And, meanwhile, Herschel held
to the view that only solid bodies could exert gravita-
tional forces and therefore the sun, though perhaps
gaseous on its surface, must have a cooler, solid interi-
or, of which we catch glimpses through the sunspots.
He also expected that interior to be inhabited, and was
by no means alone in either opinion. A gaseous (and un-
inhabitable) sun had to await advances in spectroscopy
and thermodynamics, which brought their own con-
troversies and misunderstandings.

CERES, STATISTICS, AND THE PERSONAL
EQUATION

The discovery of Ceres in 1801 (by Giuseppe Piazzi, a
Sicilian astronomer) was very nearly followed by the
undiscovery of Ceres, when it disappeared behind the
sun with too little of its orbit observed to permit cal-
culating where it should reappear. Carl Friedrich Gauss
came to the mathematical rescue, with an improved
method of orbit computation that made use of what we
now call the method of least squares to incorporate dis-
cordant data. And to this day, the least squares method
is the only bit of statistics the average astronomer has
heard of. We nearly all think Gauss invented the idea,
which is also only approximately true.

The personal equation is a statistical idea that arose
within astronomy and has not, so far as I know, ever
seemed applicable anywhere else in science, though it
turns up occasionally in detective fiction. It arose from
the method by which positions of stars in the sky used
to be measured. Start with a telescope that is free to
swing in only one direction, perpendicular to the hori-
zon, in the north-south (“meridian”) direction. Then the
precise time a star passes through the center of your field
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of view provides its east-west position (right ascension)
and the distance above the horizon at which it passes
provides the north-south position (declination), at least
after a bit of additional arithmatic. Standard operating
procedure involved two astronomers, one with a list
of stars to be observed, an accurate clock, and a pencil
to keep records, and the other with his eye to the tele-
scope, to say “now” each time the next star passed the
cross-hairs in his eyepiece. Feel free to replace the pen-
cil by a pen in this narrative and “now” by “nunc” or
some other one-syllable equivalent.

Comparison of positions obtained by different as-
tronomers at different observatories soon showed that
the identity of the record-keeper didn’t matter very
much, but the identity of the now-sayer did, especial-
ly for the east-west coordinate. In the words of a 1926
text: “Even the best observers habitually note the pas-
sage of a star across the fixed wires of the reticule slightly
too late or too early, by an amount which is different for
each observer. This personal equation is an extremely
troublesome error, because it varies with the observer’s
physical condition and also with the nature and bright-
ness of the object. Faint stars are almost always observed
too late in comparison with bright ones . . . ” Thus Prof.
Apple’s right ascensions for a given set of stars could eas-
ily be systematically larger or smaller than Dr. Berry’s
by several seconds of arc, enough to matter in many ap-
plications of positional astronomy.

In the end, the way around the problem of the per-
sonal equation was that of Rutherford, “Don’t do better
statistics. Do a better experiment.” Other measurable
quantities that, over the years, have revealed systematic
offsets from one observer to another include stellar
and galactic brightnesses, Doppler shifts, and classifi-
cations of stars and galaxies. And increased automation
and mechanization, from photoelectric detectors to
automated neural networks, have gradually made results
more repeatable and impersonal (which is not quite the
same as more correct). There must surely be similar cases
in other sciences (the average number of species assigned
to a newly-discovered genus?), and examples would be
appreciated.

THE SPEED OF LIGHT, MAXWELL’S EQUATIONS, 
AND THE REST MASS OF THE PHOTON

Ole or Olaus* Roemer (1644–1710) actually participated
in 1672 in one of the sets of observations that put the
sun much further away than the distance Newton chose
to use in the first edition of Principia, but astronomers
know him as the first person to measure a reliably-finite
value for the speed of light. Even before universal grav-
itation, Roemer had enough confidence in the unifor-
mity of nature to suppose that the orbit periods of
Jupiter’s moons were constant from year to year. He thus
attributed late and early sightings of their eclipses by
Jupiter to light having more or less distance to travel,

*Or any of several other spellings, but it doesn’t matter which you
choose because the sound is one of those Danish phonemes not
available to the rest of us. It is, as Victor Borge said, a long way
from “ugghrl” to “thhhh.” Incidentally, Roemer also invented the
transit circle and meridian circle instruments whose use revealed
the “personal equation” of the previous section, and the mercury
thermometer, whose use was germane to the discovery of the
“mechanical equivalent of heat” of the next section.

SunJupiter

Moon
Earth 2Earth 1

Each of the four Galilean moons of Jupiter is eclipsed once
every 1.7 to 16.7 days. When the Earth is at E1, we see the
eclipses occurring too early by about 8.5 minutes. You can’t
quite observe Jupiter when we are at E2 (the sun is in the
way), but the eclipses will seem to be occurring somewhat too
late any time we are in that part of the orbit. The Earth’s orbit is
really only one-fifth the size of Jupiter’s, not about one-third as
shown.
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depending on the relative orbital positions of the plan-
ets. The data available to him slightly over-estimated
the range of early-to-late and slightly underestimated
our distance from the sun, leading to a number for c with-
in ten percent of the current best value (which can never
be improved again, since it is now a definition!).

Halley (who also had a comet) updated Roemer’s num-
bers in 1694, and uninterest flowered for another gen-
eration. Then James Bradley found the same sort of num-
ber by a very different method. Bradley (like Herschel)
was looking for stellar parallax, but discovered the odd-
ly-named aberration of starlight. Think of photons as
raindrops descending upon a moving observer. The an-
gle you have to tilt your umbrella (telescope) forward to
catch the drops (photons) is the ratio of your speed to
the speed of light. Bradley saw this 20.5 arcsec tilt in
1725, had understood it by 1729, and, armed with a bet-
ter idea of the size of the solar system and the Earth’s
speed in it, improved on Roemer’s number for c.

Notice that sufficiently accurate versions of Roemer’s
and Bradley’s observations could, in principle, take the
place of the Michelson-Morley experiment, because one
can carry them out with the Earth’s orbital velocity making
various angles with the incoming light. In fact, the physi-
cists finally took over, and the first laboratory value of c
came from Fizeau in 1849. It was about as good as the
astronomical ones, but improved methods, from Cornu,
Foucault, and (of course) Albert Abraham Michelson
quickly took the lead in providing additional significant
figures (1850+) and, eventually, evidence for non-depen-
dence on the motion of source or observer (1887+).

Meanwhile, back at the Cambridge ranch, James Clerk
Maxwell was busy writing down the four equations,
knowledge of which is frequently taken as the minimum
requirement for calling yourself a physicist. Constan-
cy of c is built in, along with the absence of magnetic
monopoles. Astronomers quickly came to terms with
the former; the latter you may well wonder about. We
quite blithely ascribe polarization of radio (etc.) radia-
tion to synchrotron emission in magnetic fields strung
out for kiloparsecs and more along the arms of spiral
galaxies and the jets and lobes of quasars. If an experi-
mental physicist wise in the ways of laboratory plasmas
comes along and asks where are (or at least were) the
electric currents that sustain (or at least produced) these
magnetic fields, the answer is quite often, “eh?” On the
other hand, you get back the curious fact that the rest
mass of the photon must be less than 10−47 to 10−57 g,
in order for fields to persist over large scales from Jupiter
to a galaxy.

The corresponding limit on the mass of the gravi-
ton (from the existence of gravitationally-bound
superclusters of galaxies at least 100 million parsecs
across) is about 10−63 g. Both are considerably smaller
than laboratory limits, and occasional free spirits have
taken them as real, non-zero masses.

WHAT MAKES THE SUN SHINE?

The source of solar and stellar energy was the most
important unsolved problem in astronomy/astrophysics

20.5
arcsec

East

An astronomer unclear on the concept of aberration of
starlight attempts to shield his telescope from photons by
holding an umbrella over it at an angle of 20.5 arcsec to the
vertical. 20.5 arcsec = 10-4 radians = ve/c, where ve is the
Earth’s orbital velocity.
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for half a century or more, 1880±10 to 1938±2. Of course,
it couldn’t be a problem until conservation of energy
was recognized as a universal phenomenon, which it
was not by Galileo or Newton or even William Herschel
(though he speculated on the role of chemical interac-
tions in the atmosphere above the solid(!) surface of the
sun).

Energy conservation became part of laboratory physics
sometime between 1798, when Benjamin Thompson
(Count Rumford) reported to the Royal Society (London)
on “Experimental inquiry concerning the source of heat
excited by friction” and 1849, when James Joule reported
to them “On the mechanical equivalent of heat.” The
German physician Julius Robert Mayer is generally cred-
ited with the first proposal of energy conservation in full
generality in 1841. By this time, the Earth was already
at least tens of millions of years old, according to Hut-
ton, Lyell, and other uniformitarian* geologists who had
thought about how long it must have taken to build
up sedimentary rocks, make the oceans salty, and so
forth. Chemical reactions, which might sustain the sun
for a few thousand years, were, therefore, never seri-
ous contenders, except on Archbishop Ussher’s chronol-
ogy, and, even then, the end would be at hand.

In fact, Mayer soon proposed a solution to the solar
problem he had identified. It was gravitational potential
energy, liberated by infalling meteors. Independently,
the Scots engineer John James Waterston recognized the
problem of solar energy in 1843 and proposed as a solu-
tion the continuous contraction of the sun, following
on from its origin in a Kantian rotating nebula. Mayer’s
paper was rejected by the Academy in Paris, Waterston’s
by the Royal Society in London.

A contracting star can live about GM2/RL years on
gravitational potential energy, a number that should ob-
viously be called the Mayer-Waterston time scale, but
is actually called the Kelvin-Helmholtz time scale, for
those who put forward the same ideas in about 1854

(Kelvin with meteors initially, Helmholtz with overall
contraction). Both had encountered Waterston’s work,
in a two-page abstract arising from an 1853 meeting of
the British Association for the Advancement of Science
and containing both the meteoric and the contraction
possibilities. Kelvin and Helmholtz were, therefore, pre-
sumably at least guided by their predecessors, but they
had better credentials, better press agents, and better for-
mal mathematics at their disposal.

There followed a brief era of good feeling, in which
most geologists squeezed hard on their layers of sedi-
ment to compress them within 20–40 million years,
though a few refused, including T. C. Chamberlin of
Chicago (whom we recognize as the first half of the
Chamberlin-Moulton hypothesis for the origin of the
solar system, once a popular competitor to Kantian con-
traction). Chamberlin and Kelvin faced off at the 1900
meeting of the American Association for the Advance-
ment of Science, neither, of course, changing his mind.

In any case, the solar boat was soon set further rock-
ing, this time by the biologists, who had taken the ideas
of Darwin to heart (and head). They insisted on at least
109 years for evolution from slime molds to Kelvins. The
physicists clambered back aboard starting in 1905, when
Rutherford and Boltwood (independently) reported rock
ages of many gigayears after considering the decay of
uranium and thorium to lead. The numbers settled down
around 3–4×109 yr in 1913, when Soddy weighed in with
the concept of isotopes.

A PAIR OF JEANS (Sir James)

You might think at this point that we are well poised
to romp home with Eddington, Bethe, and all to hy-
drogen fusion as the primary source of stellar energy.
But real events took several detours, which it would not
be fair to blame entirely on James Jeans.* Jeans was, how-
ever, the person who most strongly insisted that the real
age of stars and stellar systems was more like 1012–13

*Uniformitarianism is not, at least in intention, a religion, but just
the notion that we see in continuous operation now all the
important processes that have shaped the Earth. The opposite is
catastrophism, and, as usual, the truth is somewhere in between.

*After all, it was Eddington who declared that the sun was made
mostly of iron, silicon, and oxygen, so that radiation pressure and
gas pressure were equal at its center.
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years than 109–10. This “long chronology” arose when
Jeans tried to account for the relaxed appearance of stars,
clusters, and (after 1925) galaxies and for the observed
distribution of the shapes of orbits of binary stars. The
binary star case, at least, was an example of the theorem
that most mistakes are made before you ever put pencil
to paper. Jeans postulated that all binaries had formed
with circular orbits, which were gradually distorted into
ellipses by encounters with other stars. Stars are VERY
far apart, and so this will take a VERY long time: in fact,
just about the time Jeans calculated. Like most British
astronomers of his and later generations, he had a back-
ground in formal mathematics, and did not often make
mistakes after putting pencil to paper. Modern obser-
vations of binary systems of different ages show, how-
ever, that they form with eccentric orbits that are grad-
ually circularized by tidal interactions between the stars.

Meanwhile, however, Jeans’ time scale led him to re-
quire a source of stellar energy in which mass was com-
pletely annihilated and 100 percent of mc2 made avail-
able. That physics knew of no process to do this was not,
to him, a fatal objection. Indeed, at the time, experi-
mental physics was not very clear on how to liberate
any form. of “subatomic energy” except through spon-
taneous radioactivity.

There were even times when the long chronology
seemed to be winning. Rutherford’s definitive 1929 state-
ment on the age of earth rocks from uranium decay
(3.4 Gyr) includes the remark that this number proves
the sun must be making uranium more or less currently,
since the total solar age is 100 times longer. Similar
remarks appear in other papers and books by both physi-
cists and astronomers up until about 1935 when the
“short” time scale of a few ×109 yr triumphed. This seems
to have come from approximate agreement among (a)
the age of the Earth, (b) the expansion time scale of the
Universe, and (c) the time stars could live on nuclear
transformations without annihilation. Even Jeans
capitulated, in the last, 1944, edition of one of his pop-
ular books.

E. A. Milne, whom we have not met before in these
pages, was an equal muddier of the waters of stellar
physics in the 1920s and 30s, and his ideas are even harder
for the modern reader to appreciate than those of
Eddington and Jeans. Leon Mestel has made the in-
triguing suggestion that it would all have been sorted
out much sooner if Karl Schwarzshild had survived
the Great War and had been available to bang their re-
calcitrant heads together.

BACK ON TRACK

A second seeming detour was actually the path back
to the main highway. This was the association of the
stellar energy problem with that of the origin of the
elements. Heroes of the tale include Aston with his mass
spectrograph (1922+), Atkinson and Houtermans with
cyclic nuclear reactions that both built up heavy ele-
ments and released a few MeV per nucleon (1929), and
Gamow, Condon, and Gurney with barrier penetration.
They and others are hymned at greater length in an ear-
lier Beam Line (Spring 1994, Vol. 24, No. 1), ending with
two choruses by Hans Bethe, the first dated 1939 (when
he wrote down most of the details of the hydrogen fu-
sion reactions that we now call the CN cycle and proton-
proton chain), the second dated about 1990 (when he
added his voice to the choir proclaiming that the solar
neutrino deficit is a problem in weak interaction physics,
not in astronomy or argon chemistry).

Nucleosynthesis (the formation of complex atoms
from simple ones) and the production of energy in stars
are now solved problem, though much input was
required from nuclear physics and from the area of spec-
troscopy, to which we will turn in Part II in the Win-
ter issue.
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Educated in England, JOHN ELLIS obtained his BA and
PhD from Cambridge University. After one year each at
SLAC and the California Institute of Technology as re-
search associate, he settled at CERN in 1973, where he
led the Division of Theoretical Physics for six years, and
is currently a senior staff member. He is the author of
over 500 scientific articles, mainly in particle physics
and related areas of astrophysics and cosmology.

Most of his research work has been on the possible
experimental consequences and tests of new theoretical
ideas such as gauge theories of the strong and electroweak
interactions, grand unified theories, supersymmetry, and
string theory. He was awarded the Maxwell Medal of the
Institute of Physics in 1983 and was elected a Fellow of
the Royal Society in 1985. The University of Southamp-
ton awarded him an Honorary Doctorate in 1994, and he
has held visiting appointments at Berkeley, Cambridge,
Oxford, Melbourne, and Stanford.

CONTRIBUTORS

SID DRELL was educated at Princeton and the Uni-
versity of Illinois. After short stints on the faculty at
Stanford and MIT he returned to Stanford as a physics
professor in 1956. When it was created in 1963, he trans-
ferred to SLAC where he served as head of theoretical
physics from 1969 to 1986, and Deputy Director.

An advisor to the U.S. government on technical is-
sues of national security and arms control for many years,
he is currently a member of the President’s Foreign
Intelligence Advisory Board and chairs the council over-
seeing the Livermore, Los Alamos, and Berkeley National
Laboratories for the UC president. He is a member of the
National Academy of Sciences, was President of the
American Physical Society in 1986, and was head of
the High Energy Physics Advisory Panel from 1974 to
1983. Among his awards was a MacArthur Fellowship in
1984. He is an avid amateur string quartet player.
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HEINO HENKE is Professor and head of the Electrical
Engineering department of the Technische Universitaet
of Berlin. He was educated at the Technische Hochschule
in Darmstadt where he also received his doctoral degree.
Beginning his career in biocybernetics, he later switched
to accelerator physics when he became a staff member
at CERN in 1977. Recently, he spent six months at SLAC
working on millimeter-wave radio-frequency structures.
His research interests include rf technology, electro-
magnetic fields, beam-coupling impedances, new accel-
erating techniques, and linear colliders.

During a research stay in the radio-frequency group
of the Advanced Photon Source at Argonne National
Laboratory the idea was born to combine modern micro-
technology with accelerator physics. Since then,
millimeter-wave radiofrequency structures are one the
main research topics in his Berlin group.

BILL ATWOOD has been a physicist at SLAC since
1975. He received his BS from the California Institute
of Technology and PhD from Stanford University. He
has co-authored over 130 articles in the field of parti-
cle physics.

Raised in the greater Boston area, he began playing
the piano when he was six years old and the violin at
eight. Because his father was a part-time furniture maker
who specialized in copies of French Provincials, he re-
ceived early training in wood working. He became in-
terested in violin making in 1976 and began making
instruments in 1983. He has made more than forty vio-
lins and violas which are being lovingly played by Bay
Area musicians. Recently a young violinist from the
University of California, Santa Cruz, won a concerto
competition on an Atwood violin.
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ROBERT SIEMANN is a Professor at SLAC and Head
of Accelerator Research Department B. He was edu-
cated at Brown and Cornell Universities and spent sev-
enteen years on the faculty at Cornell before coming
to SLAC in 1991. He has worked on a number of high
energy accelerators, including CESR, the Tevatron, and
the SLAC Linear Collider, and has written extensively
on accelerator theory, experiment, and technology. His
present interests are advanced accelerator techniques,
and he is involved in development of mm-wave accel-
erators and experiments on laser and plasma based
acceleration. He is the Founding Editor of the newly
established journal Physical Review Special Topics—
Accelerator and Beams.

VIRGINIA TRIMBLE continues to oscillate among
appointments at two universities (University of Cali-
fornia Irvine and University of Maryland), vice presi-
dencies, and council memberships and such in at least
six professional organizations, an assortment of editor-
ial boards, peer review panels, and lectures. She is cur-
rently feeling a bit frazzled but hopes it doesn’t show too
much in this quarter’s column.


