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ID NEY 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 acade me to join the adventure of cre-
at ing a great new laboratory. A major challenge he
faced, as a theorist, was to create the kind of in tel-
lect ual climate more typically found in university
depart ments,  and in those days not com monly
found within this country’s accelerator laborato-
ries. This turned in to an incredible success story.
Quickly the SLAC theory group became very well
known, not only for the variety of talen t it
at tracted, but especially for its unique personality.
To this day this personali ty persists: uncompro-
misingly high in tellectual standards, a good mix of
applied and formal theory, a close in teract ion with
the experimen tal com m unity, a breadth of vision,
an essential hu manism, 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 acciden t t hat this
“SLAC style” is a mirror of Sid’s ow n persona.

Generations of students and postdocs who have passed through the laboratory—
such as John Ellis of CERN who discusses fu ture options for part icle physics in this
issue—as well as we old-timers, will at test to his overwhelming influence in creat-
ing this environ ment.

Sid’s research con tributions, within and beyond the SLAC progra m, have
been legion and broad-ranging, of fundamen tal 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, i ts staff, and its program. He
has, as deputy director, played a quiet, but vi tal role in the overall management and
orchestration of the SLAC program. His calm guidance, based on the highest scien-
tific standards, an unwavering in tegrity, and an astu te understanding of hu man
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 in ternational
particle physics com m unity on how to deal with the broad issues facing the field.
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BUT SID’S INFLUEN CE has extended far beyond par ticle physics, in a
real sense to the en tire planet.  As he himself recounts in this issue, he
was drawn in to the public policy issues of stra tegic defense and arms

control already in the 1960s, and his credo and contributions can bet ter be dis-
cerned by his own words than by any of mine. Making headway on polit ical
and social issues is much slower going than on physics,  and Sid’s modus
operandi has been to pat ien tly work “from the inside,” a met hod which was
strongly challenged during the Vietnam years. Sid, confronted personally at
that  t ime, responded with steadfastness and great  in tegrity.  He exemplifies
for everyone the value and necessity of his for m of public service. One small
expression of his influence is that some of his students and other physicists
passing through the SLAC environ men t have chosen to move their careers
out of physics and in to 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 part icle physics.

T HEN 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-
t ion sponsored evening infor mal journal-club seminars for u nder-

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
in to writing our textbooks. It  was absolu tely natural that I  too should join
SLAC,  and to continue the close association. Sid has been everything to me,
as a teacher and men tor, as a second fat her, as an esteemed colleague, as
best man, and as si mply a dear friend. Sid, it is a t ime for war m congratu-
lations on your long and distinguished career at SLAC, and for best wishes
for m any happy ret ire m en t years—years w hich we a t SLAC t rus t  will
continue to be shared with us.

Ja m es Bjorken



COHERENT PRODUCTION AS A MEANS OF DETERMINING THE SPIN AND PARITY OF
BOSONS.. S.M. Berman, S.D. Drell (SLAC). SLAC-PUB-0010, 1963. 5pp. Phys. Rev. Lett.
11:220-224,1963

SPECULATIONS ON THE PRODUCTION OF VECTOR MESONS. S.M. Berman, S.D. Drell
(SLAC). SLAC-PUB-0016, Aug 1963. 39pp. Phys.Rev.133:B791-801,1964

ELECTRODYNAMIC PROCESSES WITH NUCLEAR TARGETS. S.D. Drell (SLAC), J.D.
Walecka (Stanford U., ITP). SLAC-PUB-0021, Nov 1963. 17pp. Annals Phys.28:18-33,1964
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SLAC-PUB-0035, Jun 1964. 10pp. Phys.Rev.Lett.13:257-260,1964
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ITP), S.D. Drell (SLAC). SLAC-PUB-0033, Jun 1964. 6pp. Phys.Rev.Lett.13:349-352,1964

BOUNDS ON PROPAGATORS, COUPLING CONSTANTS AND VERTEX FUNCTIONS. S.D.
Drell (SLAC), A. C. Finn, A. C. Hearn (Stanford U., ITP). SLAC-PUB-0039, Jul 1964. 43pp.
Phys.Rev.136:B1439-51,1964

DOUBLE CHARGE EXCHANGE SCATTERING OF PIONS FROM NUCLEI. R. G. Parsons,
J. S. Trefil (Stanford U., ITP), S.D. Drell (SLAC). SLAC-PUB-0063, Nov 1964. 16pp.
Phys.Rev. 138:B847-50,1965

ANALYSES OF MUON ELECTRODYNAMIC TEST. J. A. McClure, S.D. Drell (SLAC). SLAC-
PUB-0067, Dec 1964. 18pp. Nuovo Cim.37:1638-1646,1965

PHOTOPRODUCTION OF NEUTRAL K MESONS. S.D. Drell, M. Jacob (SLAC). SLAC-
PUB-0065, Dec 1964. 24pp. Phys.Rev.138:B1313-7,1965

ANOMALOUS MAGNETIC MOMENT OF THE ELECTRON, MUON, AND NUCLEON. S.D.
Drell, H. R. Pagels (SLAC). SLAC-PUB-0102, Apr 1965. 44pp. Phys. Rev. 140: B397-
B407,1965

TEST OF ROLE OF STATISTICAL MODEL AT HIGH-ENERGIES. S.D. Drell (SLAC), D.R.
Speiser, J. Weyers (Louvain U.). SLAC-PUB-0138, Jun 1965. 8pp. Preludes in Theoretical
Physics, ed. by A. De-Shalit, H. Feshbach, L. Van Hove. N. Y., Wiley, 1966, pp.294-301.

SPECIAL MODELS AND PREDICTIONS FOR PHOTOPRODUCTION ABOVE 1-GEV. S.D.
Drell (SLAC). SLAC-PUB-0118, Jun 1965. 46pp. Invited talk to the Int. Symp. on Electron
and Photon Interactions at High Energies, DESY, 1965. Proc. of the Int. Symp. on Electron
and Photon Interactions at High Energies, DESY, 1965. Hamburg, Deutsche Physikalische
Gesellschaft, 1965. vol. 1, p. 71-90

AXIAL MESON EXCHANGE AND THE RELATION OF HYDROGEN HYPERFINE SPLITTING
TO ELECTRON SCATTERING. S.D. Drell, Jeremiah D. Sullivan (SLAC). SLAC-PUB-0145,
Oct 1965. 9pp. Phys.Lett.19:516-518,1965

DETERMINATION OF RHO0 - NUCLEON TOTAL CROSS-SECTIONS FROM COHERENT
PHOTOPRODUCTION. S.D. Drell (SLAC), James S. Trefil (Stanford U., ITP). SLAC-PUB-
0170, Feb 1966. 11pp. Phys.Rev. Lett.16:552-555,1966

PERIPHERAL PROCESSES. A. C. Hearn (Stanford U., ITP), S.D. Drell (SLAC). SLAC-PUB-
0176, Apr 1966. 95pp. Burhop, E. H. S., ed. High Energy Physics. N. Y., Academic Press,
1967. vol. 2, p. 219-64.

EXACT SUM RULE FOR NUCLEON MAGNETIC MOMENTS. S.D. Drell (SLAC), A.C. Hearn
(Stanford U., ITP). SLAC-PUB-0187, Apr 1966. 10pp. Phys. Rev. Lett.16: 908-911,1966

POLARIZABILITY CONTRIBUTION TO THE HYDROGEN HYPERFINE STRUCTURE. S.D.
Drell, J.D. Sullivan. SLAC-PUB-0204, Jul 1966. 84pp. Phys.Rev. 154: 1477-1498,1967

ELECTRODYNAMIC INTERACTIONS. S.D. Drell. SLAC-PUB-0225, Sep 1966. 57pp. Re-
port to the 13th Int. Conf. on High Energy Physics, Berkeley, 1966. Proc. of the Int. Conf.
on High Energy Physics, 13th, Berkeley, 1966. Berkeley, Univ. of Calif. Press, 1967. p. 85-
99

ELECTROMAGNETIC FORM-FACTORS FOR COMPOSITE PARTICLES AT LARGE MO-
MENTUM TRANSFER. S.D. Drell, A.C. Finn, M.H. Goldhaber. SLAC-PUB-0237, Dec 1966.
37pp. Phys.Rev.157: 1402-1411,1967

LAMB SHIFT AND VALIDITY OF QUANTUM ELECTRODYNAMICS. S.D. Drell. SLAC-PUB-
0609, Jan 1967. 4pp. Comments Nucl.Part.Phys.1:24-26,1967

PION PHOTOPRODUCTION AT 0-DEGREES. S.D. Drell, J.D. Sullivan. SLAC-PUB-0312,
May 1967. 13pp. Phys. Rev. Lett.19:268-271,1967

REGGE POLE HYPOTHESIS IN AMPLITUDES WITH PHOTONS. S.D. Drell . SLAC-PUB-
0425, Sep 1967. 8pp. Comments Nucl.Part.Phys.1:196-200,1967

WHAT HAVE WE LEARNED ABOUT ELEMENTARY PARTICLES FROM PHOTON AND
ELECTRON INTERACTIONS? S.D. Drell (SLAC). SLAC-PUB-0355, Sep 1967. 50pp. Paper
presented at Int. Symposium on Electron and Photon Interactions at High Energies, SLAC,
Sep 1967. Proc. of the Int. Symp. on Electron and Photon Interactions at High Energies,
SLAC, 1967. Stanford, Calif., SLAC, 1967. p.3-31
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M Y CAREER IN RESEARCH
as a t h eore t ica l p hysicis t
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! T here was no need to worry about a
job, unless for some strange reason you felt
tha t Harvard was the only place to be.

Vannevar Bush had laid out a map for
the support of science in his perceptive
report to Presiden t Tru man in 1945 enti-
tled Science, the Endless Frontier.  With
clear and brillian t insigh t 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 blueprin t: “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.” Further more, he reminded Wash-
ington that research is a difficult and of-
ten very slow voyage over unchar ted seas
and therefore, for science to flourish with
gover n mental support, freedom of inquiry
m ust be preserved, and there m ust be
funding stabili ty over a period of years so
that long-range programs may be under-
taken and pursued effect ively. 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 part icle physics of fifty years ago—which now seems
like the Dark Middle Ages—we had a theory of quantu m 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 syste ms. These in-
cluded nuclei and nuclear forces and what was occurring in situations where
mesons were assu med to be the quan ta and perturbation theory was invalid.

The first ligh tning flashes of real progress came in 1947 from Richard
Feyn man, Julian Schwinger, and Sin-Itiro Tomonaga, with a thunderous
ru mble from Freeman Dyson. They turned QED in to a beautiful,  quan ti ta-
tive theory whose divergences would be isolated in to renormalization con-
stants, and w hose predict ions could be calculated to very high precision.
Feyn man propagators turned horrendous calculations by the old methods
in to (well,  almost) baby’s play, and Feyn man graphs helped us know
what we were doing. It was a very heady t ime as we found theory
agreeing  with  the  beau tiful  precision  measurements  of  the  Lamb
Shift,  the electron g–2 value,  hyperfine spli t ting in positroniu m, 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 excit ing but also we were buoyed up by the st rong sup-
por t for science, and physics in par ticular, inspired by the
demonstrated importance of the contributions that physi-
cists had made to the successful conclusion of World
War II through developmen t of radar and the atomic
bomb. As the cold war in tensified there was growing
concern that, perhaps, we would be needed again and so
we bet ter be nourished and rejuvenated as a strategic asset.

During the next three decades, in to the 1970s, par ticle
physics sped ahead with what now seems like a dizzying
pace. A nu mber of great laboratories were built in the
United States and around the world. With the creation of
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THE STRUCTURE OF HIGH-ENERGY
LARGE MOMENTUM TRANSFER COLLI-
SION PROCESSES. H.D.I. Abarbanel, S.D.
Drell, F. J. Gilman (SLAC). SLAC-PUB-0371,
Dec 1967. 12pp. Phys.Rev. Lett. 20:280-283,1968

DIFFERENCE OF NUCLEON AND PION ELEC-
TROMAGNETIC RADII. S.D. Drell, D. J. Silverman
(SLAC). SLAC-PUB-0404, Apr 1968. 11pp.
Phys.Rev.Lett.20:1325-1329,1968

REMARKS ON EXPERIMENTS AT NAL. S.D. Drell
(Stanford U., ITP). FERMILAB-TM-0108, Jul 1968.
18pp.

QUANTUM ELECTRODYNAMICS: THEORY. S.D.
Drell, S. J. Brodsky (SLAC). SLAC-PUB-0454, Jul
1968. 18pp. Invited talk at Int. Conf. on Atomic
Physics, N.Y.U., Jun 1968. Proc. of Int. Conf. on
Atomic Physics, New York, 1968. N.Y., Plenum
Press, 1969. p. 53-70.

PROTON FORM-FACTORS. S.D. Drell (SLAC).
SLAC-PUB-0427, Aug 1968. 9pp. Comments
Nucl.Part. Phys.2:36-40,1968

THE STRUCTURE OF HIGH-ENERGY PROTON -
PROTON SCATTERING. H.D.I. Abarbanel, S.D.
Drell, F.J. Gilman (SLAC). SLAC-PUB-0476, Aug
1968. 44pp. Phys.Rev.177:2458-2469,1969

SUPERCONVERGENCE AND THE CALCULATION
OF ELECTROMAGNETIC MASS DIFFERENCES.
S.D. Drell (SLAC). SLAC-PUB-0424, Aug 1968.
9pp. Nucl.Part.Phys.1:94-98,1967

HIGH-ENERGY LIMIT FOR THE REAL PART OF
FORWARD COMPTON SCATTERING. M. J. Creutz,
S.D. Drell, E. A. Paschos (SLAC). SLAC-PUB-0499,
Oct 1968. 8pp. Phys. Rev. 178: 2300-2301,1969

ELECTROMAGNETIC THEORY AND EXPERIMENT.
S.D. Drell (SLAC). SLAC-PUB-0612, Oct 1968.
8pp. Comments Nucl.Part.Phys.2:1-6,1968

A FIELD THEORETIC MODEL FOR ELECTRON -
NUCLEON DEEP INELASTIC SCATTERING. S.D.
Drell, D.J. Levy, T-M Yan (SLAC). SLAC-PUB-0556,
Feb 1969. 11pp. Phys.Rev.Lett.22:744-748,1969

A THEORY OF DEEP INELASTIC LEPTON - NU-
CLEON SCATTERING AND LEPTON PAIR ANNIHI-
LATION PROCESSES. I. S.D. Drell, D. J. Levy, T-M
Yan (SLAC). SLAC-PUB-0606, Jun 1969. 50pp.
Phys. Rev.187:2159-2171,1969

A THEORY OF DEEP INELASTIC LEPTON NUCLE-
ON SCATTERING AND LEPTON PAIR ANNIHILA-
TION PROCESSES. 2. DEEP INELASTIC ELEC-
TRON SCATTERING. S.D. Drell, D. J. Levy, T-M Yan
(SLAC). SLAC-PUB-0645, Sep 1969. 96pp. Phys.
Rev.D1: 1035-68,1970

A THEORY OF DEEP INELASTIC LEPTON - NU-
CLEON SCATTERING AND LEPTON PAIR ANNIHI-
LATION PROCESSES. 3. DEEP INELASTIC ELEC-
TRON - POSITRON ANNIHILATION. S.D. Drell, D.
J. Levy, T-M Yan (SLAC). SLAC-PUB-0685, Nov
1969. 62pp. Phys.Rev.D1:1617-39,1970

A THEORY OF DEEP INELASTIC LEPTON - NU-
CLEON SCATTERING AND LEPTON PAIR ANNIHI-
LATION PROCESSES. 4. DEEP INELASTIC NEU-
TRINO SCATTERING. T-M Yan, S.D. Drell (SLAC).
SLAC-PUB-0692, Nov 1969. 36pp. Phys.Rev .D1:
2402,1970

INELASTIC ELECTRON SCATTERING, ASYMP-
TOTIC BEHAVIOR, AND SUM RULES. S.D. Drell.
SLAC-PUB-0689, Dec 1969. 42pp. Lectures at Int.
School of Physics ‘Ettore Majorana’, Erice, Sicily,
Jul 1969. Proc. Int. School of Physics Ettore Majo-
rana, Erice, July 1969. NY., Academic Press, 1970.

CONNECTION OF ELASTIC ELECTROMAGNETIC
NUCLEON FORM-FACTORS AT LARGE Q**2 AND
DEEP INELASTIC STRUCTURE FUNCTIONS NEAR
THRESHOLD. S.D. Drell, T-M Yan. SLAC-PUB-
0699, Dec 1969. 11pp. Phys.Rev. Lett. 24:181-
185,1970
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CERN in Geneva, we truly became one in ternational com m u nity collabo-
rat ing product ively on experimen ts and theories.  Parity fell,  and we
learned t he beau ty of broken sy m m etry, spontaneous and ot herwise.
M uons and neu trinos came in to t he fold and a theory of weak in teractions
was completed. We dispersed, analytically contin ued, and Reggeized to
st udy strong in teractions.  T he proton and neu tron revealed their inner
structures and acquired many relatives in a strange particle zoo with new
sym metries and selection rules; even tually quan tu m chro modynamics or
QCD—a non-abelian gauge theory of quarks and gluons, with confinemen t
and asy mptotic freedom—was developed as a fundamen tal field t heory of
t he strong in teractions. 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 Acceler tor
Cen ter ca me to be and soon generated i ts 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 explorat ion. O ur sister labs on the high energy fron tiers
also made landmark scien tific and tech nical achievem ents of comparable
im portance.

Today, fifty years later, we have a Standard Model that unifies weak,
electromagnetic,  and strong in teractions. 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 t imes smaller
than the Bohr radius. Curren tly we are awash in a sea of revolu tionary and
powerful new, and perhaps even correct, ideas of supersym metry, strings,
branes, etc., that have incorporated gravity in to a unified theory of every-
thing, as even its most modest pract it ioners describe i t.

T he union of our progress in par ticle theory with the probing by our as-
trophysicist  colleagues in to the farthest reaches of the Universe makes our
extraordinary voyage of the past fifty years even more excit ing. 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 m utated in to a science of cos-
mology. It has ceased to surprise us to wake up in the mornings to new pic-
tures of clashing galaxies, s tars being born and dying or being sucked in to
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 m uch of the action. The strong in teraction with our
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experimental colleagues that has long been a SLAC hall-
mark has added greatly to the st im ulating and enjoyable
climate for our work.

In recent years we have suffered occasional disap-
point men ts in receiving less than hoped-for financial sup-
port for our activities and plans for the future. Gone are
some of the momentu m and optimism of the earlier
years. More patience is required of us in fulfi lling our
aspirations. This is especially tough on the younger scien-
tists looking for opportunities to spread their wings and
fly. But  the  fu ture  remains  rich  with  promise.  The
Depart ment of Energy and the National Science Founda-
tion program offices in Washington, with help from the
High Energy Physics Advisory Panel, con tinue their
strong and enlightened support for our work with due
respect for t he principles established by Vannevar Bush’s
report. We have also forged increasingly st rong bonds of a single in ter-
national com m unity, cooperatively at work on a truly in ternational Large
Hadron Collider at CERN .

Looking back retrospectively,  we cannot forget  t hat ,  at  the sam e t i me as
we dreamed of the theory of Grand Unification, there were the night mares of
what could have been the worst of t im es. Scientific progress had also led to
new technologies of nuclear weapons, missiles in space, and the possibili ty, for
the first time in hu man history, that the new weapons we had created had such
great destructive potent ial that they could lead to the end of civilization as
we know it.

T HE CHALLEN GE TO PREVEN T that  nigh t mare  from materi-
alizing led many physicists to work with the military and the gov-
ernment.  Their  com mit ment  took  many  forms,  some working  at

weapons laboratories and others working as technical advisers in the arms-
control  negotiating and policy init iat ives. Some of us had the good fortune
of being able to divide our lives between our acade mic research trying to un-
derstand Nature’s mysteries and our technical efforts to help bet ter under-
stand and thereby try to reduce or counter the dangers we face. It is my per-
sonal conviction t hat t he scient ific com m unity—not each individual but as
a whole—bears a responsibili ty, a moral obligation, to project the implica-
tions of the technological changes ini tiated by our scientific progress, and to

FINAL PARTICLE CORRELATIONS IN DEEP IN-
ELASTIC LEPTON PROCESSES. S.D. Drell, Tung-
Mow Yan. SLAC-PUB-0718, Feb 1970. 11pp. Phys.
Rev. Lett.24:855-859,1970

IMPORTANT PROBLEMS AND QUESTIONS FOR
THE NEW ACCELERATORS. S.D. Drell (SLAC).
SLAC-PUB-0745, May 1970. 34pp. Invited paper
presented at Int. Conf. on Expectations for Particle
Reactions at the new Accelerators, Univ. of Wis-
consin, Madison, Mar 30 - Apr 1, 1970. Proc. of the
Int. Conf. on Expectations for Particle Reactions at
the new accelerators, Madison, Wis., 1970

THE PRESENT STATUS OF QUANTUM ELECTRO-
DYNAMICS. S.J. Brodsky, S.D. Drell. SLAC-PUB-
0761, May 1970. 89pp. Ann.Rev. Nucl. Part. Sci.
20:147,1970

MASSIVE LEPTON PAIR PRODUCTION IN
HADRON - HADRON COLLISIONS AT HIGH-EN-
ERGIES. S.D. Drell, T-M Yan. SLAC-PUB-0755, Jun
1970. 12pp. Phys.Rev.Lett.25:316-320,1970, Erra-
tum-ibid.25:902,1970 (Also in *Lichtenberg, D.B.
(ed.), Rosen, S.P. (ed.): Developments In The
Quark Theory Of Hadrons, Vol. 1*, 454-458)

PARTONS AND THEIR APPLICATIONS AT HIGH-
ENERGIES. S.D. Drell, Tung-Mow Yan. SLAC-PUB-
0808, Oct 1970. 82pp. Annals Phys.66:578,1971

PARTONS AND DEEP INELASTIC PROCESSES AT
HIGH-ENERGIES. S.D. Drell. SLAC-PUB-0903,
(Received Apr 1971). 7pp. Comments Nucl.Part.
Phys.4:147-153,1970

ELECTROMAGNETIC INTERACTIONS WITH EM-
PHASIS ON COLLIDING RINGS, PARTONS, AND
THE LIGHT CONE. S.D. Drell. SLAC-PUB-0948,
Aug 1971. 57pp. Rapporteur’s report, Int. Conf. on
Elementary Particles, Amsterdam, 1971. Proc. Int.
Conf. on Elementary Particles, Amsterdam, 1971.
Amsterdam, North Holland, 1972, 307-32



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.
SLAC-TN-71-022, Aug 1971. 45pp.

SCALING PROPERTIES AND THE BOUND STATE
NATURE OF THE PHYSICAL NUCLEON. S.D. Drell,
T.D. Lee (Columbia U.). SLAC-PUB-0997, Dec
1971. 91pp. Phys.Rev.D5:1738,1972

A DYNAMICAL MODEL OF HADRONS WITH
FERMION QUARKS. S.D. Drell, K. Johnson. SLAC-
PUB-1091, Aug 1972. 22pp. Phys.Rev. D6: 3248,
1972

RECENT THEORETICAL WORK ON E+ E- ANNIHI-
LATION AND CONTINUATION FROM INELASTIC
ELECTRON SCATTERING. S.D. Drell. SLAC-PUB-
1137, Oct 1972. 14pp. Invited talk presented at
Parallel Session on Currents 1: Electron Positron
Interactions at 16th Int. Conf. on High Energy
Physics,6-13 Sep 1972, Batavia, Ill. Proc. of Int.
Conf. on High Energy Physics, Batavia, Ill., 1972.
Batavia, Ill., National Accelerator Lab., 1973. vol.
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.
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help citizens and their govern ments shape t heir practical applica-
t ions in ways beneficial to all society. This responsibili ty is most
cogently manifest in dealing with nuclear weapons, whose enor-
mous destructive poten tial leaves so lit tle margin for error.

In my case the dual tracks of academic research and teaching
and involvement in govern men t work opened in 1960 w hen the
JASO N group was organized. Its purpose was to enlist  fresh sci-
entific talent to work on problems of impor tance for our
national security.  We were in the dawning new age of nuclear

weapons, space and in tercontinental missiles,  and the challenges they pre-
sen ted to for m ulating 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 JASO N 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 com mit ments and enor-
mously valuable contributions to infor med policy choices by t he United
States concerning ar ms con trol and national security. I very m uch admired
what they had done. JASO N thus  became a  new component  of  my scientific
work. It served as an in troduction for me to new problems that were often
scien tifically fascinating and strategically compelling. Subsequently many
other doors opened for my involvement, both inside and outside of the gov-
ern ment. Over time I ended up working on a variety of in teresting technical
issues of national security and ar ms control.

EARLY O N I BECAME INVOLVED in the technical possibilit ies of
gaining in telligence from space-based satellite systems as a way of
piercing the Iron Curtain erected by an obsessively secretive Soviet

govern ment. Photoreconnaissance from satellites circling the earth above the
at mosphere 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
in tercontinental range missiles and bombers. Subsequently i t also opened the
path to ar ms 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 Presiden t Eisenhower had first called for
in 1955.

Working in this area of technical in telligence was compelling for its ob-
vious strategic importance. The more accurately we can gauge the nature
and im minence of developing threats from our perceived or potential foes,
the more responsibly and confident ly 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 bet ter we understand a si tu-
ation, the bet ter prepared we are to address i t and act wisely. I also found
this work, continuing up to the present, extraordinarily fascinating on tech-
nical grounds as I  in teracted with scien tists and engineers from both the
academic and the industrial world whose accomplish men ts 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 cen ter. Debates about the poten tial value, versus the dangerous il-
lusions, of nationwide anti-ballist ic missile (ABM) defenses were ongoing,
with periodic crescendos, for more than three decades. Though often driven
by political considerations, these were serious debates about st rategic policy
that touched a fundamental instinct of all  hu man beings to protect our fami-
lies and homes. Nuclear warheads with their enor mous destructive poten-
tial had great ly changed the requiremen ts of an effective defense
from the pre-nuclear era. But how differen t, and what consti tu ted
sensible progra ms 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 stabili ty t hat
relies on m utual assured destruction to deter a would-be at tacker?
There is an essen tial technical core to any informed debate be-
tween defense and deterrence. It has com manded the at tention of
many scien tists for a long time, and I did not escape involvemen t
in this important issue of national security.

At the root of this issue are two technical reali ties: the rela-
tive ease and economy of designing and deploying offensive
counter measures to overpower any conceivable defenses; and
the requirement that a missile defense against nuclear-tipped
missiles m ust be near perfect if i t is to be effective in protect ing society. In
addition, and of u t most importance, one has to consider the almost certainly
har mful impact of an ar ms build up between competing offenses and
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defenses, and their countermeasures and
counter-counter measures, on strategic stabil-
i ty and future prospects of reducing the nu-
clear threat.

These considerations are st ill central to
the continuing debate about ballis tic mis-
sile defenses in 1998.  Technology has
changed enor mously 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 st ill
see the situation pret ty m uch 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 su ms for syste ms and weapons of defense can guaran tee
absolu te safety.  The awful arith metic of the atom bomb does not permit  any
such easy solu tion. Even against the most powerful defense, an aggressor in
possession of the effective minim u m nu mber of atomic bombs for a surprise
at tack could place a sufficient nu mber of his bombs on the chosen targets to
cause hideous damage.”

Simply pu t,  as m uch as one would like to have an effective defense
against nuclear at tack, one cannot escape limitations dictated by laws of
Nature in a futile effort to achieve a policy goal that is technically unrealis-
t ic, 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 in terconti-
nental ballist ic missiles. In the absence of a careful analysis of the practical
technical realit ies, fanciful clai ms preceded more measured judgments,  and
a largely polit ical and highly acri monious debate ensued. Subsequen tly,
m uch more modest, bu t more realis tic, goals for a limited ABM system
emerged after a lot of hard work and careful analyses by many physicists in
academia, think tan ks, and industry, who analyzed the broad repertoire of
new and prospective technologies along with relevan t 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 curren t and fu ture, in
establishing realist ic national policy goals. They
were selected apoli tically and solely on the grounds
of demonstrated achievements in science and engi-
neering. Two things set t hem and their work apart
from the existing govern mental line organizations
and cabinet depart men ts with operational responsibili t ies, and from non-
govern mental organizations engaged in policy research. First of all, they had
White House backing and the requisite security clearances to gain access to
all t he relevant informat ion for their studies on highly classified nat ional
securi ty issues. Second, the individual scient ists were independent and pre-
su mably, therefore, im m une from having their judgments affected by opera-
tional and institu tional responsibilit ies.  Therein lay their unique value.
Unfort unately the advisory mechanism that served the White House and
the nation well  when i t  was created,  eroded in the late 1960s during the
political strains and public discord of the Viet Nam confl ict  and has not
been reenergized effectively in national security mat ters.

Most recen tly 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 poli ti-
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 com mit ment of the
nuclear powers to work toward the cessation of all nuclear weapons tests.
Before com mit ting i tself  to honor this com mit ment,  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 deter mine what would have to be included as
per mit ted activities in a negotiated CTBT,  so that
we could retain confidence in the safety and reli-
abili ty of our enduring nuclear warheads in to
the fu ture.

A JASO N study was organized to answer this
question in 1995. It was our finding that confi-
dence in the safety and reliabili ty 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
scien tific 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 i t presently is,
by firs t–class scientists and engineers at the national weapons laboratories,
there is no need to continue nuclear test ing at any level of yield. Instead we
will rely on enhanced at ten tion to surveillance and diagnostic informat ion,
and accurate sim ulations 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 fi lling 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 abili ty to hear whatever warning bells may ring—however
unan ticipated they may be—aler ting us to evidence of deterioration of an ag-
ing stockpile. There will also be facilit ies to provide for warhead refurbish-
ing or remanufacture in response to identified needs. This progra m is consis-
ten t with t he spirit, as well as the let ter 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.

O ur conclusion was endorsed by the weapons laboratories and proved to
be persuasive in Washington. It provided the technical base for Presiden t
Clin ton’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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LOOKIN G BACK, i t has been the best of times. SLAC has been and
remains a wonderful home with great science, colleagues, studen ts,
and friends. Indeed i t is one of the great pleasures of a career in

physics to have such wonderful colleagues worldwide. The fu ture of our
field—and of SLAC too—depends on the continuing extraordinary inventive-
ness of i ts scientists—the accelerator builders and experimentalists on
whom we rely for data, the lifeblood of science. By all  signs the fu ture looks
brigh t, with no end in sigh t. With amazing inventiveness, theorists have in-
troduced new concepts that one couldn’t even have drea med of fifty years
ago. The questions we m ust still answer are cer tainly sharper and at least as
compelling as they were fifty years ago: Where has all the antimat ter gone?
What is the origin of CP violation? Of particle masses, especially for fermi-
ons? Whether or whither sypersym metry and sparticles?

On the nuclear front we have had the good fortune to avoid the worst of
times, but m uch work remains to be done. The end of the cold war has
greatly reduced the im mediacy of the nuclear fear t hat was a recurrent ele-
ment of that long contest. But that danger persists, inheren t in what we
know how to do, concrete in the bet ween 20,000 and 30,000 warheads pos-
sessed today by at least eight nat ions, and presen t 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
en ti ties and terrorists. They can no longer be ignored, as the at tack in the
Tokyo subway system by t he Au m Shinrikyo reminded us in 1995. The com-
m unity of scientists will have to remain strongly involved, as we have been
up to now, in effor ts to build a safer twenty-first cen tury as we advance our
understanding of Nature.
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ARTICLE PHYSICS IS N OW POISED to take i ts  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 ten th of a

percent level. According to the Standard Model, the fundamental
forces are due to the exchange of in ter m ediate vector bosons, such as

T h e  N ex t St eps
i n  Par t ic le  P h ys ics

P

b y J O H N E L L I S

t he 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 t he nu mbers of
conventional quarks and leptons.
The sixth and last quark—the top—
was found at Fer milab in 1995 with a
mass consistent with predictions
based on its  quantu m effects  in  the
precision electroweak data (see
“Discovery of t he Top Quark” in t he
Fall 1995 Beam Line, Vol. 25, No. 3).
Higher-energy experiments at LEP
are now producing pairs of t he
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 par ticular, if they agree with
the predictions of gauge theories. By
the end of its operations  in t he year
2000, LEP will also have searched sys-
tematically for all possible new parti-
cles weighing less than abou t
100 GeV. Meanwhile, t he Fer milab
proton-antiproton collider will be
exploring masses up to a few hun-
dred GeV for some new particles.

The very success of t he Standard
Model in describing to date all con-
fir med accelerator data raises funda-
mental problems to be addressed by
the next generation of experiments.
Foremost among these is the
Proble m of Mass—What is the origin
of t he differen t par ticle masses, and
in par ticular how do the Z and W
acquire m asses around 91 and 80
GeV, respectively, while the photon
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re mains m assless? Newton taught us that weigh t is propor tional to mass,
and Einstein taught us an equivalence between mass and energy, bu t neither
said anything abou t t he origin of mass itself. In the initial for m ulation of t he
Standard Model, particle masses were generated by an unseen field per meat-
ing the Universe, named after one of its proponents, Peter Higgs. T here
should be a par ticle associated with this field, corresponding to quantu m
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 acco mpanying
elementary boson is unsatisfactory. Some theorists  have suggested that  it
migh t be composite, and one of a multitude of new strongly-interacting parti-
cles, bu t the precision electroweak data disfavor many of t hese hypotheses. Al-
ternatively, an elementary Higgs boson may exist accompanied by a plethora
of supersym metric particles—one for each known particle, with identical elec-
tric charge but different spin. Experimen ts at LEP and Fermilab have sought
such supersym metric 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 supersym metric, 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 Proble m 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 explanat ion for the nu mber of particle
species, and just rewrites t he couplings of the W boson in ter ms of t he 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 experimen tal evidence for this radical hypothesis. The
new generation of experiments on mesons con taining bot tom 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, t here is t he Proble m of Unification: Can the gauge theories of the
electroweak interactions be combined with quantu m 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 cen ter-of-
mass energy of 14 TeV, wit h a lu mi-
nosity of 1034c m−2s−1. In t he longer
term, t he LEP machine com ponen ts
could be combined with the LHC to
make electron-proton collisions at a
cen ter-of-m ass energy of 1300 GeV
and a lu minosity 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 t his energy range is t he reso-
lu tion of t he Problem of Mass. The
Higgs boson, or whatever replaces it,
is expected to weigh less than 1000
GeV. Indeed, t he precision elec-
troweak data from LEP,  the SLC and
elsew here indica te t hat t he Higgs
boson m ay weigh arou nd 100–200
GeV. In t his m ass range, the Higgs
boson of t he Standard Model should
have observable decays in to photon
pairs  or  four charged lepto ns.  Two
major detectors for discovery physics
at t he LH C are under construct ion:
ATLAS and CMS (see com panion ar-
ticles by M. G. D. Gilchriese and Dan
Green respectively in the Winter 1997
Bea m Line, Vol. 27, No. 4). Each is
designed to be able to explore all the
possible range of Higgs-boson
m asses, and par ticular at ten t ion is
being paid to t he precise m easure-
men ts of photons and leptons.

The range of Higgs-boson masses
favored by t he analysis of precision
electroweak data coincides with that
predicted in supersym m etric m od-
els, giving encourage men t to their
advocat es. T he m ajor LH C experi-
ments should be able to find strongly-
interacting supersymmetric particles—
the squark partners of quarks and the
glu ino  par tners  of  t he  gluons  of
QCD—if they weigh less t han abou t

boson gauge couplings favor GU Ts
with supersym m etry, and there are
hin ts  tha t  neu t rinos  migh t  have
masses, as predicted by many GUTs,
bu t it may be difficult to accu mulate
direct evidence for G U Ts, or for a
m ore a m bi t ious T heory of  Every-
thing based on string theory.

Several accelerators have programs
that address these fundamental prob-
lems. I have already m ent ioned t he
continuing runs of LEP and the Fer-
m ilab collider, and HERA will also
con t in ue t o run for several m ore
years. And, as already m en t ioned,
about to start operation are the B fac-
tories at SLAC and KEK in Japan that
will address t he Proble m of Flavor
(see “Why Are We Building B Facto-
ries” in t he Spring/Su m m er 1996
Beam Line, Vol. 26, No. 1).

IN AD DITIO N ,  construct ion
has started on the Large Hadron
Collider (LHC) at CERN ,which is

scheduled to co m e i n t o opera t ion
in 2005.  T he 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 expect ed i n super-
sym m etric models. T hey may also
be able to recons t ruc t decays of
squarks and gluinos, and to identify
some weakly-in teracting supersym-
m etric particles, as well as discover
at least one of the super-sym metric
Higgs bosons.

In th is way, the LHC should pro-
vide a break t hrough in our u nder-
standing of t he Proble m of Mass. If
supersym m et ric par t icles exis t , i t
should also provide so m e detailed
measuremen ts of their spectroscopy,
t hat could provide som e hin ts con-
cerning GU Ts and perhaps a Theory
of Everything, contributing to our un-
derstanding of unification. The LHC
will also m a ke possible m easure-
m en ts of mesons and baryons con-
taining bot tom quarks t hat are more
detailed than those possible with the
SLAC and KEK B factories, con tinu-
ing t heir assaul t on t he Problem of
Flavor.

T he LHC m achine and detectors
are being constructed as a global pro-
ject, wit h significan t con tribut ions
from t he United States, Japan, Rus-
sia, Canada, China, and Israel as well
as t he Eu ropea n m e m ber s ta tes of
CER N .  Indeed, t he Am erican con-
tingents of experim en talists are t he
largest in ATLAS and C MS. It seems
likely t hat  any fu t ure major accel-
era tor project will be realized as a
similar global collaboration.

This is the context in which sev-
eral projects for linear e+e− colliders
are current ly being prepared for pro-
posal t o gover n m en ts arou nd t he
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 u n t u rned. Al t hough i t can

discover t he Higgs boson, t he LH C
can no t m easure m any of i t s cou-
plings to ot her par ticles and verify
that it does its job of providing their
m asses. Al t hough i t can discover
som e supersym metric particles, the
LHC probably cannot discover all the
predicted weakly-interacting ones. It
is  also  li m i ted in  i t s  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 supersym metric theories.
T here is plen ty of scope for an ac-
celerator with complemen tary capa-
bili t ies to com plete our pic t u re of
physics in the range of energies up to
about 1000 GeV.

LEPTON-ANTILEPTON col-
lisions offer a cleaner experi-
m en tal e nviron m en t t ha n

proton-proton collisions, and one in
w hich all types of par t icles—bot h
weakly- and strongly-interac ting—
are produced de mocratically. An ex-
ample of the complementarity of e+e−
and hadron-hadron collis ions has
been provided in the 100 GeV range.
Alt hough t he Z was discovered i n

prot on-an tipro to n coll is ions,  i ts
detailed study has been possible only
in e+e− collis ions.  T hese and ot her
prior experiences convince us t hat
fu t u re e+e− colliders are likely to
broaden and deepen considerably our
understanding of physics beyond the
Standard Model.

The first established landmark be-
yond t he energy reach of LEP is t he
top quark-antiquark threshold around
350 GeV in the cen ter of m ass. De-
tailed measuremen ts of properties of
t he top quark will  be possible,  and
spect roscopic m easurem ents m ay
enable us to derive indirectly som e
properties of the Higgs boson.

Moreover, t he fact t hat presen t
electroweak data favor a rela t ively
light Higgs boson offer the enticing
prospects of copious product ion at
a next-generation e+e− collider. This
would enable i ts couplings to t he Z
boson, the bot tom quark, the tau lep-
ton and perhaps two photons to be
compared in detail wit h t he predic-
tions of the Standard Model or its su-
persym m et ric ext ension. 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
t han is curren tly possible a t LEP or
Fermilab. It may also be possible to
measure t he W mass more precisely,
as well as many other properties.

IN ADDITIO N to this (more or
less) guaranteed physics agenda,
there is t he prospect of a t hresh-

old for new physics beyo nd t he
St andard Model, per haps t hat for

The fact that

present electro w eak

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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supersym metry. Unfort unately, we
do  no t  yet  k now w hat  the  crucial
threshold energy may be. LEP may be
able to provide us with a bet ter hint,
or perhaps the Fer m ilab proton-an-
tiproton collider, bu t we may well
have to wait  for  t he LH C before
knowing better  where (for example)
supersym metry may appear.

Once one is above the threshold, a
linear e+e− collider will enable unpar-
alleled measurements to be made. The
masses of supersym metric par ticles
can be measured with high precision,
and their spins determined. All t he
heavier weakly-in teract ing super-
sym metric particles can be studied, as
well as the heavier supersym metric
Higgs bosons.  Many consistency
checks on the supersym metric theory
will be possible, and many checks of
unificat ion ideas will be made. Al-
though the LHC should be able to dis-
cover supersym m etry, and may be
able to m ake m any spectroscopic
measurements, a linear e+e− collider
will be needed to complete the job.

In view of t he uncertainty in the
supersym m etric t hreshold energy,
flexibility in the energy of such a col-
lider is essen t ial. 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
m ach ine should be able to reach
much higher energies eventually: ide-
ally up to 1000 GeV per bea m so as

to cover all t he likely range of su-
persym metric particle masses.

To my mind, there is a compelling
physics case for a linear e+e− collider
to cover t he en ergy range bet ween
LEP a nd 2000 GeV in t he cen ter of
m ass.  It s  co m ple m en tari ty  t o  t he
LHC would ensure that the Proble m
of Mass is completely resolved, and
the possible path to rela ted physics
beyond the Standard Model is clari-
fied. Here, personal prejudice and a
broad consensus am ong t heori st s
have guided me to concentrate on su-
persym metry, bu t the linear collider
would surely have si milar benefits
for t he s t udy of co m posi t e Higgs
m odels .  D uring t he com ing fe w
years, as projects for linear collid-
ers are finalized arou nd t he world,
this physics case m ust be conveyed
convincingly to t he world particle-
physics com m unity, and beyond. It
seems to me clear that any such pro-
ject would need to be constructed on
a fully in ternational basis, building
on previous experiences wit h HERA
and the LHC. In this connection, the
presen t  cooperat ions bet ween dif-
feren t laboratories around the world,
notably bet ween SLAC and KEK, are
excellen t firs t s teps. O n t he ot her
hand, it is also good that several al-
ternative technologies be researched
and developed in parallel, so that the
opti mal choice may be m ade when
t h e  t i m e  co m es. Since several dif-
ferent options are being studied, one
m igh t wonder w het her m ore t han
one project could be proposed suc-
cessfully. In my view, it would be dif-
ficult to convince the physics com-
m unity of the need for more than one
linear collider in the energy range be-
low 2000 GeV in the center of mass,
bu t polit ics is another story.
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Artist’s conception of a TeV linear
electron-positron collider. The individual
elements are not drawn to scale.



can be de m onst ra t ed, so t here is
plenty of work to go around! It is at-
tractive to consider a demonstration
project ,  a nalogous to t he SLC as
“proof of principle” for l inear e+e−
colliders. From the physics poin t of
view, an interesting option could be
a Higgs factory, which would exploit
the larger coupling of the Higgs bo-
son to m uons, and the possibility of
a reduced energy spread compared to
an e+e− collider.

Finally, let me men tion the ideas
that are being discussed for a possi-
ble pro ton-pro ton collider  wit h
beams in the 50–100 ×103 GeV range.
The key technical issues here are the
reduct ion of t un neling and equ ip-
ment costs by an order of magnitude
below those of t he LHC .

IT IS T O O EARLY to say
which of  t hese possible options
for accelerators beyond the LH C

and the linear e+e− collider migh t be
m ost  in teres t ing.
The answer depends
on  t he  un k now n
physics  tha t  t hese
prior machines will
uncover. However,
we can already be
sure t ha t  bo t h t he
LHC and a linear col-
l ider capable of
reaching up to about 2000 GeV in the
cen ter of m ass will be very exciting
physics projects. Now that the LHC
is under construction, I hope that all
the world’s par t icle physicis ts will
work toget her to gain approval and
construct such a linear e+e− collider.
Physics needs it!
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SIN CE T HE PERIO DS be-
t ween the first discussions and
t he realizat ions of new accel-

erators are long and lengt hening—
LEP was first s tudied in 1975 and en-
t ered operat ion in 1989, a gap of
four teen years, t he LH C was first
m entioned in 1978 and first studied
in 1984—it is not too soon to consider
what  migh t  come after  the LHC and
t he linear collider. Several ideas are
circulating in the United States and
in Europe,  m an y of  w hich will  re-
quire years of research and develop-
m en t before a specific project can be
for m ulated.

O ne of t hese is a h igher-e nergy
linear e+e− collider, operating in t he
range of 2000 to 5000 GeV in the cen-
ter of mass. This would probably re-
quire a  differe n t  t ech nology fro m
those curren tly envisaged, operating
at a h igh accelerat ing frequency.
CER N has been doing research and
developmen t 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 t he CLIC work will con-
t inue,  with t he ai m of de monstrat-
ing i t s feasibili ty for a pos t-LH C
project.

Another concept for colliding lep-
tons at several thousand GeV in the
cen ter of m ass is a m uon 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 develop m e nt progra m .
Aspects of t his idea are now being
discussed actively in the U.S. and it
is desirable t hat ot her regions of the
world also contribu te to this effort.
A lot of work is necessary before the
feasibili ty of such a m uon collider

Linacs
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Li /Be
Absorbers

Recirculation
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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 DEVELOPMEN T AN D HISTORY of the vio-
lin covers m uch the same time frame as contemporary

physics. While Newton was developing his classical
mechanics and for m ulating how the planets move in the

sky, Antonio Stradivari was creating some of t he world’s
greatest and most treasured violins in Cremona, Italy. This

instru ment had evolved from the viol family
about one hundred years earlier and was given
its final for m by another Italian maker,
Gasparo da Salo, and his studen t Giovanni
Maggini. Like the modern-day electric guitar,
this evolu tion was driven by the need for a
louder sou nd to accom modate public func-
tions. It was an instrumen t of the masses,
unsophisticated and brash. The viol remained
the refined favorite of the royal cour ts.

Salo’s new design was seen and copied by a Cremonese
maker, Andrea Amati, whose sons con tinued their father’s
lead and perfected t he 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 at tribu ting its style to
Amati. What we know for sure is tha t 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 ou t,
however, and went on to a long and illustrious career during
which he produced over a thousand instru ments.

By 1750 t he violin had gained wide acceptance. Indeed,
most famous composers of the day produced works that fea-
tured t his instru ment. 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 Ph ysicis t  i n t h e World  of  Vi
by WILLIAM ATWOOD

A physicist applies w ell-k now n

principles to the construction

of violins and in the process co m es

to a better understanding

of techniques for shaping their sound.



BEA M LINE 21

a greater range in notes.
Unfortunately, the original
tech nique of simply nail-
ing and gluing the neck
onto the body proved too weak to coun terbalance the pull of
the strings. In response, in the late 1700s the maker Man-
tegazza developed a method of mor tising the neck in to the
sides and top block for added strength. The modern violin
had been bor n. However, violins made during the next two
centuries failed to achieve t he 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 u nderstand-
ing how bowed instru men ts produced their characterist ic
sound. T he Ger man physicist Her mann von Helm holtz is
credited with explaining bowed string m otion. The condi-
tions of fixed length and tension and of con tinuous sound
(periodicity) mean that the only frequencies presen t could be
in tegral m ultiples of the fundamental (that is, the lowest al-
lowed vibration mode). Musically this means that for a given
note, its octave, t he fifth above that, the next octave, t he
third above that, and so on are par t of t he sound. Helm holtz
recognized that t he timbre of the violin sound m ust be very
rich in t hese har monics, and he became curious as to how
the moving string produced them. The string, he deter mined,
does not just wag back and for th upon being agitated by the
bow. Rather a sharp kink makes round-trips between the
bridge and the nu t, fl ipping over at each reflection (see the
above illustration). As the kink passes by the con tact poin t
of t he bow on its way to t he bridge, it firs t releases the grip
of t he bow hairs on the string and then an instan t later grabs
them again. The result is a con tinuous plucking action often
referred to as “slip stick.” The kink travels in an apparent

l i n s KinkBridge

N u t

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 bu t
also are st ruct urally crit ical as t he
downward force of t he bridge owing
to the tension of four strings is about
twenty pounds.

The violin body is basically a res-
onator driven by t he vibrations from
the bridge induced by the afore men-
t ioned Hel m hol tz-type s t ring m o-
tion. However, only those frequen-
cies t hat approxim ately match the
nat u ral resonances of t h is sys te m
will result in any appreciable sound.

T he freq uency response can be
m easured by vibrat ing the bridge
wit h a pure sine wave (no har mon-
ics). T h is is accom plished by at-
taching a ligh tweigh t transducer to
the bridge and sweeping the drive fre-
quency while keeping the amplitude
cons tan t .  The  rela t ive  sound  ou t-
pu t can then be recorded (see left il-
lu s tra t ion on t he opposi te  page).
While the data in this plot are in de-
tail complex, som e overall feat ures
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 sufficien t ly 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 equ ip m en t wit h responses
above fifteen kilohertz won’t make
the violins sound bet ter!

Each note on a violin has its own
particular sound. The fundam ental
as well as its harmonics will fall in
various places in t he 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 in teres t fro m scien t is ts
abou t  how the violin works. Sever-
al new schools dedicated to the con-
s t ruc t ion  of  s tr inged  ins tru me n t s
now exist in the United States. And
there are organizations with refereed
journals  focused mainly on the sci-
ence of t he instru ment. In this stim-
ulating environment, a young and en-
th usiast ic group of makers is argu-
ably producing violins that m ay in
fact rival the old Italian instru ments.

FU N DAMEN TALS
OF A WORKIN G 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 pla te, or “belly,” t hat pro-
duces most of t he sound is typically
two to  three  millimeters  thick while
t he back is sim ilar in t h ick ness
around the edges but can be five mil-
limeters or more near the center. The
walls are approxi m at ely one m il-
li meter  th ick except  for  t he  lin ings
t hat reinforce t he glue join t  to  t he
belly and t he back. U nder t he foo t
of t he bridge corresponding to the E
s t ring, a s m all dowel m echa nical-
ly couples the top to the back. Un-
der the ot her foot is a longit udinal
s tiffener called t he bass bar. Bot h of
t hese com ponen ts not  only have a

Bridge

Bass Bar

Sound Post

f Hole

A cross section of the violin at the
bridge.
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spect ru m and be amplified accord-
ingly. In the right-hand figure above
t he waveform of the sound of a vio-
lin being bowed on the open E string
is shown fi t to a harmonic series. For
t his  not e the fift h an d six t h har-
monics  are  three  and two times larg-
er than the fundamental. The appar-
en t rapid oscilla tions are t he result
of these har monics, slowly in terfer-
ing with each other while t he (slow)
overall envelope modulation is at the
fu nda m ental frequen cy of 660 Hz.
Yes,  we  hear  E,  bu t  we  also  very
quickly iden tify the note as coming
fro m a violin . I t is t he presence of
t hese har monics t hat iden tifies the
source of the sound for us. If we re-
peated t he above exercise for other
not es, si m ilar resul t s will be ob-
tained; however, the harmonic con-
t en t (wh ich har m onics are i m por-
tan t) will change.

To achieve good project ion,  one
wants positive pressure waves to be
produced si m ultaneously from t he
top and back of a violin. You migh t
visualize this condition as the violin
al ternately swelling and shrinking.
Jac k Fry, a no t her n o ted physicis t,
poin ted ou t  in t he 1970s  tha t  t he
arrangement of sound post and bass
bar inside a violin resul ted i n t his
type of radiator. But certainly not all
of the resonances can be so si mple.
Various places on the surfaces of the
two plates will be moving in and out
of phase and hence form higher pole

radiator pat terns. For each note, var-
ious radiat ion pat terns will em pha-
size various har monics when mea-
su red a t differen t locat ions. As
Gabriel Weinreich recently observed,
“perhaps this is part of t he in trigu-
ing aspec t of t he violin sound. . .i t
seems to dance and sparkle, coming
all a t once from som e place and at
t h e  sa m e  t i m e  fro m  no  place  i n
particular!”

APPLYIN G PHYSICS
TO MAKIN G VIOLINS

A physicis t’s approach to lear ning
abou t a new physical syste m often
s t ar ts  w it h fu nda m e nt als  such as
how big,  how sm all,  what  con trols
the overall behavior, etc. John Schel-
leng pursued this type of dimensional
analysis and found an overall figure
of m eri t  for  violin wood: t h e  ra t io
of t he de nsi t y to t he veloci ty of
sou nd.  O ne can in t ui t ively under-
stand t his rat io is importan t by ob-
serving t hat if, for instance, the top
weighs a lot , i t  will require a hard
shove to get it moving. Bu t, just be-
ing ligh t is not sufficient. We wan t
the entire top plate to move—not just
t he local area u nder t he feet of t he
bridge. Hence, the stiffness is also of
prime i mportance.

It is in teres ting to plot t he den-
sity versus velocity for various types
of wood (see illustration next page).
Along straight lines emanating from
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A m odern m echanical 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
t he figure on page 22 is  arrived at
through a two step-carving process.
First the outside is shaped. The curve
(called the arching pat tern) is usu-
ally copied from one of the old Ital-
ian masters. While these arching pat-
ter ns m ay appear t he sa m e to t he
un trained eye,  t here can be a wide
variety in the maxim u m height and
how full the curve is. “Height ” is a
measure of how m uch the center sec-
t ion puffs  up from the plane of  t he
sides (usually 14–16 m m). The back
of the instru ment can have a differ-
ent height than the front. The “full-
ness” of t he arch refers to how far
t his puff extends toward the edges.
“Swoopy” arches start their descen t
closer to the cen ter. Full arches (de-
scen t closer to t he edge) tend to be
stronger and more resistance to long-
ter m defor mation owing to the sta-
tic loading produced by the strings.

After shaping t he outside, t he in-
side is scooped out. Here’s where the
fu n begins!  How t h ick should t he
wood be and what thickness pat tern
should be used. Th is is com plicat-
ed and still only poorly understood.
Since the material is wood and there-
fore anisotropic wit h variat ions in
physical proper t ies from piece to
piece, any recipes based purely on
dim ensions will fail. Somehow one
m ust use the vibrational properties
of t he individual  plate to guide t he
thinning (or graduating) process.

Tradit ionally makers have use a
tec hn ique based on “ tap” tones.
Holding t he free pla te off cen ter in
t he upper area wi th t he thu m b and

the origin the ratio is con-
stan t: large values being
“good.” Balsa wood seems
to be the m aterial 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 m usical inst ru men ts
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 m ade of spruce. T he res t is usu-
ally made from curly maple, a high
figured hard wood. The above char t
reveals that this material wasn’t cho-
sen on the basis of sound production
bu t rather for its beau ty and perhaps,
more fundamentally, its strength (the
axial pull of the four strings combine
to over sixty pounds). It also mat ters
how the wood is cu t from the tree.
Detailed experiments have revealed
that the velocity of sound decreases
as the align ment of the fibers deviates
from being parallel to the surface. In
fact not only does the sound velocity
go dow n, bu t t he ra te at w hich vi-
brat ions are da m ped-ou t 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.
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forefinger and tap-
ping near the cen-
ter with the ot her
hand produces a
distinct pitch t hat
can be perceived as
t he plate nears i ts
final t hicknesses.
Keeping t he same
holding poin t and
tapping at the cen-
t er near t he bot-
t om reveals yet
ano ther  pi t ch.
When old  I talian
ins t ru m e nt s are disasse m bled for
repair, t heir tap tones are often ex-
a m ined. In par t icu lar, a fa m ous
m aker/restorer nam ed Si mone Sac-
coni, who worked on many of the ex-
isting Stradivari violins, reported that
all had tap tones bet ween F and F#,
strongly suggesting that this was part
of the equation t hat evolved in Italy
t hree hundred years ago.

Carleen Hu tchins,  who st udied
u nder Sacconi, developed a new
method for measuring tap tone while
m ak ing i ns t r u m en ts. She  showed
t ha t  t hey corresponded to eigen-
modes of the free plate, which can be
seen clearly using the technique of
C hladn i  pat ter ns.  H u t chi ns sus-
pended a violi n pla te horizon tally
above a loud speaker connected to an
audio signal generator. When black
gli t t er is sprink led on t he surface,
at resonance, t he pat terns shown in
the drawing on the right appear. The
nodal lines are the places where the
plate is not m oving and hence the
glit ter tends to accum ulate. 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 t he m-
selves. The plates are eventually glued
to the sides, changing the boundary
condi tions from free to som ewhere
between hinged and clamped. Inves-
tigations into the vibration modes for
plates bot h free and clam ped have
show n t hat  t he t hick ness of  wood
near the edges of a plate is critical in
determining the eigen modes for the
clamped condition but has lit tle ef-
fect on the free plate. Wood removal
near the center controls the lat ter.

SETUP

Completing the violin after graduat-
ing the pla tes involves a great deal
of precision woodworking and then
comes the varnishing. The next phase
in w hich physics can play a part  is
in the “setup.” This includes shaping
the fingerboard and bridge, fi tting the
sound post, adjusting t he tailpiece,
and so on.  Much of how t he final
product will sound is deter mined at
this stage.

The bridge of the instru ment 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.



26 SU MMER 1998

While t here has been li t t le
quan t i t a t ive  work to  de tail  w hat
sound a mode-matched inst ru ment
makes as opposed to an un matched
one, bot h players and listeners pre-
fer t he for mer. The frequency of t he
air cavity mode is determined most-
ly by the volu me of the box and the
size and shape of t he f holes. Li t t le
can be done to alter this “bottle” note
and indeed one finds lit tle variation
from inst ru m en t  to  inst ru m en t .  A
closely related note can be found by
hu m ming into an f hole and finding
the pitch at which the body resonates
(usually bet ween C to C#). The firs t
bendi ng m ode has t wo t ransverse
nodal lines running across the widest
sections of t he upper and lower ar-
eas. The pitch of t his eigen mode can
be de ter m ined by holding t he in-
stru ment upside down at the widest
point in the area next to the tailpiece
and ligh t ly tapping on the scroll. It
turns out that the fingerboard can be
modified to vary this note. By adding
weigh t at the end near the bridge or
by t hinn ing t he fingerboard in t he
area where it joins the neck, the note
can be lowered.

T he t ailpiece also plays an i m-
portan t role. The relative lengt hs of
t he s t rings bet ween t he bridge and
t he nu t a t t he far end of t he finger-
board and between the bridge and the
tailpiece should be six to one. T his
length can be approxim ately tuned
using a ruler; however, a knowledge
of har m onics gives a si m pler a nd
m ore accurate technique. A s t ring
w hich is  one-sixt h t he fu ll  lengt h
will sound a note at the fifth above
the second octave. Given that violins
are t u ned in fif t h s m ea ns t hat  by
plucking the string behind the bridge

to the top. In som e sense it may be
viewed as an audio fil ter. It s t radi-
tional and in tricate shape was m ost
likely arrived at through trial and er-
ror with an eye on the esthetics and
an ear on t he resul t ing sound. Ob-
servat ions of  w hich bridges sou nd
good sugges ted an experi m en t us-
i ng si m ilar t u ni ng t ech niques to
t hose u sed for free pla tes. A high-
power audio tweeter and audio gen-
erator revealed that the best bridges
had a si m ple bending eigen m ode
pitched at high F (2800 Hz).

After a final fit t ing with strings,
t he vibrat ional m odes of t he com-
plete instrumen t can be investigated
and adjus ted. When t he lowes t air
cavit y resonance and t he lowes t
body - bending mode have similar fre-
quencies, t he violin co m es 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 t he note of the
next higher string plucked in front of
the bridge an octave should be heard.
T he pi tc h of  t he no te behi nd the
bridge may be adjusted by changing
the length of the cord (called the tail-
gut) fastening the tailpiece to the end-
pin of t he instru m en t. Bu t t he tail-
piece also has resonances which have
been found to have optim al values.
Changing the tail-gut length changes
t hese pi tches as well. T he only re-
m aining free param eter is to adjust
t he weigh t of t he tailpiece: heavier
lowers its  resonance pi tches while
lighter raises them.

PLAYIN G

One of the appealing attributes of the
violin is the variety of sounds. This
sound palet te is manipulated through
t he bowi ng tech n ique. T he m ain
variables are t he speed of t he bow,
the downward pressure on the string,
and the point of contact on the string
with the bow hair. (To a lesser extent
t he am oun t of hair which is in con-
tact with the string also plays a role.)
All this occurs essentially in a three-
di m e nsional  space.  A t wo-di m en-
sional projection of this bowing space
is illu s t ra ted in t he figure on t he
righ t. The softest sound is obtained
wit h a slow, ligh t bow halfway be-
tween the fingerboard and the bridge
while the loudest notes are produced
wi t h a fast, heavy bow at a si milar
contact poin t. The most variation in
speed and pressure can be found in
t he middle of the range. Here too is
t he largest range of possible contact
points. Harsh, bi ting sounds may be
produced  with  t he  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 m usic dynamic but
also the timbre of the sound.

An obvious question is what hap-
pens if you go ou tside t he “allowed”
region in the bowing space? You pro-
duce eit her an annoying scratching
so u nd or an equally u npleasan t
whistling. The edges of this space are
given by t he boundaries for t he
Helm holtz-type “slip st ick” action
as discussed in the introduction. Pre-
ferred violins h ave a large bowi ng
space. These instru ments allow the
concert ar t ist t he grea tes t range in
sound color  and dyna mic.  A corol-
lary is that cheap violins have a small
bowing space. This explains how the
begin ning s t udent , wi t h lit tle bow
con trol,  m ay sound at rocious on a
$200 fiddle provided by t he paren ts
while the teacher (wit h a great deal
of bow control) can sound reasonably
good!

Physics or physics training does
not give any in trinsic advan tage to
violin m aking. Music is essen tially
esthetic and producing an instrument
necessitates highly developed wood-
working skills. However, physics can
be a tool for u nderstanding what pa-
ram eters of t he instru m en t con trol
various aspects of its sound, thereby
providing a guide for shaping it. It can
also inspire experim en ts wit h 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 in s tr u m en t,  can pay off
handso m ely w hen t rying 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 HEI N O HEN KE & R OBERT SIEMA N N

A Poss ib le Fu t ure
Microfabrication for Millimeter W

Large and s m all scales are

in tert wined throughou t

physics. Huge accelerators

produce bea m s for ato m ic,

nuclear,  and particle science.

In an in teresting, new t wist,

m icrofabrication could be

the key to t he accelerators

of  t he  future.

NSTRUMEN TS AN D THEIR CAPABILITIES often
deter mine the frontiers of science. The par ticle physics fron-
tier is the highest achievable energy, and there has been
exponential growth in energy because of break through con-
cepts, inventions and discoveries, and application of new
technologies to particle acceleration. The Fer milab 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 mat ter physics
to protein crystallography. Those synchrotron radiation
sources were made possible by the inven tion of klystrons
which are efficient high power radio-frequency (rf) ampli-
fiers, strong focusing, and sophist icated magnet tech nology.

What concepts, discoveries, and/or technologies will
deter mine the fu ture fron tiers of accelerator-based sciences?
In the near ter m 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 i mportan t for high current applications in
nuclear and par ticle physics, for single-pass coherent ligh t
sources and for linear colliders with t he TESLA project at
DESY. However, none of these are break throughs—and
without breakthroughs the costs of accelerators are
becoming for midable.
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O ur in terest has been in explor-
ing new technologies which are riski-
er bu t have breakthrough potential.
O ne such t ech nology is  m icrom a-
ch in ing t hat  m a kes  i t  possible  t o
t hink about millim eter-wavelength
accelerators t hat have m illim eter-
size features. These accelerators have
poten t ial for bot h part icle physics
and synchrotron radiation, but t hey
cannot be realized from straightfor-
ward ex trapolat ions of long wave-
lengt h accelera tors like t he classic
SLAC 10-c m wavelengt h, S-band
linac. We do not imply that there are
not for midable problems; rat her we
see an oppor t unity if t he problem s
posed can be solved eit her t hrough
technological developments or con-
ceptual insights.

MICROFABRICATIO N

In t he las t few decades microfabri-
cation has made impressive progress.
High speed m il ling m ach ines and
shaped diamonds allow 2–5 µm pre-
cision. Tiny high pressure water jets
and laser beams provide fast and pre-
cise cut ting. Pressureless wire elec-
trodischarge machining reaches the
accuracy limits (below 1 µm) of the
best measuring devices. Ion etching
and li t hographic tech n iques, the
work horses of the semiconductor in-
dus t ry, have been m odified for
m ech anical  m an ufact uring.  T he
youngest offspring is shape deposi-
t ion manufact uring where metallic
powder is injected into the melt-pool
of a scanning laser focus.

Traditionally linac structures are
cylindrical, bu t a m ore open st ruc-
ture is needed for adequate vacuu m
pumping as dimensions shrink to the
millimeter scale. The planar, m uffin-
tin geom etry shown in t he illustra-
tion above seems to be t he best can-
dida te. It co nsis ts of t wo separa te
halves wi t h a wide gap in bet ween
that provides sufficient pumping con-
ductance.  T his  si m ple  t wo-di m en-
sional structure has mechanical tol-
erances in the 1 to 3 µm range. These
tolerances and the planar geometry
m ake wire elect rodischarge m a-
chining and deep X-ray lit hography
with the German acronym LIGA that
stands for Lithographie, Galvanofor-
m ung, Abfor m ung meaning lithog-
raphy, electroform ing, and molding.

Electrodischarge machining (EDM)
is a rela tively cheap and concept u-
ally si m ple process, a nd t he toler-
ances achieved are remarkable. The
workpiece and an electrode are im-
m ersed in a dielect ric flu id, and a
high vol tage 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 t hin, spooled

Beam Axis

Cooling

RF Inpu t

Vacuu m

A muffin-tin accelerator structure.

aveAccelerators
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required for accelerator applications,
and t hey have relat ive advan t ages
and disadvantages that could prove
crucial. Two drawbacks of EDM are
tha t  t he  s tructu re  m us t  be  con-
structed in layers and diffusion bond-
ed toget her and t hat t he process is
not well suited for mass production.
LIGA is expensive for prototype fab-
ricat ion since i t requires an X-ray
mask which typically m ust be man-
ufactured in t hree steps, a synchro-
tron radiation beam line for a many-
hour exposure of t he plast ic resist,
and facilit ies for developing t he re-
sist and electroforming the structure
which proves to require care and ex-
perience. It should be m uch cheaper
w hen produci ng large n u m bers 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.

m m-WAVE POWER SOURCES

In many ways the availability of high
power sources is cri t ical for accel-
erator develop ment, and a t the pre-
sent time such sources for m m 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
t he m to be a m plifiers reduces t he
power rating and efficiency dramat-
ically. The Naval Research Labora-
tory, working in collaboration with
CPI and Li t t on, is developi ng a
100 kW gyrotron amplifier.  Another
can didate for  high power at  shor t
wavelengths is the ubitron, but it is
bet ter suited as an oscillator, and sig-
nificant development is needed for it
to be a high power amplifier.

tungsten wire that cu ts through the
workpiece like a fretsaw. The cut ting
speed strongly depends on the thick-
ness of the workpiece and the desired
surface finish. Today, t he bes t m a-
chines  cu t 1 m m per  min u te  in  a
1 m m t hick copper sheet wit h sub-
micron precision and 1 µm surface
roughness. A nearly optical surface
rough ness of 0.1 µm is possible a t
lower speeds.

LIGA has been developed primar-
ily at Karlsruhe, Ger many, for fab-
ricat ing m icros t ruc t u res wit h ex-
treme height to width ratios. In a first
step (Lit hographie) a thick resist lay-
er of plast ic is irradiated t hrough a
mask by synchrotron radiation (see
illustrat ion on t he left). By develop-
ing t he exposed resis t layer, a te m-
plate is produced which can be filled
wi t h a m e tal by elec trofor m i ng
(Galvanofor m u ng). After st ripping
the unexposed resist a metallic mi-
crostructure is obtained. A third and
four t h s tep allow for m ass fabrica-
tion.  A negative of  t he microstruc-
ture  is  obtained by inject ion m old-
i ng of t her m oplas t ic m aterial
(Abform ung). This negative serves as
a te m plate for subsequen t electro-
forming processes. Many structures
can thus be m ade from t he original
master.

Today LIGA is an advanced tech-
nology.  Many com ponen ts such as
acceleration sensors, microturbines,
electrostatic motors, and linear ac-
t uators are being manufact ured by
industry. The achievable accuracy is
around 1 µm or bet ter, and structure
depths of 600 to 800 µm are possible.
This is exactly what is needed for a
m uffin-tin structure.

Bo t h ED M and LIGA have  the
prom ise of m eet ing t he tolerances

X-ray Sensa tive Plast ic

Injection Molding

Substrate

Metal

X-rays

Material

Expose and Develop Plastic

Electroplate

Rem ove Plastic

Injection Molding

Simplified lithography process.

20 m m

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
differen t  approach to a m m-wave
power source—a large n u m ber of
small,  simple,  and cheap tubes  with
a m ini m al power dist ribu t ion net-
work in con tras t  to t he usual  con-
figuration of a small number of high
power tubes wit h a complex distri-
bu tion circuit. A m m-wave klystron
shou ld be able to genera te up to
150 kW and would have good effi-
ciency. Using per manent magnet fo-
cusing, developed at SLAC for X-band
(3 c m wavelengt h),  such k lys trons
would meet the goal of being small,
simple, and cheap.

A 150 kW klys tron wou ld be an
ideal power source for compact, low
energy accelerators, but high energy
accelerat ors require subst an t ially
more power. Possible ways to achieve
that are discussed in the high energy
accelerator section.

COMPACT, LOW ENERGY
ACCELERATORS

An advantage of m m-wave accelera-
tors is t he s m all, planar geo m etry.
Complex structures can be realized
with li thography on a single support
with no extra fabrication costs, and
the designer’s skill—rather than cost
or space—becomes the li miting fac-
tor. This leads to new ideas for com-
pact, low energy accelerators t hat
could include a small, light linac for
m edical applications, a space-based
accelerator, or a co mpact synchro-
tron radiation source.

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

cells of a standing-wave cavity from
a si ngle inpu t coupler, and t hese
s truct ures are also sensi tive to fab-
rication errors. The solution is to use
specially designed coupling cells that
do not con tribute to the acceleration
but increase and sym metrize the cou-
pling. Such a struct ure is  nor m ally
complicated and expensive, but with
lit hography one gets it for free.

Klystron Amplifier Principle

RF In

Cathode

Collector
Anode

Input
Resonator

O utput
Resonator

Solenoid

Drift Space

Electron Beam

RF O ut

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 moun ted
on a single support and all fabricated
li t hographically. A m odule t hen
needs only connections to the pow-
er supplies, vacuu m pu mps, and low
power electronics to become a work-
ing accelerator.

PARTICLE PHYSICS

T he pote n t ial advan tage of m m-
wavelengt h accelera tors for par t i-
cle physics is a higher accelerat ing
gradient. It is known from experience
with 1–10 cm wavelengths that gra-
dien ts are li m ited by dark curren t
capture, which is the acceleration of
field emit ted electrons to relativis-
t ic energies, and by rf breakdow n
w hich is  a  com plex pheno m eno n
involving field-e m it ted electrons,
X rays, ions, rf fields, and surface con-
dit ions. T he m axim u m gradien ts
from these phenomena scale approx-
im ately inversely wit h wavelength
as shown in the figure on the left.

These wavelengt h dependencies
give m m-wavelengths breakthrough
potential, but short wavelength, high
gradien t accelera tors require m uch
more than a straightforward extrap-
ola t io n fro m longer wavelengt hs.
O ur colleague Dave W hi t t u m of
SLAC has a light hearted, but also se-
rious, transparency that sum marizes
t he si t uat ion were such an extrap-
ola t ion  made,  “ The  power  source
doesn’t  exist; t he accelerator would
melt in one shot; the  beam density
dilu t ion is unacceptably large; t he
beams destroy themselves during the
collisio n; a nd t he coll ider wou ld
require a dedica ted power pla n t .”
This is fertile ground for imaginative
solu tions.

A m m-wave rf undulator is under
developm en t a t Argonne Nat ional
Laboratory’s  Advanced  Pho ton
Source. When a relativistic electron
bea m travels t hrough an rf undula-
tor, it is subjected to transverse forces
from the rf fields, and it radiates co-
herent, quasi-monochromatic radia-
tion sim ilar to t hat from a conven-
tional magnetic undulator. At around
100 G Hz the undulator period can be
as shor t as 1 m m . T h is is su bs tan-
tially s m aller t han possible wi t h a
magnetic undulator, and the electron
beam energy can be lowered for the
same photon energy.

Scien tists at t he Technische Uni-
versitaet in Berlin are interested in
low energy accelerators wi th gradi-
ents between 1 and 10 MV/ m, and the
m ain concerns are s m all size, low
weight, and low cost. One exam ple
is a compact 50 MeV linac that could
power eit her an undulator or a free
electron laser and genera te t unable
radiation down to 50 nm wavelength.
T he figure at t he t op of t he page
shows  so me  details.  The  k lys t ron
and bea m focusing device are in te-
grated such that the whole acceler-
ator fi ts on one table apart from pow-
er supplies. For t he fu ture it would
be at tractive to have integrated ma-
chine modules. That means a certain
number of rf structures together with
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Begin wit h pulsed te m perat ure
rise a nd associat ed dest ruct ive ef-
fects. Radio-frequency losses are con-
cen t ra t ed on t he  surface,  and t he
resultan t  heat  does not  diffuse sig-
nifican tly into the metal during the
rf pulse. T he surface volu m e is re-
peatedly s tressed beyon d the yield
strength and event ually the surface
could fail. T his has been seen wit h
40˚C temperature rise in high power
laser m irrors where surface quality
is critical.

Forty degrees is far below the tem-
perat ure rise for in teresting acceler-
ating gradien ts, but t here is anecdo-
tal evidence that pulsed temperature
rises well above t ha t do no t cau se
problem s for rf cavi ties. An experi-
m en t using power from t he X-band
klystrons is in progress to study this
systematically. The first run had the
ten tative result that rf properties of
copper were no t affected after 107

pulses wit h 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 te mperature rise such
as a t h in dia m ond coa t ing t hat is
transparent to rf bu t serves as a heat
sink t hereby reducing the tem pera-
t ure rise by up to a factor of t hree.

Bea m -induced fields, or wake-
fields, reduce the beam phase space
densi ty.  If  t he  reduct ion  is  suffi-
cien tly large, it is impossible to fo-
cus tightly at the in teraction point.
Wakefield effects are proportional to
charge, offset of the trajectory from
t he cen ter of the aper ture, and vary
inversely with the cube of the wave-
lengt h. Th e lat ter is obviously bad
for short wavelengths. The best way
to reduce wakefields is to precisely
align t he bea m and accelera tor.

Experiments with a prototype X-band
s t ruc t u re  have  dem ons tra t ed  tha t
wakefields can be detected and are
precise posi t ion m onit ors.  A
wakefield-derived signal can be used
as the input to a feedback loop t hat
maintains alignment. Such feedback
loops co uld provide t he wakefield
control that is needed for millimeter
wavelengt hs. To the degree they do
no t, t he charge wil l have to be
lowered.

But, since luminosity depends on
t he bea m charge as well as phase
space density, t his is also bad. It is
possible to get high lu minosity with
low charge individual bunches by ac-
celerating a large number of bunches,
one behind t he other, with a long rf
pulse (see the illust ration at the top
of the page). This cannot be extended
to millim eter wavelengths because
t he pulsed tem perat ure rise is pro-
por t ional  to t he square root  of  t he
rf pulse lengt h. Dave Whit tu m has
conceived of a si mple, elegan t way
to accelerate m ul tiple bunches: let

RF Energy Bea m Bunches Accelerator Structure

RF Energy

e–

The conventional and matrix accelerator
approaches to multiple bunch
acceleration.
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SO ME OF WHAT we have
writ t en abou t  is  fu t uris t ic;
some is not. Some will come to

pass, and some will not. The 150 kW
klys tron and low energy co m pact
accelerators could be realized in the
near term. When they are, they will
be direct resul ts of t hink ing abou t
and applying m icrofabrica t io n t o
accelerators.

A m illi meter-wavelength, 5 TeV
collider is an a m bit ion to st udy
physics at a new energy fron t ier. It
will take originality and creativity to
make it possible, and even so it may
never be. It is a pro mising direction,
and, as wi th all basic research, one
pursues it for that reason while at the
sam e tim e realizing t hat the unex-
pected is expected.

t he rf and bea m travel in perpendic-
ular rat her than parallel directions.
This “ matrix accelerator,” shown on
t he previous page, accelerates m ul-
tiple bunches while keeping the rf in
a single cell for on ly a shor t t i m e.
Like many conceptual breakthroughs,
this solves a problem but introduces
new ones which, hopefully, are eas-
ier to solve. Parallel beams m ust be
combined; the rf  s tructure re mains
to be designed and shown to be prac-
tical (lithography could be the key);
and a source for t he requ ired h igh
power rf needs to be inven ted.

To pu t a scale to t he rf power, the
gradien t depends on t he square root
of t he rf power, a nd a m uffin-t in
s truct ure  requ ires 40 M W i npu t
power for 200 MV/ m gradient. If such
powers are possible they require both
a power source beyond t he 150 kW
klys t ron  we  discussed  and  pu lse
compression. A high power ubitron
m ay be t he right power source. We
will  know better  when the klystron
development is further along. With
a ubit ron one could reac h m ult i-
m egawat t power levels for several
m icroseco nds. Th is m ust be co m -
pressed down to a few nanoseconds
to have t he appropria te peak power
and pulse length for t he matrix ac-
celerator. Pulse compression is rou-
t ine; i t  is  u sed  in  t he SLAC Li near
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  w h ich h as been dem on-
strated at moderate powers.
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THE U NIVERSE AT LA RGE

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

LL SPECIES ARE ADAPTED to t he environ-
ment t hat has been around for a while (some ad-
mit tedly bet ter t han others). This includes Hom o

scientificuss and its subspecies H. scientificuss astronomische.
Thus even we, com mit ted 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 inven tions 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 ther modynamics. Hence, bet ting against neat, new things
is nearly always the winning strategy. Bu t w hen you lose,
you lose spectacularly, and vir tually all the achievements of
ast ronomy over the last few centuries can be traced pret ty
directly to changes in technology, demographics, or theoreti-
cal constructs.

New widgets include amplifiers, detectors, telescopes,
launch vehicles, computers, and m uch else. T he com m unity
constan tly recruits not just new people bu t new k inds of
people. And I hope at some future time to explore how we
have (often reluctan tly) incorporated these. Today (Wednes-
day), however, the focus is on in terchanges of ideas between
astronomy and other par ts of science. An oral presen tation of
some of the material, at t he 150t h anniversary meeting of
the American Association for the Advancement of Science,

Fish and guests start

to s m ell after three days.
—Old Cou ntry Saying A

Part I
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was originally entitled “How physics ca me to visit and
tried to take over the house,” bu t  I  soon realized t hat
t he 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 ou t” words.

Both t he dom ains of  t hough t and the specific  ideas
wit hin each of  t he following sect ions 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 t hat probably did
not exist when some of the ideas were being formulated.

NEWT ONIAN GRAVITATIO N

Sir Isaac, in assembling his theory of universal gravita-
t ion, m ade direct use of ast ronomical observat ions of
t he motions of the moon and planets. He promptly re-
t urned t he favor by providing t he first estimates of the
mass of t he sun: 29.7 earth masses in 1687 and 226.512
earth masses in 1713. Notice he shared t he fondness of
moder n, calculator-owning freshpersons for carrying
around more (in)significant figures than necessary! The
correct value is act ually 332.9 earth masses,  but  nearly
all of Newton’s error t he first t im e ou t arose from us-
ing a distance to t he su n t hat was not t he best avail-
able even t hen, not from the con tent 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-
t imates  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.

T he next step obviously was masses for other stars,
bu t t his required recognizing t hat m any of the m orbi t
in gravitat ionally bound pairs. John Michell, the Eng-
lish poly m at h, had said so on s t a t is t ical grou nds as
early as 1767. He was perhaps m ore 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 s tellar parallax. He t hough t t hat close star pairs

in the sky were accidental projections. But, after more
t han 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 acciden ts.

Masses for stars followed slowly (m ost 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 t hat only solid bodies could exert gravita-
t ional  forces an d therefore t he sun,  t hough perhaps
gaseous on its surface, must have a cooler, solid interi-
or, of which we catch gli mpses t hrough t he 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 t her m odyna m ics, w hich brough t t heir ow n con-
t roversies and misunderstandings.

CERES, STATISTICS, AN D THE PERSO NAL
EQUATIO N

T he discovery of Ceres in 1801 (by Giuseppe Piazzi, a
Sicilian ast ronom er) was very nearly followed by the
undiscovery of Ceres, when it disappeared behind the
sun wit h too lit t le of it s orbit observed to per mit cal-
culat ing where it should reappear. Carl Friedrich Gauss
ca m e to t he m at he m atical rescue, wit h an im proved
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 met hod
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
wit hin as tronom y and has not,  so far  as  I  know, ever
seemed applicable anywhere else in science, though it
t urns up occasionally in detective fict ion. It arose from
t he method by which positions of stars in the sky used
to be m easured. Star t wi t h a telescope t hat 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 (righ t ascension)
and the distance above t he horizon at which it passes
provides the north-sou th position (declination), at least
after a bit of additional arith matic. Standard operating
procedure involved t wo astronom ers,  one wit h a lis t
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 t he next star passed the
cross-hairs in his eyepiece. Feel free to replace the pen-
cil by a pen in t his narrat ive and “ now” by “nunc” or
some other one-syllable equivalen t.

Com parison of posi t ions obtained by differen t as-
t ronomers at differen t observatories soon showed that
t he iden t i t y of t he record-keeper didn’t m at t er very
m uch, bu t t he iden ti ty of t he now-sayer did, especial-
ly for the east-west coordinate. In t he words of a 1926
text: “Even the best observers habit ually 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 differen t for
each observer. This personal equation is an extremely
troublesome error, because it varies wit h t he observer’s
physical condition and also wit h 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 system atically larger or smaller t han Dr. Berry’s
by several seconds of arc, enough to mat ter in many ap-
plications of positional astronomy.

In the end, t he way around the proble m of the per-
sonal equation was t hat of Ru therford, “Don’t do better
sta tistics. Do a bet ter experimen t.” Ot her measurable
quantities that, over the years, have revealed systematic
offse ts fro m one observer to ano t her i ncl ude st ellar
and galactic brigh tnesses, Doppler shifts, and classifi-
cations of stars and galaxies. And increased automation
a nd m ec han izat ion,  from phot oelec tric  det ectors  t o
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 EQUATIO NS,
AN D THE REST MASS OF THE PHOT ON

Ole or Olaus* Roemer (1644–1710) actually participated
in 1672 in one of t he sets of observat ions that pu t t he
sun m uch further away than the distance Newton chose
to use in the first edition of Principia, but ast ronomers
know him as the first person to measure a reliably-finite
value for the speed of light. Even before universal grav-
i ta tion, Roem er had enough confidence in the unifor-
m ity of nat ure t o suppose t ha t t he orbi t periods of
Jupiter’s moons were constant from year to year. He thus
at t ribu ted late and early sigh t ings of t heir eclipses by
Jupiter to ligh t having more or less distance to travel,
*Or any of several other spellings, bu t i t doesn’t m at ter which you

choose because the sound is one of those Danish phone m es not
available  to  the rest of us. I t is, as Vic tor Borge said, a long way
fro m “ugghrl” to “thh hh.” Incidentally,  Roem er also inven ted the
transit circle  and m eridian circle instru m ents w hose use revealed
the “personal  equation” of the previous section, an d the m ercury
ther m o m eter, w hose use was ger m ane to the discovery of the
“m echanical equivalen t of heat” of the nex t section.

Su nJupiter

Moon
Earth 2Ear th 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 hi m slight ly over-est imated
t he range of early-to-late and sligh tly underesti mated
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 i t is now a definition!).

Halley (who also had a comet) updated Roemer’s num-
bers in 1694, and unin terest flowered for anot her 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, bu t discovered the odd-
ly-nam ed aberrat ion of starlight. Thin k 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 t he ra tio of your speed to
t he speed of ligh t. Bradley saw t his 20.5 arcsec  t il t  in
1725, had understood it by 1729, and, armed with a bet-
ter idea of t he size of the solar syste m and the Ear t h’s
speed in it, improved on Roemer’s nu mber 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 abou t as good as t he
astronomical ones, but improved methods, from Cornu,
Foucaul t,  and (of course) Alber t Abraha m 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 writ ing dow n t he four equat ions,
knowledge of which is frequently taken as the minimum
require ment for calling yourself a physicist. Constan-
cy of c is built in, along wit h the absence of magnetic
monopoles.  Astronomers  quickly  cam e to  terms with
t he for mer; the lat ter  you may well  wonder about.  We
qui te blithely ascribe polarization of radio (etc.) radia-
t ion to synchrotron emission in magnetic fields strung
ou t for kiloparsecs and m ore along t he ar m s of spiral
galaxies and t he jets and lobes of quasars. If an experi-
mental physicist wise in the ways of laboratory plasmas
comes along and asks where are (or a t least were) t he
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  t he photon m ust  be less than 10−47 to 10−57 g,
in order for fields to persist over large scales from Jupiter
to a galaxy.

T he corresponding li m it on t he m ass of t he gravi-
t on (fro m t he exis tence of gravi ta t ionally-bou nd
superclus ters of galaxies a t least 100 m illion parsecs
across) is  abou t 10−63 g. Bot h are considerably sm aller
t han laboratory limits, and occasional free spirits have
taken them as real, non-zero masses.

WHAT MAKES THE SU N SHINE?

T he so urce of solar and s t ellar e nergy was t he m ost
importan t 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 cen tury or more, 1880±10 to 1938±2. Of course,
i t  couldn’t  be a problem un til  conservat ion of  energy
was recognized as a universal pheno m enon,  which i t
was not by Galileo or Newton or even William Herschel
(though he speculated on the role of chemical interac-
t ions in the at mosphere above the solid(!) surface of the
sun).

Energy conservation became part of laboratory physics
som et i m e bet ween 1798,  wh en Benja m in T hom pson
(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 ti me, the Ear t h was already
at least tens of millions of years old, according to Hut-
ton, Lyell, and other uniformitarian* geologists who had
t hough t abou t  how long i t  m us t  have taken to build
up sedi men tary rocks, make t he oceans salty, and so
forth. Chemical reactions, which migh t sustain the sun
for a few t housand years, were, t herefore, 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 t he solar
problem he had identified. It was gravitational potential
energy, liberated by infalling m eteors. Independen tly,
the Scots engineer John James Waterston recognized the
problem of solar energy in 1843 and proposed as a solu-
t ion the con t in uous con tract ion 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 t he Royal Society in London.

A con tract ing star can live abou t G M2/RL years on
gravitational potential energy, a nu mber that should ob-
viously be called the Mayer-Waterston t ime scale, but
is act ually called the Kelvin-Helm holtz time scale, for
t hose w ho pu t forward t he sam e ideas i n abou t 1854

(Kelvin with meteors initially, Hel m holtz with overall
contraction). Both had encoun tered Waterston’s work,
in a t wo-page abstract arising from an 1853 meeting of
t he British Association for the Advancement of Science
and containing both the meteoric and the contraction
possibilities. Kelvin and Helm holtz were, therefore, pre-
su mably at least guided by their predecessors, bu t they
had bet ter credentials, bet ter press agents, and bet ter for-
mal mathematics at their disposal.

T here followed a brief era of good feeling, in which
most geologists squeezed hard on t heir layers of sedi-
m en t  t o  co m press  t h e m  wit hi n 20–40 m illion years,
t hough a few refused,  including T . C . Cha m berlin of
C h icago (w ho m we recognize as t he firs t h alf of t he
Cha mberlin-Moulton hypot hesis for t he origin of t he
solar system, once a popular competitor to Kantian con-
t raction). Cha mberlin and Kelvin faced off at t he 1900
meet ing 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 fur ther rock-
ing, this time by t he 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 t he decay of
uranium and thorium to lead. The numbers settled down
around 3–4×109 yr in 1913,  when Soddy weighed in with
t he concept of isotopes.

A PAIR OF JEANS (Sir James)

You might think a t this poin t t hat we are well poised
t o rom p hom e wit h Eddington, Bet he, and all t o hy-
drogen fusion as t he pri m ary source of  s tellar  energy.
But real events took several detours, which i t 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 s tellar syste m s was more like 1012–13

*U nifor m itarianis m is not, a t least in in ten tion, a religion, bu t just
the notion that we see in contin uous operation now all the
im portant processes that have shaped the Earth. T he opposite is
catastrophis m , and, as usual, the tru th  is  so m ew here in bet ween.

*Af ter all, it was Eddington who declared that the sun w as m ade
m ost ly of iron, silicon, an d ox ygen, so that radiation pressure  an d
gas pressure  were equal at i t s center.
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years t han 109–10. T his “long chronology” arose when
Jeans tried to account for the relaxed appearance of stars,
clusters, and (after 1925) galaxies and for t he observed
distribu tion of the shapes of orbits of binary stars. The
binary star case, at least, was an example of the theorem
t hat most mistakes are made before you ever put pencil
to paper. Jeans postulated that all binaries had for med
with circular orbits, which were gradually distor ted into
ellipses by encounters wit h other stars. Stars are VERY
far apart, and so this will take a VERY long time: in fact,
just about the ti me Jeans calculated. Like most British
astronomers of his and later generations, he had a back-
ground in for mal mathematics, and did not often make
mistakes after pu t ting pencil to paper. Moder n obser-
vations of binary syste ms of different ages show, how-
ever, that they for m with eccentric orbits that are grad-
ually circularized by tidal interactions between the stars.

Meanwhile, however, Jeans’ t ime scale led him to re-
quire a source of stellar energy in which mass was com-
pletely annihila ted and 100 percent of m c2 made avail-
able. That physics knew of no process to do this was not,
to hi m, a fa tal objec t ion. Indeed, a t t he t i m e, experi-
men tal physics was not very clear on how to liberate
any form. of “subatomic energy” except through spon-
taneous radioactivity.

T here were even t i m es w hen t he long ch ronology
seemed to be winning. Rutherford’s definitive 1929 state-
m en t on t he age of  ear t h rocks fro m uran iu m decay
(3.4 Gyr) includes the rem ark that this nu mber proves
the sun m ust be making uranium more or less currently,
since t he t ot al solar age is 100 t i m es longer. Si m ilar
remarks appear in other papers and books by both physi-
cis t s a nd ast rono m ers up u n t il abou t 1935 w hen  the
“short” time scale of a few ×109 yr triumphed. This seems
to have com e from approxi mate agree men t am ong (a)
t he age of the Earth, (b) the  expansion time scale  of  the
U niverse,  and (c) the ti m e stars could live on nuclear
t ran sfor m a tions wi t hou t  an ni hila t ion.  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 a n equal m uddier of t he wat ers of s t ellar
physics in the 1920s and 30s, and his ideas are even harder
for  t he m oder n reader to appreciate t han t hose of
Eddingto n an d Jeans. Leon Mestel has m ade t he in-
t riguing suggestion t hat i t would all have been sor ted
ou t m uch sooner if Karl Schwarzsh ild had survived
t he Great War and had been available to bang their re-
calcitrant heads together.

BACK O N TRACK

A second see m ing detour was act ually t he pat h back
to t he main highway.  T his  was t he associat ion of  t he
s tellar energy problem wit h t hat of t he origin of t he
elements. Heroes of the tale include Aston with his mass
spect rograph (1922+),  Atkinson and Houter m ans wit h
cyclic nuclear reactions t hat bot h buil t up heavy ele-
ments and released a few MeV per nucleon (1929), and
Gamow, Condon, and Gurney with barrier penetration.
T hey and ot hers are hym ned at greater length in an ear-
lier Beam Line (Spring 1994, Vol. 24, No. 1),  ending with
t wo choruses by Hans Bet he, t he first dated 1939 (when
he wrote down m ost of the details of t he hydrogen fu-
sion reactions that we now call the CN cycle and proton-
pro ton chain),  t he second dated abou t 1990 (w hen he
added his voice to the choir proclaiming that the solar
neutrino deficit is a problem in weak interaction physics,
not in astronom y or argon chemistry).

N ucleosyn t hesis (t he form ation of complex ato ms
from simple ones) and the production of energy in stars
are now solved proble m , t hough m uch inpu t  was
required from nuclear physics and from the area of spec-
t roscopy, to w hich we will turn in Part II in t he Win-
ter issue.
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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, supersym metry, and
string theory. He was awarded the Maxwell Medal of the
Institu te of Physics in 1983 and was elected a Fellow of
t he Royal Society in 1985. The University of Sou thamp-
ton awarded him an Honorary Doctorate in 1994, and he
has held visiting appoint men ts at Berkeley, Cambridge,
Oxford, Melbourne, and Stanford.
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HEIN O HENKE is Professor and head of the Electrical
Engineering depart men t of t he 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 in teres ts include rf technology, electro-
magnetic fields, beam-coupling i mpedances, new accel-
era t ing techniques, and linear colliders.

During a research stay in the radio-frequency group
of t he Advanced Photon Source at  Argonne N at ional
Laboratory the idea was born to combine modern micro-
t ech nology wit h accelera tor physics. Since  then,
millimeter-wave radiofrequency structures are one t he
m ain research topics in his Berlin group.
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has co-au t hored over 130 art icles in t he field of part i-
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t he piano when he was six years old and t he violin at
eight. Because his father was a part-time furniture maker
who specialized in copies of French Provincials, he re-
ceived early t raining in wood working. He becam e in-
t eres ted  i n  viol in  m a king  i n 1976 and began m ak ing
instru ments in 1983. He has made more t han forty vio-
lins and violas which are being lovingly played by Bay
Area m usicians. Recen t ly a you ng violinis t from t he
U niversity of California, San ta Cruz,  won a concer to
competition on an Atwood violin.
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t he SLAC Linear Collider, and has wri t ten extensively
on accelerator theory, experiment, and technology. His
presen t interests are advanced accelerator techniques,
and he is involved in development of m m-wave accel-
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fornia Irvine and University of Maryland), vice presi-
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