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Summary. — During the second half of 1950s new ideas in the accelerator art were
put forward by different groups aiming at the development of high-energy facilities.
In the general context of both these developments and the theoretical issues of the
time, the origin of AdA, the first electron-positron collider developed at Frascati
(Italy) in the early 1960s following Bruno Touschek’s proposal, is examined. A par-
ticular attention is devoted to the genesis of the idea exclusively focused from the
very beginning on the importance of a systematic and thorough study of electron-
positron collisions as a tool for investigating yet unexplored hadronic physics, and
how this could be achieved, at least in principle, by constructing a single magnetic
ring in which bunches of opposite sign could circulate and intersect many billion
times. The reconstruction is based on unpublished manuscripts and personal note-
books preserved in Touschek’s Archive of the Physics Department of Rome Univer-
sity “La Sapienza”, as well as on correspondence exchanged with Wolfgang Pauli in
the 1950’s.
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1. – Introduction

By the end of 1950s accelerator development had become “an independent profession
practiced by a new specialist, the ‘accelerator physicist’ ” [Brown et al. 1989, p. 15].
Accelerators had replaced cosmic rays as the principal sources of high-energy particles,
definitely marking the transition to “big science” particle physics. The new strong focus-
ing machines, based on the revolutionary concept of alternate gradient, had raised the
intensity and energy horizon, providing a good challenge for the production of a larger
number of particles. A panel of accelerator specialists was exploring new projects about
machines, and looking to the future, at their improvements. A different approach could
be to collide particle beams together. When the particles from a synchrotron slam into
a fixed target, most of the initial precious projectile energy is lost in the target recoil,
and only a fraction actually goes into the collision. On the other hand, in the case two
beams could be fired at each other, all the kinetic energy would go into the collision,
providing a considerable increase in collision energy and physics potential. In 1956 the
collaboration Midwestern Universities Research Association (MURA) used the recently
discovered fixed-field alternating gradient focusing (FFAG) [Symon et al. 1956; Kerst
et al. 1956] to propose colliding beams of protons. A machine based on this principle
promised to yield beams of very high intensity. Shortly after, the idea of storing particles
in a ring was proposed by some workers of the MURA group led by Donald Kerst [Kerst
et al. 1956a; Lichtenberg et al. 1956] as well as by G. K. O’Neill of Princeton [O’Neill
1956], who suggested a way of combining the goals of intensity and colliding beams,
using an ordinary synchrotron to accelerate the particles, and then accumulating them
in two rings which met tangentially, so that the two stored beams could be brought into
collision [O’Neill 1956a]. The project of a device for accelerating high-energy electrons
was implemented at Stanford beginning in 1958, and was presented by O’Neill at CERN
in June 1959, in order to perform high-precision experiments to check the predictions
of Quantum Electro-Dynamics (QED). During the Autumn of that same year Bruno
Touschek, working at the Department of Physics in the Rome University “La Sapienza”,
introduced a new revolutionary proposal destined to change the face of colliding beam
machines. Instead of colliding electron beams held in two distinct rings, Touschek pro-
posed, why not try to make electrons and positrons go round the same ring in opposite
directions?

The origin of AdA, the first electron-positron collider, has generally been traced back
to March 7, 1960, when Bruno Touschek gave a memorable seminar at the Frascati Na-
tional Laboratory near Rome, during which he pointed out the main features of the e+e−

annihilation processes and proposed to build a very small storage ring (2× 250 MeV) in-
jected from the existing electron-synchrotron [Amaldi 1981; Bernardini 1989; Bernardini
1991; Bernardini 1997; Picasso 1999; Bernardini 2004]. This idea, which had been ex-
plicitly proposed by Touschek during a meeting in Frascati, on February 17(1), in fact
goes back to a seminar given in Rome in late 1959 by Wolfgang Panofsky, who illustrated
the features of the first e−e− tangent storage rings facility then under construction at
Stanford, in view of an electron-electron scattering experiment as a test of the limits of
QED(2). Touschek was fascinated by the quantum properties of the vacuum state as a

(1) See report of the meeting prepared by Icilio Agostini (Laboratori Nazionali di Frascati,
Report N◦ 62, December 1960) and [Amman 1989].
(2) As Bruno Touschek himself wrote later in a report written as a guest of Brookhaven Lab-
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melting pot of interactions, through the basic process of vacuum polarisation, and he
immediately stressed the relevance of electron-positron collisions—reactions proceeding
through a state of well-defined “minimal” quantum numbers—as the “future goal” of
physics(3). A systematic and thorough study of such annihilation processes could be
achieved, at least in principle, by constructing a single magnetic ring in which bunches
of opposite sign could circulate and intersect over and over again many billion times
“thanks to CPT theorem”, claimed Bruno Touschek(4).

2. – Geneva 1956: the first international conference on high-energy
accelerators

In the first half of the XX century cosmic rays and radioactive emissions were the main
sources of high-energy particles, also used as “probes” since the beginning of the natural
progression through atomic physics to nuclear physics. Rutherford’s alfa-particles from
the decay of radioactive sources had energies of several MeV, higher than those produced
by electrical machines. More competitive devices like the Cockcroft and Walton electro-
static accelerator, and the R. J. Van de Graaff electrostatic generator of the early 1930s
were limited by problems of high voltage: energies above about 10 MeV, close to the dis-
rupting electrostatic limit. Repeated acceleration between the terminals which form the
end faces of a radio-frequency cavity overcame such breakdown limit. Appropriate choice
of electrode geometry made it possible for particles to arrive at accelerating gaps at the
right phase of the RF wave for continual accelerations. The parallel development of new
techniques to take beams of particles to high energy led to the construction of new par-
ticle accelerators: from Wideröe’s “ray transformer”, to linear accelerators, cyclotrons,
and betatrons. The history of acceleration of charged particles saw a spectacular growth
in energies attained, which increased by a factor of about ten every six years, as shown
by the well-known “Livingston chart” showing the evolution of accelerator laboratory
energy starting from 1930 [Livingston 1954]. Operation of the betatron is limited to
the energy range below 300 MeV because electrons in circular accelerators lose energy
by electromagnetic radiation that increases very rapidly with energy(5), and also for a
conventional cyclotron an upper limit to the attainable energy was seen in 1937 [Bethe
et al. 1937; Rose 1938]. A considerable extension of accelerators and colliders to high
energies was made possible by a number of conceptual and technical developments.

The invention of the synchrotron in 1945 and of the key principle of phase stability(6)
opened the way to an ever-increasing series of huge circular accelerators. In the syn-
chrotron particles are injected into a static magnetic field and acceleration takes place at

oratory “The interest in storage rings at Frascati was started by a visit of Dr. Panofsky in the
autumn of 1959” [Touschek 1963]. According to Raul Gatto and Nicola Cabibbo, these items
were in fact discussed after Panofsky’s seminar (interview with N. Cabibbo by L. Bonolis in
the documentary film Bruno Touschek and the art of physics [Agapito and Bonolis 2004], and
personal communications with R. Gatto; see also [Gatto 2004]).
(3) Report of the meeting.
(4) R. Gatto, personal communication (January 15, 2004), and [Cabibbo 1997, p. 219].
(5) The development of betatron for high-energy physics ended in 1950 when Kerst built the
world’s largest betatron of 300MeV, but they continued to be built for hospitals and small
laboratories.
(6) Phase stability was invented independently by Veksler and McMillan [Veksler 1944; McMil-
lan 1945].



4 L. BONOLIS

one or more radio-frequency stations; continuous acceleration to high energies is possible
because particles in a bunch, having an energy spread, remain locked in stable phase
while their energy, but not their radius, increases with the magnetic field. Under this
condition acceleration could be continued to indefinitely high energies.

The need for high-energy machines had been apparent since the end of 1940’s, when
the Energy Atomic Commission decided to fund large machines such as the 6 GeV Be-
vatron in Berkeley and the 3 GeV Cosmotron at Brookhaven. When these synchrotrons
began working between 1952 and 1954, a fundamental innovation was made indepen-
dently by N. C. Christofilos, and by the team of E. D. Courant, M. S. Livingston, and
H. S. Snyder: the invention of the “Alternating-Gradient” (AG) or “strong” focusing,
a new method of focusing particle beams by a sequence of alternating converging and
diverging magnetic lenses [Christofilos 1950(7); Courant et al. 1952]. The new scheme,
greatly extending the range of particle energies that can be economically attained, was
used in the design of an Alternating-Gradient Synchrotron (AGS) at Brookhaven, of the
CERN Proton Synchrotron (PS), and of the 1.3 GeV Electron-Synchrotron at Cornell.
As Matthew Sands recalled, “The second half of the decade (1956-9) was clearly the
heyday of the accelerator builder. Six accelerators with energies greater than 1 GeV, and
ranging up to 30 GeV, were put into operation: proton accelerators at Dubna, Saclay,
and CERN, and electron accelerators at Frascati and Orsay, besides ours at Caltech.
Eleven more giga-electron-volt-range accelerators were under construction . . . ” [Sands
1989, p. 154].

The advent of strong focusing “stimulated the imagination of accelerator builders”
[Wilson 1998, p. 176]. The possibility of higher-energy machines operating with AG fo-
cusing was at the base of pioneering innovations: a gradually increasing radial field might
be combined with strong focusing. The early cyclic AG synchrotrons were limited in their
beam intensity, because particles could be injected for only a brief time at the bottom
of the cycle. This limitation could be overcome through the concept of the fixed-field
alternating-gradient (FFAG) magnet accelerator, which promised a rapid acceleration of
particles, milliseconds rather than in the more usual seconds. In this machine particles
should spiral outward focused by a fixed nonlinear magnetic field having alternating gra-
dients, and follow stable orbits for a wide range of particle momenta. A machine based on
this principle would be much larger than a conventional alternating-gradient synchrotron
for the same energy. It should, however, yield beams of very high intensity, promising
“greater output currents than conventional synchrotrons and synchrocyclotrons” [Symon
et al. 1956a, p. 1837]. Machines of this type, developed primarily at the Midwstern Uni-
versities Research Assotiation (MURA) initially led by Donald Kerst, were thought to
be capable of stacking the intense beams then considered necessary to compensate for
small “target efficiencies”(8).

The understanding of stacking [Symon et al. 1956], and the possibility of stationary,
stacked beams of high current led to the possibility of proposing the colliding beam
concept. In January 23 of 1956 an article on proton colliding beams was submitted
to Physical Reviews by D. W. Kerst and his collaborators: “In planning accelerators of
higher and higher energy, it is well appreciated that the energy which will be available for
interactions in the center-of-mass coordinate system will increase only as the square root

(7) The patent, submitted in 1950, was accepted and published only in 1956.
(8) Model tests of the FFAG principle—a radial sector and a spiral sector machine—are de-
scribed in [Cole et al. 1957; Kerst et al. 1960].
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of the energy of the accelerator. The possibility of producing interactions in stationary
coordinates by directing beams against each other, has often been considered, but the
intensity of beams so far available have made the idea unpractical. Fixed field alternating
gradient accelerators offer the possibility of obtaining sufficiently intense beams so that
it may now be reasonable to consider directing two beams of approximately the same
energy at each other. In this circumstance, two 21.6 BeV-accelerators are equivalent to
one machine of 1000 BeV . . . The two fixed-field alternating-gradient accelerators could be
arranged so that their high-energy beams circulate in opposite directions over a common
path in a straight section which is common to the two accelerators” [Kerst et al. 1956a,
p. 590].

In June of that same 1956 the first of a series of international conferences on high-
energy accelerators was held in Geneva. Kerst proposed again the colliding-beam facility,
a pair of clashing-beam accelerators, together with detailed considerations of the prop-
erties of intersecting beam accelerators [Kerst et al. 1956]: sufficient concentrations of
protons could be achieved by “stacking” a number of high-intensity pulses in a ring so
that two such beams could be put into collision and yield a workable interaction rate. In
fact speculations about the high center-of mass energies attainable with colliding beams
were unrealistic with the particle densities then available to normal accelerator beams,
so that the idea of particle stacking could fundamentally change the situation. In the
section “Yield” of his second talk at Geneva (“Properties of an intersecting-beam accel-
erating system”), Kerst also calculated that “The number of interactions per second for
two azimuthally uniform beams is n = 2N1N2vlσA”, where N1 and N2 are the number
of particles per square centimeter circulating in the two accelerators per centimeter of
circumference, v is the velocity of the particles (about the velocity of light), l is the length
of the interaction region of the target section, and A is the cross-sectional area of the
beam [Kerst 1956, p. 37]. Such a machine thus appeared to offer “. . . the only way open
at present of studying reactions in the TeV range” [Adams 1956, p. 2](9).

These ideas were adapted to electrons by Gerald O’Neill, at Princeton, who coupled
the notions of accelerating beams to high energy in a synchrotron. Like the MURA
group, O’Neill was interested in proton-proton collision, but working with electrons would
quickly damp out transverse oscillations, reducing the cross-sectional area of the beams.
Whereas no mechanism was known in those days for damping the transverse oscillations
in proton machines.

Furthermore, with electrons, radiation automatically provided the energy loss mecha-
nism necessary at injection for the particles to end up in stable orbits. That made stacking
an easier process. At the same CERN conference, O’Neill gave a talk about storage rings
in which he suggested that one need not approach colliding beams via clashing accel-
erators but rather via storage rings as separate machines, in which the particles could
be stacked and could collide, separate from the accelerators that would feed them. In
observing that “If two particles of equal energy traveling in opposite directions could be

(9) During the discussion following the Session “New ideas for accelerating machines” Giorgio
Salvini, who had been in charge of the construction of the Italian 1100MeV electron-syncrotron,
and was Director of Frascati Laboratories, made a “curious comment . . . now looking as a sort
of premonition” (emphasis added), as recalled later by C. Bernardini [Bernardini 1991, p. 4]:
“When we have 2 beams, one of positive particles and one of negative particles (travelling in
opposite directions), can we expect extra focusing by the magnetic field of one beam acting on
the other, or will the particle simply collapse?” [Regenstreif 1957, p. 66].
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made to collide, the available energy would be twice the whole energy of one particle”,
he pointed out that “. . . it may be possible to obtain the same advantages with any ac-
celerator having a strong, well-focused external beam . . . In the scheme proposed . . . two
‘storage rings,’ focusing magnets containing straight sections one of which is common to
both rings, are built near the accelerator”(10). He also remarked that, “If storage rings
could be added to the 25- BeVmachines now being built at Brookhaven and Geneva,
these machines would have equivalent energy of 1300 BeV or 1.3 TeV” [O’Neill 1956,
pp. 1418-1419]. Certainly, the use of storage rings on electron synchrotrons “in the GeV
range would allow the measurement of the electron-electron interaction at center-of mass
energies of about 100 times as great as are now available. The natural beam damping of
such machines might make beam capture somewhat easier than in the case of protons”,
observed also O’Neill [O’Neill 1956a, p. 64].

In order to grasp which was the attitude of the very dynamic Russian group headed by
A. M. Budker we may refer to the two following talks presented by A. A. Naumov who
discussed the “Relativistic stabilized electron beam”—Physical principles and theory
[Budker 1956] and a brief review of experimental work [Budker and Naumov 1956].
Clearly, these ideas originated from the experience in the field of plasma physics of the
authors, and apparently have no relation to colliding beams(11).

These proposals appeared in the section of the 1956 Geneva Symposium named “New
ideas of accelerating machines”. The titles of the papers very well express the main
aim of these proposals and the concerns of those years: “. . . ideas were put forward
for new accelerating machines that would either give very much higher energies than
existing machines of the same energies and very much higher intensities. The evolution of
accelerators bears some resemblance to that of the larger prehistoric monsters in that the
size increases until a better way is found of achieving the same result . . . ” [Adams 1956,
p. 1].

In 1956 Norman Ramsey had written Wolfgang Panofsky concerning O’Neill’s idea of
storage rings, suggesting that rings might be added to the 500 MeV linear electron accel-
erator then operating on the Stanford campus: “I have been giving a little thought to the
possibility of using such storage rings with our new electron accelerator . . . The purpose
of my present letter is to call attention to the possibility of such a device in case you
might be interested in trying to build one”. At the moment Panofsky, who was already at
Stanford, the Director of High Energy Physics Laboratory (HEPL), replied “I am fairly
certain that for electrons it is not a terribly useful device with the possible exception of
the study of high-energy electron-electron scattering; this looks very difficult because of
the small cross section and back-ground problems. In our case, its possible use might be
as a duty-cycle stretcher. However, because of the radiation loss, quite an appreciable
r-f system would be required unless the ring were made very large” [Paris 2001, p. 359].

(10) In a footnote O’Neill writes that between the mailing and the publication of his Letter
he had become aware that similar suggestions had been made also by W. M. Brobeck of the
Berkeley Accelerator Group (see [Brobeck 1956], and [Lichtenberg et al. 1956]).
(11) Since 1953 Budker headed a small group of experimenters at the Institute of Atomic Energy,
which grew into the Laboratory of New Methods of Acceleration. The physics and technology
of intense electron beams, and the experience gained in the field later enabled later the design
and construction of colliding-beams facilities. As a further development of these techniques
Budker suggested in 1965 the so-called “electron cooling”, a method for damping incoherent
oscillations in beams of heavy particles, which opened up the feasibility of producing colliding
proton-antiproton beams [Budker 1967].
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But “How to realize a colliding-beam machine was the question. The MURA FFAG
accelerators discussed by Kerst were enormously complex and none had ever been built at
that time (nor has one been built since). There was considerable concern about whether
FFAG machines would actually work as well as their proponents claimed” [Richter 1997,
p. 264]. In recalling such problems, Burton Richter has also remarked that the con-
struction of such a machine was in fact never approved, and immediately added that
“At the same time, the problem of injection into the proton-synchrotron storage ring
complex that O’Neill and others discussed was thought to be very difficult . . . On the
other hand, injection and beam stacking in an electron storage ring looked easy because
of synchrotron radiation damping . . . ”(12).

3. – Developing physics with high-energy electron accelerators

In 1957 O’Neill had discussed colliding beams with Wolfgang Panofsky, then the
director of the Stanford University High Energy Physics Laboratory. O’Neill’s “goal was
to develop the new colliding-beam technology as well as to demonstrate it by using the
new technology for physics. The energy of the [Stanford] linac was such as to allow an
experiment that would go far beyond anything that had ever been done before in testing
the theory of Quantum Electrodynamics; and radiation damping made injection simple,
allowing one to get on to confronting the more basic questions of beam stability, beam-
beam interaction, and the like that O’Neill felt would be the limitations on large proton
colliding-beams systems, which were really dearest to his heart” [Richter 1997, p. 265].
Stanford’s HEPL had an ideal source of electrons in the Mark III linear accelerator,
so O’Neill approach using two electron storage rings with one common straight section
was implemented at Stanford starting from 1958. The group working at the Princeton-
Stanford colliding-beam experiment (which came to be known as the CBX) included
Gerry O’Neill, Bernie Gittelman, Burton Richter and Carl Barber.

In the meantime, in November of that same year, O’Neill and J. Woods proposed
an alternative approach to intersecting-beam FFAG accelerators design. After a dis-
cussion of the limitations common to all intersecting-beam arrangements using particles
other than electron, Woods and O’Neill presented “an improved storage-ring geometry”,
a concentric storage-ring design (CSR) with six straight sections, and described in de-
tail the main advantages of such a device concluding that “The over-all design of an
intersecting-beam system appears to be much simplified if one can attack the acceler-
ation and beam storage problems separately”. They suggested that “The interaction
region forces could . . . be checked by building a small electron model of the CSR” which
could allow “two tests which might be of greater value”. Building a full-scale beam
transfer system for an existing large proton synchrotron could allow studying stability
and emittance of the transferred beam. “A second test would be the construction of a
vacuum chamber for a CSR, full scale in cross section but only several tens of feet long”.
If this model were combined with an inflector system, the effect of high-energy radiation
on the operation of an ultrahigh vacuum system could also be studied, concluded the
authors [O’Neill et al. 1959, p. 668; O’Neill et al. 1958, p. 169].

(12) In the mid 1950s electron models were developed by MURA which confirmed the interest in
FFAG, but MURA’s proposals for construction of a 10–15GeV high-current FFAG accelerator
never received financial support: “They appeared to be technically very complex, demanded
high precision, and would not, apparently, be very flexible in exploitation . . . Their cost would
be large . . . ” [Sands 1989, p. 156]. For a source book on the development of colliders see
[Pellegrini et al. 1995].
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A general record of progress on high-energy accelerators can be found in the proceed-
ings of the first series of international and national conferences. At the International
Conference on High-Energy Physics held at CERN from June 30 to July 5, of that same
1958, Wolfgang Panofsky presented a report on “Nucleon structure (Experimental)”, and
began by remarking that “A major reason for combining the discussion of the limits of
electrodynamics and of nuclear structure is that in some, but not all, of the phenom-
ena discussed here the two questions cannot be separated” [Panofsky 1958, p. 3]. The
problem of the nucleon’s electromagnetic form factors was one of the dominant theoret-
ical problems in the late 1950s. Since 1949 L. I. Schiff stressed the importance of e-p
measurements which could probe the structure of the proton itself using the known elec-
tromagnetic inteactions. Soon after, M. N. Rosenbluth generalized Mott’s formula for
scattering caused by the magnetic dipole moment of the proton and for the structure of
both the charge and magnetic moment of the proton [Rosenbluth 1950]. The systematic
investigation of nuclear structure by electron scattering was pioneered by Hofstadter and
his collaborators starting from 1953 at Stanford [Hofstadter et al. 1953]. By 1958 a lot
of pioneering experimental work had been done on the space-like one-photon channel on
e-nucleus and e-p scattering, and an impressive amount of data had been collected since
1955, when Hofstadter and McAllister first observed structure effect in the proton(13).
After the failure of early attempts to explain the nucleon form factor through multipion
exchanges, and following these experimental discoveries, Yoichiro Nambu had predicted
that the proton and neutron form factors could be explained by the existence of a new
heavy neutral meson, which at the time he called ρ0 [Nambu 1957](14). “In dealing
with e-p scattering—went on Panofsky—we have no formal method for distinguishing
nucleon structure and electrodynamics . . .The ambiguity between nucleon structure and
electrodynamic effects can in principle be resolved by e-e scattering experiments (empha-
sis added). . . However, the invariant momentum transfer in an event where an electron
of energy E strikes an electron of mass m at rest in the laboratory . . . makes the value
of the momentum transfer much smaller than in experiments involving heavy particles”.
In considering the highest energy at which e-e scattering experiments had been per-
formed at the time, Panofsky considered “. . . extremely unlikely that either experiment
will give information on the limits of electrodynamics beyond that already established
by e-p scattering . . . Very exciting possibilities in pushing these limits further exist in
colliding-electron-beam experiments”. In quoting O’Neill proposal of 1956 [O’Neill 1956]
Panofsky also mentioned the MURA project for a two-beam FFAG accelerator proposed
in 1957 (“which permits circulation of electron beams of 50 MeV each, of presumably
sufficient intensity to permit e-e scattering experiments at a value of q = 100 MeV equiv-
alent to 10 GeV laboratory energy”)(15). But he immediately remarked that “A more
ambitious experiment has been designed by O’Neill and collaborators”(16), whose basic

(13) The latest paper published at the time was [Hofstadter et al. 1958]. See also [Hofstadter
and McAllister 1955] and [Hofstadter 1956], which summarizes the work at HEPL up to 1956
and contains a fairly complete set of references to the early work in the field. For a personal
account of these pioneering researches see [Hofstadter 1989].
(14) Experiments on the form factors of nucleons could be interpreted as though the photon
coupled to nucleons through a spin-1, isoscalar particle, decaying to three pions. An I = J = 1
resonance decaying to π++π− also was suggested on the basis of form-factor experiments [Frazer
et al. 1959]. See also [Nambu 1989].
(15) Panofsky quoted [Ohkawa 1957] and [Cole et al. 1957a] in [Panofsky 1958, footnote 6].
(16) In [Panofsky 1958, footnote 7] Panofsky quoted the still unpublished proposed experiment
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layout consisted in the 500 MeV linear accelerator beam alternately deflected into two
storage rings. The rings had RF accelerating systems to compensate the radiation loss.
“The experiment looks feasible, concluded Panofsky, and would push our knowledge cov-
ering the electrodynamic cut-off radius down by an order of magnitude” [Panofsky 1958,
p. 4].

In the section “Experiments defining the limits on the electron propagator cut-off”,
Panofsky pointed out that beside the difficulty in reaching large momentum transfers
resting with the center-of-mass motion, the e-p scattering experiments, on the other
hand, could not distinguish nucleon structure and electrodynamic effects. An experiment
aimed at “circumventing” both these difficulties was at the time in progress at Stan-
ford by Burton Richter [Richter 1958](17). It consisted of measuring the cross-section
for large-angle electron-positron pair production in hydrogen by bremsstrahlung X-rays.
The production of electron-positron pairs by photons in the Coulomb field of the proton
offered the possibility of examining the electromagnetic behaviour of a virtual electron of
large four-momentum, using the proton as a “known” constraint to reduce center-of-mass
motion(18). After a detailed illustration of Richter’s experiment Panofsky concluded his
discussion on experimental works in relation to the high momentum limits of electrody-
namics: “We see from the preceding discussion that at this time there exists no direct
experimental evidence which limits the validity of QED . . . ” [Panofksy 1958, p. 8].

At the second High Energy Particle Accelerator Conference held at CERN from 14 to
19 September 1959, the first talk of the session “The need for new particle accelerators”
was Panofsky’s “The future of high energy accelerators in physics”. In enumerating ex-
periments concerned with the structure of the fundamental particles or the interaction
of single pairs of particles, he commented on the experiments on the limit of validity
of Quantum Electrodynamics pointing out how this was “an area in fundamental par-
ticle physics where experiment and theory are in exact quantitative agreement for the
full range of energies explored to date”. These experiments included colliding-beam
electron-electron scattering experiments and experiments in which the invariant momen-
tum transfer was increased by using a proton as heavy particle to decrease the motion
of the center of mass. As third possibility Panofsky indicated experiments in which,
“despite the center-of-mass motion, a high invariant momentum transfer is assured by
sufficiently large primary energy . . . Included in this group are electron-electron scat-
tering, positron-electron scattering and annihilation in flight, and the electron-photon
Compton effect. In principle such experiments could be carried out at lower energy and

on the limits of Quantum Electrodynamics by G. K. O’Neill, W. C. Barber, B. Richter, and
W. K. H. Panofsky (Stanford University High-Energy Physics Laboratory, May 1958).
(17) Richter had come to HEPL in 1956 as a postdoc because he wanted to use the Linac to test
Quantum Electrodynamics [Richter 1997, p. 266].
(18) A complete calculation of the pair production cross-section from protons with form factors
including radiative corrections and Compton terms was carried out in [Bjorken et al. 1958].
Richter made the guess that “If the electron propagator is modified [here he quoted [Drell
1958]]. . . one obtains a form factor for the electrodynamic interaction that looks like F 2(q2) =
1− 2q2Λ2

e
+ . . . . This expression has no fundamental theoretical significance: it is merely a way

to characterize a deviation from the point interaction theory.” Richter concluded showing a plot
of the cutoff distance vs. the ratio of the yield predicted by a theory with cutoff to that by the
point-interaction theory, where the experimental error intersected the curve at a value of Λe of
about 0.9 fermi: “This might be an upper limit to the distance at which the present theory of
quantum electrodynamics breaks down”, concluded Richter [Richter 1958, p. 115].
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at high accuracy; however, both the experimental problems and the uncertainty of the
higher-order theoretical corrections make this impractical. At the very highest energies,
ambiguities might again arise between possible breakdown in quantum electro-dynamics
and the uncertainty in the calculation of corrections” [Panofsky 1959, p. 5].

L. W. Jones opened his report on “Experimental utilization of colliding beams” re-
calling that since the original suggestion by Kerst a great deal of study had been given to
the accelerator problems related to achieving beam-beam collision, but he also stressed
that “Relatively less thought has gone into the questions of experimental utilization of
such interactions”. According to Jones, this was due to the fact that “physics at 10 to
30 GeV in the center of mass is at least one generation beyond current experience. It
is thus possible that the experiments and techniques that will be of greatest interest with
colliding beams have not yet been conceived (emphasis added). Of course this very lack
of knowledge is one very strong motivation for producing colliding beams”. In stress-
ing that “The most obvious motivation for going to very high center-of-mass energies
with colliding beams is the search for undiscovered particles and the subsequent study
of their properties”, Jones also pointed out that “The production cross-sections and an-
gular distributions of known particles may provide fundamental information about their
properties and about the structure of the proton itself”. In that early Summer 1959,
coherently with his positive and intuitive view, full of expectations, Jones concluded his
report by stressing that “an increasing interest in the physics at energies made accessible
through colliding beams may be expected in the future (emphasis added)” [Jones 1959,
p. 22].

In the last report of the first session O’Neill discussed the concentric proton storage
rings. He stressed that for maximum utility in carrying out experiments several easily ac-
cessible interaction regions should be available simultaneously, and that the geometry of
Concentric Storage Ring (CSR) would allow the maximum utility in carrying out experi-
ments in such independent regions [O’Neill 1959, p. 24]. At the moment it appeared that
the CSR, developed as an improvement of Ohkawa FFAG synchrotron design [Ohkawa
1958], could satisfy these requirements.

Proton accelerators were also discussed by D. L. Judd in the spirit of a full awareness
of “the great mass of unknown facts that will be required to solve the most challenging
physical problems of our time”. In his report he wanted to demonstrate that “ample
inventiveness has been applied throughout the world to produce a whole new generation
of accelerator concepts and techniques”. He also pointed out that “we have rapidly
progressed to the stage where the feasibility of an accelerator proposal can only be
determined by the detailed application of technical, engineering, and computing skills
as well as of intuition and experience in the accelerator art . . . ”. Such a general aim
was emphasized in his starting off statement: “The general thesis that there is a need for
additional particle accelerators needs no defense at this conference . . . (emphasis added)”
[Judd 1959, p. 6].

In the session 2A and 2B—“Advances in high-energy particle accelerators”—several
talks discussed investigations concerning FFAG accelerators, together with plasma beta-
trons, plasma linear accelerators, as well as the stochastic method of particle acceleration
and beam stacking. At the same time O’Neill presented the project of the 500 MeV e−e−

storage rings facility under construction at Stanford [Barber et al. 1959], where the
500 MeV central beam of the Stanford Mark III linac would be deflected into one ring
of a figure-8 storage-ring pair (12 m circumference each) by d. c. magnets, and would
intersect in the common straight section. He also discussed proton storage rings and
mentioned again the CSR design, where a large number of long straight sections could
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allow the simultaneous presence of several easily accessible interaction regions [O’Neill
1959a]. No proposals in the peculiar field of colliding beams was advanced by any Rus-
sian group, notwithstanding the participation of leaders in the accelerator promotion like
V. P. Dzhelepov, A. A. Kolomenskij, V. I. Veksler and others; apparently no member of
Budker’s team was present on this occasion.

Meanwhile the accelerator research group at CERN had latched onto the beam stack-
ing idea, and began investigating the use of colliding beams by means of storage rings.
CERN’s history was bound up with the construction of the large accelerators since the
very beginning: the first accelerator, a 600 MeV proton Synchro-Cyclotron began opera-
tion in 1957; one of its first experimental achievements being the long-awaited observation
of the decay of a pion into an electron and a neutrino. By 1959, with the completion of
the CERN proton-synchrotron (PS), for a time the world’s highest energy accelerator,
the maximum available proton energy had reached approximately 30 GeV. In the au-
tumn of 1961 a group was set up at Cern under K. Johnsen to concentrate its effort on
two large projects: continue detailed studies for a 300 GeV proton synchrotron and also
to investigate the use of a set of proton storage rings for these machines. The decision
to design and build a storage ring electron model had been taken with the aim of inves-
tigating the challenges posed by the beam accumulation, stability and lifetime factors
required for a two-ring proton collider. The energy was taken to be low so that radia-
tion damping was negligible, and the CERN Electron Storage and Accumulation Ring
(CESAR), was a good model of proton behavior, out of which the first proton collider,
the Intersecting Storage Rings (ISR), eventually grew out. The initial 1960 proposal
of two adjacent 25 GeV proton storage rings touching tangentially, transformed into two
interlaced storage rings, completed at CERN in 1971, in which 28 GeV protons circulated
in two separate rings that crossed at six points.

Progress made by Johnsen’s group was reported to the Royal Society meeting on
recent European contributions to the development of the physics of elementary parti-
cles held in London on April 5, 1963. At the time the idea that energies equivalent to
1300 GeV could be obtained with storage rings fed from the CERN 300 GeV proton syn-
chrotron, was indeed seen as “a much cheaper way of reaching this equivalent energy”;
nevertheless, people were convinced that “the range of experiments is much more lim-
ited”, and opinion was agreed that “these are not alternatives and given the choice most
physicists would prefer the large machine” [Walkinshaw 1963]. Certainly these small
“colliders” were in sharp contrast with the big proton machines; moreover, people at the
time were already hearing proposals for multihundred GeV machines: the dream of giant
machines had already become a characteristic feature of accelerator physicists.

4. – Bruno Touschek and machines

Since the end of 1950s the advantage of keeping the center of mass at rest to produce
larger momentum transfers was obviously quite clear, even if the practical possibility of
colliding beams was still completely elusive. Touschek considered the energetic advantage
in center-of-mass energy provided by colliding beams of relativistic particles too obvious
an idea to be patented since 1943, when Rolf Wideröe, “the father of the accelerator
art” [Blewett 1989, p. 173](19) told him about the matter: “He said that they were

(19) Wideröe’s paper “Über ein neues Prinzip zur Herstellung hoher Spannungen” [Wideröe
1928] describing the first operating linear accelerator (which may be considered as a ‘rolled



12 L. BONOLIS

Bruno Touschek in the 1940s (courtesy of Bruno Touschek’s family). 

obvious, the type of thing that most people would learn at school (he even said ‘primary
school’) and that such an idea could not be published or patented. That was fine—
continued Wideröe—, but I still wanted to be assured of the priority of this idea . . . I
telephoned my friend Ernst Sommerfeld in Berlin and we turned it into a very nice and

out’ cyclotron), and the first attempt to build an unsuccessful betatron, in fact inspired Ernest
Lawrence [Blewett et al. 1962, p. 134 and p. 312].
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quite useable patent which we submitted on September 8, 1943 . . . this was given the
status of a ‘secret patent’. It was not until 1953 that it was retrospectively recognized
and published . . . But we had taken Touschek’s objections into consideration and did
not state anything about the favourable balance of energy during a frontal collision in
the patent, as this was considered a well known fact. Even so, Touschek was pretty
offended”(20). Wideröe had also considered the possibility that particles to be made to
collide could be stored in a ring, even if at the time it was not clear how to accumulate a
sufficiently intense beam for such collisions. He not only described electrostatic rings for
electrons, but also described storage rings using magnetic fields and wrote about electron-
proton, proton-deuteron, and proton-proton collisions: “For nuclear particles, relativistic
mechanics must be applied, and this would cause the effect to be even greater (emphasis
added). . . However, it is not so easy to achieve head-on collisions of very small particles
against each other . . . If it were possible to store the particles in rings for longer periods,
and if these ‘stored’ particles were made to run in opposite directions, the result would
be one opportunity for collision at each revolution. Because the accelerated particles
would move very quickly they would make many thousand revolutions per second and
one could expect to obtain a collision rate that would be sufficient for many interesting
experiments” [Wideröe 1994, pp. 81-83]. He had different magnetic configurations to
accomplish this, and even utilized electrostatic focusing(21).

All this happened in Hamburg, during the war, when Touschek collaborated with
Wideröe, R. Kollath, and G. Schumann to the development of a 15 MeV betatron in
Hamburg, the first European betatron: “He worked mainly on theoretical calculations
about the movement of electrons, their injection into rings and other effects” [Wideröe
1994, p. 74]. Before being in a position to propose and build realistic storage rings for
physics experiments, a whole series of technical problems had to be solved, and it was
even necessary to develop entirely new technologies(22).

Touschek made theoretical calculations, i.e. on radiation losses (also for an already
envisaged 200 MeV machine) and orbit studies of circular machines using the Hamilton
formalism: “He was of great help to us in understanding and explaining the complications
of electron kinetics, especially the problems associated with the injection of the electrons
from the outside to the stable orbit where they are being accelerated”(23). In that same

(20) The whole story was told by Wideröe himself, and can be found in the volume The Infancy
of Particle Accelerators, based on his manuscripts and letters, compiled and edited by Pedro
Waloschek [Wideröe 1994, pp. 81-83].
(21) Patent, “Anordnung zur Herbeiführung von Kernreaktionen” (German patent No. 876279,
submitted on Sept. 8, 1943, issued on May 11, 1953). Since 1923 Wideröe had wondered whether
electrons in an evacuated ring would flow in the same way as the electrons in the secondary
winding of a transformer: “It was not so easy however to calculate the speed reached by these
electrons. I was soon convinced that the electron would not take long to come close to the speed
of light and that the formulas of classical mechanics would therefore no longer apply” (emphasis
added) [Wideröe 1994, pp. 20-21].
(22) After being expelled from the University of Vienna, being of Jewish mother, Touschek moved
to Hamburg, where nobody knew him, and attended various courses at the University, without
being registered. In order to keep himself he was forced to do several jobs simultaneously, and
avoided to have a fixed residence. For a detailed biographical portrait of Bruno Touschek see
[Amaldi 1981].
(23) Wideröe to Amaldi, 10/11/79 (Physics Department of Rome University “La Sapienza”,
Bruno Touschek Archive [from now on B. T. A.], correspondence).
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Bruno Touschek (1920-1978) and Edoardo Amaldi (1908-1989) in the late 1950s (courtesy of
Bruno Touschek’s family). 

  

period Valentine Telegdi was a graduate student in Zurich: “I measured the energy of
a betratron that Wideröe had built, and while I was working there, Wideröe told me,
‘You know, all these accelerators are wrong. They are all wasting energy. What you
need is a synchroclash—a collision of two beams of opposite sign, if possible within the
same ring’ ” [Telegdi 1998, p. 199]. Wideröe thus expressed the necessity of synchronism
between colliding bunches in a center-of-mass energy scheme.

The betatron began to function in the summer of 1944, but Touschek was arrested
by the Gestapo at the end of that same year. While in prison he conceived the idea and
developed the theory of “radiation damping” for electrons circulating in a betatron, which
he wrote in invisible ink in the pages of Heitler’s book The quantum theory of radiation.
He was freed in June 1945 and went to Killinghusen, where the Hamburg betatron had
been moved, and wrote several new unpublished theoretical reports on the betatron, some
of which are preserved at the ETH-Library in Zürich(24). In the summer of 1946 Touschek
obtained the title of Diplomphysiker with a thesis on the theory of betatrons. At about
that time a 6 MeV betatron was going to be installed in Göttingen, where later he began
to work as researcher under the direction of Heisenberg. In February 1947 he moved to
Glasgow, and started to be interested in the construction of the 350 MeV synchrotron
initiated at the time under the direction of P. I. Dee. His friendship and collaboration

(24) ETH-Library, Hs 903: 29, 30, 33, 73, 74 [Wideröe 1994, p. 91].
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with Dee(25) enabled Touschek to study in depth the problems related to the working of
the synchrotron, and later he published an article on its characteristics [Touschek 1949].
After obtaining a PhD in November 1949, he stayed in Glasgow until the end of 1952,
when he moved to Rome’s University, invited by Edoardo Amaldi [Amaldi 1981, pp. 5-
13]. At the beginning of 1953 he carried out his first work in Italy with Matthew Sands
concerning the errors of magnets’ alignment in synchrotrons based on strong focusing,
which followed a few months after this discovery [Sands and Touschek 1953]. “Perhaps
because of his earlier work with Rolf Wideröe on a betatron, he became interested in my
problem, and we collaborated on a paper on the integral resonances which was published
in Nuovo Cimento early in 1953”, recalled Sands [Sands 199, p. 152].

Now some of Wideröe’s ideas were being rediscovered. In his report at the 1959 CERN
Conference, “Storage rings for electrons and protons”, O’Neill described the experiment
“on the scattering of colliding 500 MeV electron beams that should test quantum electro-
dynamics at distances small compared to a nucleon radius” [O’Neill 1959a](26). These
papers did not mention Wideröe, and in fact Kerst recalled that: “I didn’t know anything
about Wideröe, except in a CERN meeting, all of a sudden, he popped up and said, ‘I’ve
got a patent on it!’ It was an electrostatic device. In an electrostatic device, you can run
the same particle either way” [Kerst 1989, p. 199].

Efforts to test the validity of Quantum Electrodynamics (QED), such as the success-
ful measurement of the gyromagnetic ratio g-2(27), stemmed particularly from Sidney
Drell’s speculations: “. . . quantum electrodynamics has achieved a status of peaceful co-
existence with its divergences, but has not yet emerged as a fundamentally complete
and finite theory. In this paper, I would like to discuss the possibility of confronting
the not-yet-respectable theory of Q.E.D. with further experimental tests. In particular,
let us consider the problem of testing the behavior of the theory at small distances . . . ”
[Drell 1958, p. 75](28). Drell discussed a possible breakdown of QED in different pro-

(25) P. I. Dee to Edoardo Amaldi, May 25 1979 (Edoardo Amaldi Archive, Correspondence,
Physics Department of Rome University “La Sapienza”).
(26) Drell quoted Richter’s experiment on the large-angle electron pair production [Richter,
1958]. Problems regarding accumulation and collision of the two high-intensity electron beams
were solved in 1963, and the physicists involved eventually produced scientific results on the
e−e− collisions in 1965 [Barber et al. 1966].
(27) See [Charpak et al. 1961 and 1961a] and subsequent papers by the group.
(28) Drell’s motivations were as follows: as quantum electrodynamics takes over from classical
field theory the notion of a local point interaction leading directly to the divergence difficulties,
according with a generally expressed view. One might hope, remarked Drell, “to achieve a
consistent finite theory by introducing a fundamental length defining a region over which the
point interaction is smoothed out. The very existence of such a length will affect the predictions
of Q.E.D. for those processes which probe distances comparable with it. We are thus interested
in analyzing various ways of testing Q.E.D. at small distances so that (a) if the calculations
of the present point interaction theory agree with observation, we can infer an upper bund to
the ‘fundamental length’ of the future finite theory, or (b) if the theory and experiment differ,
the limit of applicability of the present theory will have been defined. In general, it takes
an electromagnetic interaction with a large momentum exchange in order to probe Q.E.D. at
small distances . . . Ideally, it would be desiderable to avoid questions of nucleon structure and
to consider electron-electron or electron-positron scattering. However, the small rest mass of
an electron makes it difficult to achieve large momentum transfers in these interactions” [Drell
1958, p. 76]. In [Bjorken et al. 1959] high-momentum transfer experiments are proposed and
related to QED tests, according to Sidney Drell’s views.
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Bruno Touschek with Connie Dilworth and Giuseppe Occhialini at the International 
Conference on Particle Physics in Pisa (1955) (courtesy of Bruno Touschek’s family).

cesses, and quoted Landau and co-workers [Landau 1955] who had “presented arguments
relating to the logical consistency of Q.E.D. which indicate that the theory must contain
a modification at distances corresponding to . . . a distance so small that gravitational en-
ergies become appreciable.” [Drell 1958, p. 85]. In 1956 Julian Schwinger concluded the
preface to the volume Selected papers on Quantum Electrodynamics emphasizing that “It
is not likely that future developments will change drastically the practical results of the
electron theory, which gives contemporary quantum electrodynamics a certain enduring
value. Yet the real significance of the work of the past decade lies in the recognition of
the ultimate problems facing electrodynamics, the problems of conceptual consistency
and of physical completeness” [Schwinger 1958, p. xvii].

As a matter of fact, Touschek was particularly interested in electrons physics, be-
cause in his own words, “electron physics is ‘purer’ than proton physics . . . protons are
brutal and electrons are gentle. On hitting their target—and this is really all that one
does in high energy physics: hitting the nuclei in a piece of target material as hard
as one can—a beam of protons loses its identity . . . Protons are a rich source of events,
which are difficult to interpret because the witnesses are too much involved. Electrons
peering gently at their targets rarely produce spectacular events, but what they pro-
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duce can be more easily interpreted”(29). At the time Touschek’s views were in fact
against the general trend. The spectacular progress in high-energy physics during the
1950s was mainly due to the availability of large proton accelerators such as the Cos-
motron (3 GeV, 1952, Brookhaven), the Bevatron (6.2 GeV, 1954, Berkeley), and the
CERN Proton-Synchrotron (28 GeV, 1959 Geneva). The construction and utilization of
major accelerators were proceeding at full steam. Experimental discoveries and surprises
appeared every few months; it was a period of experimental supremacy, with a strong
emphasis on phenomenology, and the prevalent feeling was that it would take a very
long time to understand the strong interactions. So that Touschek’s own feeling as a
theoretical physicist was also justified by the following statement made by Lev Landau
in his last paper, called “Fundamental Problems”, which appeared in a memorial volume
to Wolfgang Pauli in 1959: “It is well known that theoretical physics is at present almost
helpless in dealing with the problem of strong interactions . . . ” [Landau 1960, p. 245](30).

In that same period, by the end of 1958, the first Italian electron-syncrotron was
completed in the Frascati National Laboratories, near Rome, and a full regime of ex-
perimentation was reached in the second half of 1959. “That the machine which would
bring Italy to a level with international and in particular U.S. high energy physics should
be an electron accelerator—recalled Bruno Touschek later—was a courageous choice if
confronted with a general tendency of physicsts who at the time were bent on producing
proton accelerators”(31). At the time CERN’s 28 GeV Proton Synchrotron was ready for
testing, so that one could find oneself in a losing position from the very start, competing
with an all European effort and entering the race when the program was already well
afloat, and people were speculating on improvements beyond the Brookhaven and CERN
machines.

When it started to work the Frascati machine was one of the three biggest of its
kind in the world, the other two were in the USA, at Cornell and at Caltech. “At the
same time, however—Touschek remarked—new preoccupations arose. All over the world
newer and bigger machines were being built and planned and it was felt that if Frascati

(29) B. Touschek, “Ada and Adone are storage rings” (incomplete manuscript, B. T. A. Series
III, Section IV, Folder 11, 3.92.4, p. 5).
(30) In fact, after the early success of Quantum Field Theory, such as Fermi’s phenomenological
theory of beta decay, and Yukawa’s theory describing the nuclear force and predicting the
existence of heavy mesons which were soon discovered, the theory was confronted from the very
beginning with severe difficulties, such as the infinities that appeared as soon as one went beyond
lowest-order perturbation theory. Renormalization was the breakthrough that made quantum
field theory respectable in the late 1940s; from the mid-1950s the Renormalization Group Method
to improve approximate solutions to QFT equations became a powerful tool for investigating
singular behaviour in both the ultraviolet (higher energy) and infrared (lower energy) limits.
But notwithstanding the spectacular success of the renormalization procedure, “The feeling of
most was that renormalization was a trick . . . The prevalent feeling was that renormalization
simply swept the infinities under the rug, but that they were still there and rendered the notion
of local fields meaningless”, so that “By the 1950’s the suspicion of field theory had deepened to
the point that a powerful dogma emerged-that field theory was fundamentally wrong, especially
in its application to the strong interactions” [Gross 2004, p. 194]. During the 1960’s field theory
continued to be in disgrace, and only in the discovery of asymptotic freedom in 1973 would
reassure physicists on the consistency of quantum field theory.
(31) B. Touschek, “AdA and Adone are storage rings” (manuscript, B. T. A, Series III, Section
IV, Folder 11, 3.92.4, p. 4).
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Bruno Touschek, director of the course “Fisica dei Pioni”, indicated by the circle in the first row. 
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wanted to keep abreast something big and new had to be planned”(32). In the fall of
1959 the Director of the Laboratories, Giorgio Salvini, promoted a series of meetings and
seminars aiming at discussing a development program for entering the second phase in
the work of the laboratories.

In the second half of 1959, when the Frascati synchrotron was beginning to run full
time at full efficiency, Touschek published some papers which represent an extension
of his 1957 works on parity, in the first of which he introduced what was much later
referred to as chiral symmetry(33). He also wrote with Wolfgang Pauli a “Report and
comment on F. Gürsey’s group structure of elementary particles”, which testifies his
long-standing interest toward particle physics(34) (See the picture of Course IX, Varenna
School 1958.). To understand Touschek’s intellectual context, one must also recall his
correspondence with Pauli, which was particularly intense during the whole 1957 and
through 1958(35). Nevertheless, notwithstanding his commitment to theoretical physics,

(32) B. Touschek, “A Brief Outline of the Story of AdA” (manuscript, B. T. A., Series III,
Section IV, Folder 11, 3.92.5, p. 3).
(33) On January 26, 1957, Touschek submitted a paper [Touschek 1957] proposing that a suitable
gauge transformation of the neutrino field, imposed to keep mν = 0, leads to two component
neutrinos (i.e. to maximal parity violation). In two subsequent papers he elaborated on lepton
conservation and the equivalence, with that law, of two-component and Majorana neutrinos
[Touschek 1957a; Radicati et al. 1957; Touschek 1960]. On July 15, 1957, Morpurgo and Tou-
schek sent “Conservation of parity and strong interactions” to Nuovo Cimento. The paper, an
attempt to explain why the strong interactions do conserve parity and the weak do not, was
never published due to Morpurgo’s judgement that the contents of the paper looked “rather
obvious” to him in reading the galleys [Morpurgo 2004, p. 85].
(34) Since the end of the 1940s Touschek wrote papers about mesons, quantum field theory, and
in the Summer 1958 he organized and directed the IX Varenna Course on “Pion physics”.
(35) See Pauli Letter Collection, Pauli Archive, Cern. Touschek discussed with Pauli items such
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Bruno Touschek with Tsung Dao Lee and Wolfgang Pauli at the Padua-Venice Conference on
Weak Interactions of 1957 (courtesy of Bruno Touschek’s family). 

Touschek continued to be attracted by accelerating machines, with which he was so well
acquainted, and in fact Wideröe well remembered “His particular skill for theory and
mathematical formulations” [Wideröe 1994, 91]. Touschek had followed the construction
of the Frascati electron-synchrotron since his arrival in Italy in 1952. For all those years
“the synchrotron had been something in the distant future and then one day it was there,
and working at full efficiency”(36).

He recalled his personal feelings during that period: “At the time I felt rather ex-
hausted from an overdose of work which I had been trying to perform in the most abstract
field of theoretical research: the discussion of symmetries which had been opened up by
the discovery of the breakdown of one of them, parity, by Lee and Yang. I therefore
wanted to get my feet out of the clouds and onto the ground again, touch things (pro-
vided there was no high tension on them) and take them apart and get back to what I
thought I really understood: elementary physics”(37).

as those regarding the paper “The symmetry properties of Fermi Dirac fields” [Touschek 1958],
where the first example of non-Abelian chiral symmetry is presented and discussed. In that same
period he also published “A note on the Pauli transformation” [Touschek 1959] and “Report and
comment on F. Gürsey’s Group structure of elementary particles” [Pauli and Touschek 1959].
(36) B. Touschek, “A brief outline of the history of AdA” (1974, B. T. A., Box 11, Folder 3.92.5,
p. 4).
(37) B. Touschek , “Ada and Adone are storage rings” (B. T. A., Box 11, Folder 3.92.4, p. 7).
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5. – Panofsky’s seminar in Rome

The use of “ultra-high-energy accelerators which might be expected to arise in the
future” was discussed by Panofsky in his introductory talk at the International Confer-
ence held in Geneva in September 1959. After enumerating experiments concerned with
the structure of the fundamental particles or the interaction of single pairs of particles
requiring higher energies and in most cases higher intensities than were then available,
he commented on the experiments on the limit of validity of Quantum Electrodynamics
which he put in three classes: colliding-beam electron-electron scattering experiments,
experiments in which the invariant momentum transfer was increased by using a heavy
particle (proton) to decrease the motion of the center of mass, and experiments in which,
despite the center-of-mass motion, a high invariant momentum transfer is assured by suf-
ficiently large primary energy. In the last group he included electron-electron scattering,
positron-electron scattering and annihilation in flight, and the electron-photon Comp-
ton effect. “In principle such experiments could be carried out at lower energy and at
high accuracy—remarked Panofsky—however, both the experimental problems and the
uncertainty of the higher-order theoretical corrections make this impractical” [Panovsky
1959, p. 5].

In Autumn-Winter 1959, Panofsky gave a seminar in the Physics Department in
Rome, where he presented the current activies at Stanford, speaking also of the Princeton-
Stanford e−e− tangent rings then under construction(38). Having raised the energy
horizon with the new strong-focusing machines, attention of accelerator specialists had
turned to new challenges, like adapting synchrotron designs to provide more particles.
The parallel approach of firing two beams at each other could provide a considerable
increase in collision energy and physics potential. O’Neill’s proposal certainly combined
these two goals of intensity and colliding beams, using an ordinary synchrotron to ac-
celerate the particles, and then accumulating them in two rings which met tangentially,
so that the two stored beams could be brought into collision, probing deeply into the
ultimate structure of matter, even if “The physics potential of the machine was limited.
Quantum Electrodynamics could indeed be tested to much smaller distances than ever
before, but only one or two other specialized experiments (search for e−+e− → µ−+µ−,
for example) could be done” [Richter 1997, p. 268].

After Panofsky’s talk at the Roman Institute of Physics a lot of discussion followed
about machines building, and people put several questions. Touschek spoke more than
once(39). He must have been curious about the tangent rings experiment described by
Panofsky, even if it is reasonable to think that he was not impressed by concepts such
as kinematical advantage and the storing of particles, being someway familiar with these
since the beginning of his scientific activity. Electron-electron collisions would allow to
test the photon propagator, however Raul Gatto recalled that “Answering to a ques-
tion, Panofsky mentioned that, to test the electron (rather than the photon) propagator,
electron-positron collisions would have been suitable, through observation of 2-photon an-
nihilation, but that such a development could present additional technical difficulties and

(38) G. Salvini, R. Gatto and N. Cabibbo well remember that the seminar was held within the
end of 1959, while W. Panofsky does not remember about this specific circumstance, even if it
is quite plausible that he could have been asked to hold seminars in Europe after the September
Conference in Geneva, in this case by Edoardo Amaldi and Giorgio Salvini. The seminar is also
mentioned in [Cabibbo and Gatto 1960], [Touschek 1963], [Agapito and Bonolis 2004].
(39) R. Gatto, personal communication, December 2, 2003.
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that for the moment had been postponed” [emphasis added] [Gatto 2004, p. 71]. In fact
Burton Richter himself recalled that in 1958, at the beginning of the Princeton-Stanford
colliding-beam experiment, the group “discussed conversion to a machine aimed at the
electron-positron system” when he came to realize the “benefits of this system” after a
seminar held by J. D. Bjorken about how to calculate with Quantum Electrodynamics:
“He gave us an exercise to calculate the annihilation cross section of an electron and a
positron into a pair of spin-zero charged particles. I solved the problem, and suddenly
realized that π mesons and K mesons were such particles, that any structure that they
had would modify the cross section, and that the colliding-beam technique, if it worked,
could be modified to do the experiment”. He discussed it with the group, but they
“decided on discretion. Electron-positron colliding beams would be more difficult than
electron-electron rings, for we would need such things as two beams circulating in one
ring, faster kicker magnets, and a positron source.” Certainly electron-positron annihi-
lation offered a way for studying Quantum Electrodynamics via the elastic scattering
process—the two-photon annihilating process—, but at the moment they felt that they
had “enough problems in developing this technology in the electron-electron system”
where they at least had “a very high-powered electron beam for injection, and had the
flexibility of having the two beams in separate rings” [Richter 1997, p. 269].

In any case, for this or some other reason electron-positron collisions were mentioned
during the discussion, a project that according to Panofsky himself appeared very far
from feasible.

The annihilation process of e+e− yields a simple and well-defined final-state topol-
ogy, so that all this quite naturally stirred up Touschek’s reaction: “e+e− against e−e−:
existence of the annihilation channel” [emphasis added](40). Thanks to his longstand-
ing experience, he had a deep understanding of elementary particles processes, and ac-
cordingly he got a very clear picture of the electron-positron system having the same
quantum numbers as a neutral boson, so that at high energies it should become an
electromagnetic particle source, especially useful for studying strong interactions and
electrodynamics. He also had a particular predilection for vacuum polarization prob-
lems: “Nichts kann elementarer sein, als das Vakuum, seine Eigenschaften bestimmen
die ganze Physik . . . Das System e+e− ist dem Vakuum sehr nahe, aber natürlich nicht
identisch mit ihm” [Nothing can be more elementary than the vacuum, its properties de-
termine the whole of physics . . . The system e+e− is very similar to the vacuum, but not
identical to, of course](41). These items perfectly combined forming in his mind a strong
picture of how the way to a new physics should be found: “We must try to deposit a
large amount of energy in the vacuum and excite the largest possible number of vacuum
modes starting from the most anonymous initial conditions, that is from a state with
zero total charge, leptonic and baryonic number” [Bernardini 1997, p. 4].

A photon can go into a vector meson without the collaboration of other particles;
for this reason Touschek was particularly impressed by the quantum numbers of these
hypothetical particles. He used to say that “a physical system can be characterized
appropriately by investigating its ‘geometry’ and its ‘dynamics’. Its geometry, its size and
shape, is observable by employing space-like photons” [Bernardini 2004, p. 162]. This was

(40) B. Touschek, “Adone and the polarization of vacuum” (manuscript, B. T. A., Box 11, Folder
3.90, p. 2).
(41) B. Touschek, “Adone and the polarization of vacuum” (manuscript, B. T. A., Box 11, Folder
3.90, p. 1).
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exactly what Robert Hofstadter was doing at Stanford with his pioneering investigations
of the inner structure of the composite atomic nuclei and of the single nucleons; but,
according to Touschek, the “transition from geometry to dynamics” meant passing “from
the measurement of the size of something pre-existing (a proton or a neutron, at the most
elementary level) to the measurement of the characteristic frequencies of the vacuum as
determined by almost all kinds of matter producible in it by large energy transfers”
[Bernardini 1997, p. 6]. “No one had as yet observed the ‘dynamics’; for this one needed
to produce time-like photons of sufficiently large energy to excite resonant modes of the
vacuum corresponding to the masses of the vector mesons” [Bernardini 2004, p. 162].

Starting from the assumption that the one-photon exchange diagram is the only sig-
nificant contribution to electron-proton scattering, and considering it as consisting of a
series of diagrams mediated by vector mesons, the resulting multipion states must have
the same quantum numbers as the photon: spin one (vector), negative parity, negative
charge-conjugation parity, and zero charge. In order to meet the last requirement, the
vector meson must be an isotopic spin-zero object or the neutral member of an isospin
multiplet. The isotopic-spin components of the form factors can be determined treating
the neutron and proton as two isospin states of a single doublet, the nucleon. The neu-
tron and proton form factors can be combined defining the isoscalar form factor, which
remains invariant under an isospin rotation, and an isovector form factor, changing sign
under isospin rotation. Therefore I = 0 vector mesons contribute to the isoscalar form
factors, and I = 1 vector mesons contribute to the isovector form factors. The nucleon
form factors were measured in the space-like region, but the theory (based on dispersion
rules)(42) requested the absorptive part which starts with contributions which correspond
to a virtual time-like photon going into two pions for the isovector part, and into three
pions for the isoscalar part. Knowledge of electron-positron annihilation cross-sections
would thus become of great relevance to such problems(43).

Actually, the search for the vector mesons, and their subsequent discovery was mo-
tivated by theoretical attempts to understand the nucleon form factor(44). The latest
data, obtained between 1958 and 1961, reinforced an early idea that Hofstadter himself
had suggested even earlier than this: “building a one-mile machine at Stanford”. Now
he “could see clearly that the next great advance would require a much larger electron
linear accelerator that could provide much higher energies” [Hofstadter 1989, p. 137].

(42) After Nambu’s development of a mass-spectral representation of the nucleon’s form factor,
the dispersion relation method to the problem of the electromagnetic structure of the nucleon
was applied in 1958 in [Chew et al. 1958]; a similar approach was made in [Federbush et al. 1958].
(43) A view on what were the theoretical problems of the time can be also found in [Gatto 2004].
Interest in such mesons as plausible intermediaries of the strong interactions was high in Rome
and Frascati. Carlo Bernardini, for instance, was corresponding with Nambu in Chicago (see
C. Bernardini and G. Stoppini to Y. Nambu, April 1st 1959 and Y. Nambu to C. Bernardini,
April 14 1959 in C. Bernardini’s private collection). Experimental work aiming at observing
such neutral mesons resulted in the paper “Search for new neutral Mesons (the ρ0-mesons)”
[Bernardini et al. 1959], even if such objects were judged “too hypothetical to deserve an ad hoc
experiment” according to Emilio Segrè [Bernardini 1991, p. 3].
(44) Clear experimental evidence for the two-pion resonance, now called the ρ meson at 770MeV,
was found in 1961 [Baltay et al. 1961]. The three-pion isoscalar resonance ω (783) pro-
duced by proton-antiproton events was discovered shortly thereafter by a Berkeley group
[Alvarez et al. 1961]. Another three-pion resonance, the η (547), was detected that same year
[Pevsner et al. 1961].



BRUNO TOUSCHEK VS. MACHINE BUILDERS: ETC. 23

It was thus clear that the great attraction of colliding electron-positrons beams was
that they produce pairs of strongly interacting particles and antiparticles with time-like
momenta in the particular JPC = 1−− channel and free of any other couplings: “One
of the leading motivations for planning e+e− colliding beam experiments (rather than
e−e− or p-p) was that in such an experiment one could ‘observe’ the virtual time-like
photon . . . ”(45).

According to Touschek’s deep understanding of symmetries, physics and the machine
went hand in hand: “. . . in his mind electron-positron collisions were nothing else than
the way of realizing in practice the idea of symmetry between matter and antimatter,
in the deep sense of the Dirac equation” [Rubbia 2004, p. 57](46). Positrons have the
same mass but opposite charge as their antimatter counterparts, electrons. Thus in the
same magnetic field, electrons and positrons of the same energy could circle round at
the same rate and in the same orbit, but in mutually opposite directions. Instead of
colliding electron beams held in two distinct rings, suggested Touschek, why not make
electrons and positrons go round the same ring? As well as using a single storage ring
instead of two and saving on construction costs, this approach had additional physics
attractions. While electrons just electromagnetically scatter off electrons, electrons and
positrons mutually annihilate. The quantum numbers of e+e− allowed to speak with the
hadronic world ; in Touschek’s own words, in admitting “as clean a separation between
strong and electromagnetic interactions as nature will allow” [Touschek 1966, p. 264], the
colliding beam technique was definitely moving towards a conceptually brand new stage.
A new path to high-energy elementary-particle physics was opening, which eventually
became a major route.

(45) B. Touschek, “The time-like photon” (manuscript, B. T. A., Box 11, Folder 3.92.9, p. 1).
Touschek had a very strong representation of the microscopic world in his mind: so to speak,
he conceived the vacuum as a reactive dielectric resonating at frequencies ν = mc2/h̄ were m
is, in case, the mass of a boson homologous to the photon; that is a neutral vector meson with
JPC = 1−−. Thanks to his picture of the vacuum he even expected to observe also the dispersive
part, thanks to an interference term at resonance [Bernardini 2004, pp. 161-162], as was actually
observed later at Orsay [Lefrançois 1972].
(46) In fact, since the beginning of 1954 Touschek and G. Morpurgo got “involved in the study of
their [strong interactions] (space time) symmetry properties . . . Presumably we started thinking
of the operation of time reversal around January 1954 . . . as far as I recall, the problem of
understandig the operation of time reversal was raised by Touschek who had read a paper by
Lüders [Lüders 1952]. . . together with Radicati, we presented our first paper on time reversal
at the Glasgow Conference (13-17 July 1954). . . At this stage the basis of the problem was
clear and we went on analyzing more specifically the definition and use of time reversal in field
theory as well as the extension of the procedure to the other discrete operations: Parity and
Charge Conjugation” [Morpurgo 2004, p. 85]. The extension of the concepts mentioned above
were described in the papers “Remarks on time reversal” and “Space and time reflection of
observable and non-observable quantities in field theory” [Morpurgo and Touschek 1955 and
1955a]. Their collaboration on the subject concluded with a report presented at a Conference
in Pisa in June 1955: Space and Time Reversal in Quantized Field Theories [Morpurgo and
Touschek 1956]. Freeman J. Dyson’s comment on the above papers started as follows: “In the
extensive literature devoted to the problem of time reversibility in quantum mechanics this is
one of the few papers which add substantially to the original discussion by E. P. Wigner” [Dyson
1956, p. 438]. “These two reviews are unusually long and carefully written”, while most of the
reviews were “brief and factual” commented Dyson many years later, recalling his activity as
a regular reviewer of papers for Mathematical Reviews (F. J. Dyson, personal communication,
February 5, 2006).
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Bruno Touschek in the early sixties (courtesy of Bruno Touschek’s family).

Later it became also clear that the very accurate energy definition of the beams is a
peculiar feature of e+e− beams which would allow the study of narrow resonances and
of resonance shapes.

All this took a clear shape in Touschek’s mind through what he considered a strong
argument to convince people, in his characteristic Viennese accent, as Nicola Cabibbo
recalled later: “It was after the seminar that Bruno Touschek came up with the remark
that an e+e− machine could be realized in a single ring, ‘because of the CTP theorem’ ”
[Cabibbo 1997, p. 219]. Raul Gatto, too, well remembered that, “Bruno kept insisting
on CPT invariance, which would grant the same orbit for electrons and positrons inside
the ring”(47). At the time, and until it was experimentally demonstrated in 1964, many
people doubted that electrons and positrons traveling in a single ring would really meet.
In fact, the machine, and the electrons and positrons beams circulating at the same energy

(47) R. Gatto, personal communication, January 15, 2004.
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and in opposite directions inside the chamber, were nothing else than a materialization,
so to say, of Touschek’s characteristic physical reasoning: a strong confidence in QED,
and a deep belief in CPT theorem: “He switched from the machine theory to theoretical
physics using the same mathematics”(48).

As a matter of fact at the second High Energy Particle Accelerator Conference (CERN
1959) three of the four introductory papers discussed the physics with colliding beams
of protons or electrons, but “No mention was made of the electron-positron annihilation
process” [Amman 1989, p. 452](49). After Panofsky’s seminar discussions about the
concrete possibility of e+e− physics were circulating in Rome and Frascati. The best
demonstration of Touschek’s views about what should be explored are papers triggered
off by these discussions which appeared very soon, at the beginning of 1960. The first one,
written by L. Brown and F. Calogero, received February 5, calculated the effect of the
pion form factor on the photon propagator [Brown and Calogero 1960](50). The second
one, received February 17 and published in the same number of Physical Review Letters,
was written by Nicola Cabibbo and Raul Gatto: “Recent technical developments showing
the feasibility of colliding beam experiments make it appealing to think of possible direct
measurements of the photon-pion vertices through processes of the sort e+ + e− → n
pions” [Cabibbo and Gatto 1960](51). Gatto recalled how they sent the paper to Physical
Review Letters holding out “a very faint hope that the work would be accepted”(52).

At the end of their paper, in mentioning “annihilation processes leading to muon
pairs or two or more pions”, Brown and Calogero also remarked that “while the positron-
electron experiment appear to be the most promising for elucidating the pion form factor,
electron-electron experiments will probably be done first . . . ” [Brown and Calogero 1960,
p. 317](53). At the begininning of February 1960 it appeared that nobody would even

(48) Interview with Nicola Cabibbo by L. Bonolis in [Agapito and Bonolis 2004].
(49) Amman also recalled that “A few years later (it was 1965 and we were in a ‘trattoria’ close
to the Tevere, in Rome) Pief Panofski recalled that at the time it occurred to him that it would
have been very interesting to examine this process, but he was then taken by the 2-mile linear
accelerator program and did not go deeper in the matter”.
(50) The authors calculated the effect of a resonant pion form factor (J = 1 and I = 1 state
of two pions) on the photon propagator obtaining corrections of order e2 to several purely
electromagnetic processes.
(51) The authors discussed the reactions in their lowest electromagnetic approximation.
(52) R. Gatto, personal communication, November 24, 2003.
(53) In that same period the Princeton-Stanford electron-electron experiment was discussed by
Y. S. Tsai in a paper received by Physical Review on May 10 1960, where a preliminary study
on a “future” electron-positron colliding beam experiment is also presented: “The workers asso-
ciated with Exp. I [Stanford group] are also planning to do the electron-positron clashing beam
experiment” [Tsai 1960, p. 282]. One month later, on June 9, F. E. Low sent a paper pub-
lished in the following issue about a proposal for measuring the π0 lifetime by π0 production in
electron-electron and electron positron collisions [Low 1960]. On the same day F. Calogero and
C. Zemach sent a paper discussing pair production in high-energy electron-electron collisions
with a special attention to pion pair production: “Experiments in which oppositely directed
beams of electrons clash and interact over long periods of time are now in preparation. These
beams will permit measurements of electron-electron (Møller) scattering at center-of-mass ener-
gies of 500MeV or more . . . Such processes furnish the opportunity—albeit, a remote one at the
present time—to study electromagnetic form factors and Compton (two-photon) interactions of
the produced particles uncomplicated by the presence of nucleons. This would be particularly
interesting in the case of pions . . . ” [Calogero and Zemach 1960, pp. 1860-1861].
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dare to think about such an experiment. However, something unexpected was going to
happen very soon. The seeds of a concrete idea about electrons and positrons circulating
in a single ring had been sown in Touschek’s head, only waiting for the first opportunity
to germinate and spring up as a concrete proposal.

6. – Electrons vs. protons

At that time three particular “subcultures” lived together in the laboratories, which
had quite different objectives: theoretical physicists dreamed both new particles with
peculiar decay modes and asymptotic values of total cross-sections to test new phe-
nomenological approaches; experimental physicists dreamed intense multiGeV hadronic
beams with a convenient duty-cycle to perform coincidence experiments; machine people,
mostly engineers, dreamed technologically sophisticated devices to rise maximum energy
while improving optical problems.

Several proposals and draft projects of electron and proton conventional accelerators
had been submitted in Frascati National Laboratories, and moreover “proton lovers” went
on with endless criticism against the choice of an electron-synchrotron, while the CERN
Proton-Synchrotron was just beginning to operate. On November 21, 1959, Edoardo
Amaldi summoned a meeting to be held in Frascati on December 19, with the aim of
discussing proposals for experiments with the new machine(54). On the other hand, the
competition with proton machines urged new ideas, as Touschek himself recalled:

“The best way to develop new ideas and ambitions for the laboratory was
thought to be the creation of a resident ‘theoretical group’. I was invited to
come to a meeting in which this idea was discussed and it appears that I had
also been selected to direct this group. I did not like the idea. It smelled of
what in Germany was known as the ‘Haustheoretiker’, a domesticated animal,
which sells itself and what little brain he has to an experimental institution to
which it has to be ‘useful’. I think that theorists are naturally disinclined to
be useful: it takes their freedom away. The housetheorist has to concentrate
on what goes on in his institution, but it is difficult enough to have an idea
in theoretical physics even with a worldwide choice of experimental results.
I feared—and this was quite a personal and possibly unjustified fear—to
end up with the task of proving on theoretical grounds that the effort and
money which went into Frascati were well spent; in short the role of an
‘Anticassandra’, who predicts the past (not the future) and who is optimistic
(not pessimistic) about it. I was, however attracted by the possibility of
learning how a big entreprise like Frascati worked and I was particularly
intrigued by the idea of having some contact with the technological side of
the services, the techniques (vacuum, RF, magnets liquid He(lium) and the
various control mechanism necessary to the work of the big machine”)(55).

During the meeting devoted to the creation of a theoretical group in Frascati, held
on February 17, 1960, Touschek suddenly came up with what at the moment looked like
a crazy proposal: transforming the brand new electron-synchrotron in a single ring for

(54) E. Amaldi to B. Touschek, November 21, 1959 (B. T. A., Correspondence).
(55) B. Touschek, “Ada e Adone” (manuscript, B. T. A., Box 11, Folder 3.92.4, p. 7).
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observing collisions between electrons and positron(56). To have an idea of what was
going on in his mind, it is worthwhile reporting his recollections, written about 15 years
later, in the occasion of a talk at the “Accademia dei Lincei”:

“This proposal was not very tactful in front of a meeting of people who had
built the machine and were proud of it and others who had spent years in
preparing their experiments and were eager to bring them to a conclusion, to
modify them and think of new ones to be carried out with the same machine.
I thought, however, that I had ample reason in making the suggestion. I give
them here as very personal reasons and I shall try to justify them objectively
later on. The outstanding motive was my conviction that the plan was work-
able. As a theoretical physicist I had played with the symmetry properties of
particle physics, which had become the centre of attention in 1957 through
the discovery of the ‘non conservation of parity’ by Lee and Yang . . . The
wreckage wrought by Lee and Yang had left . . . one other symmetry, which
was called CP, which expresses the belief that nature would not change, if
together with left into right (P) one also changed the signs of all the electrical
charges . . .

What happens to the synchrotron if one applies CP? The charge of the elec-
trons circulating in the machine changes: they become positrons moving in
the same orbit as the electrons. Also all the currents in the machine i.e. the
current in the magnet coils and in the RF cavity change sign. If one now
applies a space reflection to this situation the positrons still remain in the
same orbit but run the opposite way and the currents in the machine return
to the direction they had at the start. The result of the operation is that the
machine remains the same but its charge is now one of positrons and not one
of electrons. (To identify the new CP-machine with the old one may also have
to use a rotation.) The positrons move in the same orbit as the electrons, but
in the opposite direction. The twain must therefore meet and this of course
is a necessary condition to make the two beams of electrons and positrons
clash.

Another reason to prefer this type of effort to the more orthodox proposals
of building a bigger and better machine (either for electrons or protons) is
the following. There was born at the time a hierarchy of interactions: strong,
electromagnetic and weak. Strong interactions are essential for what happens
in the collision of protons with protons or neutrons, and also in the collision
between an electron and a nucleus . . . They make very messy physics, theoret-
ically, because there is no method of calculating them, perturbation methods
breaking down, just because they are strong. Secondly because at the time
this field of research began to resemble zoology, rather than physics. Nuclear
resonances as well as new strange particles were discovered by the dozen and
the Greek alphabet appeared to be not quite sufficient to give them all names.
I did not like this sort of physics [emphasis added]. Weak interactions—on
the other hand—seemed hardly feasible, just because they are weak and the
events they produce are therefore very rare—at least in the energy range,
which could hope to be available at Frascati by, say, 1964. At the time . . . it

(56) See report of the meeting (L.N.F., Report N◦ 62, December 1960), and [Amman 1989].
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was generally believed that electrons and positrons would act through the
good services of an electromagnetic field . . .True electrodynamics can there-
fore not be indifferent to the existence of that part of the physical world which
interacts strongly and noisly [emphasis added]. . .

The third motive was more of a challenge than a reason: positrons unlike
electrons are not constituents of ordinary matter. They have to be produced
artificially, either by β+-decay from a radioactive source of by ‘pair produc-
tion’ (of electrons and positrons) by a high-energy beam of γ-rays . . . if one
can get positrons to a sufficiently high energy in a sufficiently good vacuum
one can also keep them there . . .

The fourth argument was demagogic rather than physical: assume that we
arrive at the conclusion that the future of high energy physics lay in the
construction of clashing beam experiments with the help of storage rings.
Since all the known particles observed have either charge +e, −e, or 0 (we
exclude quarks which have charges, which are multiples of e/3, but these
particles have been dreamt but not observed) and since neutral particles
cannot be stored at the time the clashing beam arrangements will have to
deal with either equal or opposite charges. Equal charges require two rings,
opposite charges can be stored in one ring, provided that their masses are
equal. Italy being a poor country cannot afford an experiment which requires
two rings. If we cannot even afford one ring we have the synchrotron which
can be converted into one”(57).

It is widespread belief that Touschek was fond of challenges(58). Therefore, it is no
wonder that this represented one of his main reasons for putting forward such a proposal.
In fact nobody had still achieved a positron beam of sizeable intensity and injected it
into a ring. Moreover, such beams should live hours in the vacuum chamber, and have
a high density in order that non negligible rates of collisions be reached at the crossing
points (even supposing that they would meet).

According to the record of the meeting Touschek expressed his belief that this exper-
iment should be, in his own words, “the future goal” of Frascati Laboratories, and he
immediately listed the three main starting points of this program: 1) Intensity of the
beam; 2) Extraction of the beam; 3) Acceleration of the positrons(59).

This proposal was followed by a discussion during which Giorgio Ghigo, Machine
Director of the Frascati Laboratories, proposed to build a dedicated 250 MeV storage
ring to perform the experiment proposed by Touschek. This energy was chosen on the
basis of the argument that the energy had to be big enough to give a margin for the
production of pions, whose threshold lies at 140 MeV, moreover the maximum energy
of 1000 MeV of the Frascati synchrotron was compatible with the aim of using it as
an injector. At the end of the meeting Giorgio Salvini, who immediately took the idea

(57) B. Touschek, “A brief outline of the story of AdA”, excerpts from a talk delivered by
Touschek at the “Accademia dei Lincei” on May 24, 1974 (manuscript, B. T. A., Box 11,
Folder 92.5, pp. 5-6).
(58) R. Gatto (personal communication, November 24, 2004); interview with G. Corazza by L.
Bonolis in [Agapito and Bonolis 2004].
(59) Report of the meeting (L.N.F., Report N◦ 62, December 1960) held in Frascati on February
17, 1960.
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Fig. 1. – First page of Bruno Touschek’s “Notebook SR” (Bruno Touschek Archive, Physics
Department, La Sapienza University, Rome).

seriously, invited Touschek to discuss the matter with the machine group; all participants
to the meeting agreed that it certainly deserved a deeper study(60).

Touschek took up the challenge: the following day, on February 18, or maybe that

(60) See [Amman 1989] and report of the meeting.
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Fig. 2. – Second and third page of Bruno Touschek’s “Notebook SR” (Bruno Touschek Archive,
Physics Department, La Sapienza University, Rome).

same evening, after midnight, he started a new notebook, and wrote “SR” on the cover,
for Storage Ring(61). The trio “magnet, vacuum and high frequency”—the “Trinity”
according to Touschek’s definition—was what he called “little physics”(62). The economy
of colliders with respect to useful energy is bought at a price: low event rate. The target
for one collider beam is the other beam which contains a density of material comparable
to a pretty good vacuum; the number of times they encounter each other at each turn
supplies to the low density of the “matter” in the target. The relevance of the extremely
high frequency of the encounters was absolutely unusual, so that Touschek’s very first
preoccupation thus went to what he immediately called a “basic formula”, the expression
for the interaction rate in terms of the number of particles in each beam, the beam cross-
sectional area, the length of the intersection (beam overlap) region, and the interaction
cross-section: q[sic] = N2(ντ)2 σ

q · c
πR (63).

Probably being excited and in a hurry he wrote “q” instead of “Q”, the symbol he
used in the following pages(64) (fig. 1) A few weeks later he explicitly used the term

(61) B. Touschek, “SR Notebook” (B. T. A., Box 11, Folder 88).
(62) B. Touschek, “Adone and the polarization of vacuum” (manuscript, B. T. A., Box 11, Folder
3.92.8, p. 1).
(63) Touschek specified: “N = number of particles accepted per pulse, ν = repetition rate of the
Synch (ν = 20) s−1, τ = lifetime of the beam, q = effective cross-section of the circulating beam,
σ cross-section for the process to be observed, c = velocity of light, πR = half circumference of
the storage magnet” (B. Touschek, “SR Notebook”, p. 1-2).
(64) Throughout the “SR Notebook Touschek used Q, but more than once he again wrote “q”
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Endpage of Bruno Touschek’s “Notebook SR” (Bruno Touschek Archive, Physics Department,
La Sapienza University, Rome).

and corrected it with “Q”. The luminosity formula is written using the symbol “L” in the
typewritten manuscript “On the Storage Ring” (B. T. A., Series III, Box 11, Folder 3.86.1),
most probably written after March 15, or even before that date (he mentioned the first paper
of Gatto and Cabibbo, received by Physical Review Letters on February 17 and dated March 15
[Cabibbo and Gatto 1960]).
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Bruno Touschek’s original drawings (courtesy of Bruno Touschek’s family).
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Fig. 3. – Pages 22-23 of Bruno Touschek’s “Notebook SR” (Bruno Touschek Archive, Physics
Department, La Sapienza University, Rome).

“luminosity” (which is defined as the reaction rate per unit cross-section of the process
under investigation: dn/dt = Lσ) in a typewritten manuscript containing a “sketchy
proposal” for the construction of a storage ring in Frascati(65).

His second preoccupation (page 2) was the “Experiment proposed measure” (fig. 2):
(e+e−) : (µ+µ−) : (π+π−) in connection to which he immediately remarked: “Ask Gatto,
what can be learned from this measurement!” In the following page he stressed again:
“What can be learned from the proposed experiment (theoretical) by: Cabibbo & Gatto”.

“The preparation of the experiments has the following phases”, claimed Touschek
(“we are mainly concerned with what enters q [luminosity] quadratically”): “A) De-
termination of τ(66); B) Geometry and Mechanism of injection(67); C) What can be
learned from the proposed experiment [theoretical]”. In fact the luminosity is enhanced

(65) As far as Carlo Bernardini remembers, the discussion on the role of the number of bunches
went along for a few days, as well as the analysis of the convenience of having a high or low
harmonics of the RF frequency (personal communication).
(66) The determination of τ might depend on various scattering and radiation processes that
Touschek listed to conclude that beam gas scattering is the most important. The injection
rate is a typical “machine problem” and its peculiarities are analyzed. Last but not least,
certainly comes the problem of the importance of the information obtained via the annihilation
cross-sections into hadrons, which Touschek defers to Cabibbo and Gatto.
(67) Injection would reveal a thorny matter since the beginning; see [Bernardini 2004,
pp. 165-171]. Soon after Touschek published “A study of the mechanism of injection into a
storage ring”, Report 60/50, Frascati National Laboratory, 1960.
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by injecting many pulses of particles into the ring before making the two beam interact.
That introduced a crucial new parameter: the beam lifetime; one should be able to keep
beams circulating over long periods of time without appreciable particle loss. That, in
turn, imposed unprecedented demands on the quality of the vacuum. Touschek enumer-
ated the processes that might influence the beam lifetime, and that same day he tackled
the problem evaluating the decay constant as if “Bremsstrahlung were the only reason
for death of the beam”. He estimated the value of the decay constant in function of the
residual gas in the vacuum chamber and the following day he could roughly evaluate the
rate of production of events (fig. 3).

7. – A happy ending

When Touschek, on March 7, gave the epoch-making seminar during which he pro-
posed to explore the physics of e+e− annihilation processes and to build, as a first step,
a small storage ring to be injected with 250 MeV electrons, he had thoroughly explored
the feasibility of such an experiment(68).

During the seminar people were particularly impressed by “the extreme beauty of
the ‘time-like one-photon channel’ dominating, to the first order of QED, the production
of final states” [Bernardini 1997, p. 5]. Space-like photons are produced in the elastic
scattering of charged particles. In contrast, the electrons and positrons circulating in
opposite directions in a storage ring are a source of time-like photons. In the annihilation
of a particle and its antiparticle of initial equal and opposite momenta (−→p + = −−→p −)
into a virtual photon their total energy and momentum are converted into the total
energy and momentum of the virtual photon, so that the relativistic invariant q2—the
four-momentum transfer—is purely time-like:

q2 = −(E+ + −E−)2 = −4E2 < 0.

Touschek emphasized the creative character of e+e− collisions, i.e. the possibility
of a complete transformation of the collision energy 2E in the creation of new particles
through a channel with the well-defined photon quantum numbers: J = 1, odd parity and
charge conjugation. He proposed two examples: muon pairs and pion pairs. According
to Cabibbo’s recollections:

“F. Calogero, R. Gatto. C. Zemachs. L. Brown (the two were spending their
sabbatical in Rome) and myself rushed to compute the relevant cross-sections.
The result for the µ-pair cross-section was: σµ = πα2

3E2 an expression which
has become the standard candle for e+e− cross sections, others being related
to this by the famed R-factor. The pion cross-section σπ = πα2

12E2 [Fπ(−4E2)]2

was also interesting since it gave a direct access to the pion form factor,
a quantity which in the previous years had excited the interest of people
working on dispersion relations” [Cabibbo 1997, p. 2].

(68) Laboratori Nazionali di Frascati, Internal Report N◦ 62, December 8, 1960. The document
reported the main events which contributed to the decision of constructing AdA, starting from
Touschek’s seminary of March 7. It contained a description of the magnet, the vacuum chamber
and the RF characteristics, as well as the state of advancement of the project until the end of
1960.
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In fact Touschek had a peculiar “mental representation” of matter as “a sort of clas-
sically polarizable medium, with the vacuum as lowest state in which energy deposition
would eventually produce excitations with some peculiar energy spectrum”. These dis-
tinctive features of his picture of the microscopic world were at the base of his hope “from
the very beginning, to find resonances, in analogy with what happens to ordinary atomic
matter” [Bernardini 1997, p. 6]. This model was the basis for proposing later a search for
narrow resonances to be performed with Adone [Bartoli et al. 1966]. Unstable particles
with the same quantum numbers as the intermediate photon can in fact be produced
singly as resonant states that decay soon after. At the appropriate energy there would
appear resonance peaks in the production cross section for the final decay products(69).

This clarifies why “Protons cry too loud” was one of his usual sentences: electrons
appeared to him as “gentle probes”, while proton reactions were too “overcrowded”.
Touschek saw in the inherent simplicity of the annihilation process, a conceptually dif-
ferent road to gain some deep insight in fundamental particle physics. All this got mixed
up with his strong feeling for the “. . . elegance of natural laws, identified in the elegance
of their formal transcription . . . For Bruno, there was a Garden of Eden of theoretical
physics represented by QED, Fermi’s theory of weak interactions, the CTP theorem and
the misteries of the universal constants . . . The fine structure constant α appeared to
him as a philosopher’s stone converting one kind of formal objects into a completely
different kind. He was convinced that to understand the properties of this stone one
should possibly work on the simplest objects in the world sharing all the listed proper-
ties: quantum, electromagnetic, mechanical, relativistic. Electrons and positrons were
certainly the best” [Bernardini 2004a, p. 78]. Until then physicists had not deserved
enough consideration to the fact that the electrodynamic and the hadronic world were
communicating in the annihilation process, in which momentum transfer is time-like.

One of the typical objections was: “Will the beams really meet?” According to
CPT invariance counter-rotating electrons and positrons would follow exactly the same
equilibrium path in a magnetic guiding field. Touschek took it for granted to such an
extent that he always answered back to people expressing doubts about the collision
of electron and positron beams in the ring with a tranchant expression in his mother
tongue: “Scheisse”. Carlo Rubbia still remembers him saying with a very loud voice,
resonating in the corridors, “the positron and the electron must collide because of the
CPT theorem!”. Rubbia also recalled that

“His [Touschek’s] boundless enthusiasm for particle-antiparticle collisions was
dominated by a sense of perfect and intellectual esthetics, and rivalled only
by his contempt for the other and more mundane alternatives of collisions of
electron with electrons or of protons with protons being explored at that time
for instance by Jerry O’Neill, Andy Sessler and others. One must recognize
that talking about practical collisions between particles and antiparticles was
at that time perfectly and totally crazy in the views of most of the so-called
‘reasonable’ scientists, since neither the accelerator technology, nor the vac-
uum, —without mentioning the problem of accumulating realistic amounts
of positron current—were known at the time. Norman Ramsey told me later
that returning in those days from a trip to Europe and the Soviet Union he

(69) In fact, the high-energy resolving power characteristic of these machine later allowed a
detailed study of extremely narrow resonances such as the J/Ψ, Ψ′, etc.
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Fig. 4. – Many discussions occurred as to which were the electrons and which were the positrons
(courtesy of Bruno Touschek’s family).

got as an answer: ‘there will never be enough luminosity to do any physics’
It was however evident that all these concerns had absolutely no influence on
Bruno and that he was only attracted by the perfection and the beauty of a
machine capable of producing ‘an excited vacuum’. I remember him explain-
ing that in this way ‘all possible (charged) particle states must be produced’.
In other words, it was the ultimate and definitive spectroscopy of all particle
states. When later I met Budker, I realized how similar his and Bruno mental
attitudes were toward realizing the impossible and thinking the unthinkable”.
[Rubbia 2004, pp. 57-58].

In general, the whole matter was by no means taken for granted:“I can tell that during
the work with AdA—recalled Carlo Bernardini—the main contributions that our group
received from the accelerator community consisted in demonstrations of the impossibility
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for it to work” [Bernardini 1989, p. 445]. Later there was also a lot of disagreement
on which were the electrons and which were the positrons, but Touschek on his side
considered it a completely unimportant question, and commented these discussions, that
he saw as well as an obvious “manifestation of CPT”, with one of his most celebrated
drawings, the “magnetic discussion”(fig. 4).

After the seminar “preliminary studies” concerning the beam lifetimes, like problems
related to radiation losses, etc., did not show any “insurmountable barriers”. A week
later, on March 14 the decision was taken, and 8 million lire were initially allocated for the
proposed experimental device, later raised to 20 million. It was decided that Touschek
would be the experiment leader, with the cooperation of Giorgio Ghigo for the technical
problems and of Carlo Bernardini for the theoretical problems. Their competence derived
also from their working since the beginning in the successful enterprise of building the
Frascati electronsynchrotron in record time.

On March 16 Touschek and Ghigo prepared a first sketch of the program with a
rough evaluation of the working times, where the main characteristics of the magnet, the
vacuum chamber, and the RF were outlined(70). The order for materials was placed on
April 20.

The name AdA, the acronym for the Italian Anello di Accumulazione was given to
the ring. This choice testifies how beam-storage (accumulazione) was felt at the same
time as an absolute novelty and the first serious problem to tackle.

In the first lines of an undated draft proposal, entitled “On the Storage Ring”, which
appears to have been written not far from March 15(71), Touschek explicitly states:

“The following is a very sketchy proposal for the construction of a storage
ring in Frascati. No literature has been consulted in its preparation, since
this invariably slows down progress in the first stage . . . I shall present you
here all I have thought about it and much, which others have suggested to
me and to anticipate the question: No, I have not properly read O’Neill, but
I hope that somebody will [emphasis added](72). Let me first explain why a

(70) A draft of this proposal, which later became the first part of the quoted Report N◦ 62
(Laboratori Nazionali di Frascati, December 8 1960), and had an internal circulation with the
date March 22 1960, can be found in B. Touschek’s archive (B.T.A, Box 11, Folder 3.80).
The manuscript, handwritten by Touschek, begins with the sentence: 1) Proposta d’esperienza
[proposed experiment] e+e− → 2γ (monitoring process), e+e− → µ+µ− (test of QED), e+e− →
π+π− (interaction between pions). A description of a single storage ring for electrons and
positrons followed.
(71) “On the Storage Ring” (B. T. A., Series III, Box 11, Folder 3.86.1). This incomplete
typescript (8 pages) contains reference to the first Cabibbo and Gatto paper dated March 15,
and received by Physical Review Letters on February 17. Moreover, the formula of the luminosity
in this draft is indicated by L, and Touschek explicitly uses the word “luminosity” on page 9
of a bigger notebook (“AdA Notebook”, B. T. A., Series III, Box 11, Folder 3.89) whose first
page is dated April 3, while he used the letter Q on his “SR notebook” ranging from February
18 to—at least—February 25, 1960.
(72) The spirit of Touschek’s remark, as well as his characteristic style, can be better understood
through the following tale by R. Gatto: “He [Touschek] never liked extremely long calculations
and uninspiring formulae. He put ideas and invention before the hard mechanical effort. When
he wrote a formula he seemed to carefully draw it, designing, more than just writing it down.
He never would waste his time in checking hundredth of papers in the literature, but he would
rather try to go directly to the heart of the problem. He first wanted everything to be simplified
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storage ring is an important instrument, particularly when fed with electrons
and positrons . . . If one wants to study electrodynamics one should try to use
particles, which interact weakly except electromagnetically. This automat-
ically cuts one down to electrons (and positrons) since µ-mesons are hard
to come by in large numbers. To use a crossed beam consisting of electrons
and positrons has the further advantage that in all interesting processes the
particles of the initial state (i.e. the electrons and the positrons) disappear:
Experiments made in this way can only depend on two parameters (the en-
ergy and the angle, the first being given by the machine). This means that
much more information can be gained by much fewer events. At this stage it
appears necessary to define the project a little better: I prefer to think of it
as an experiment rather than as a machine [emphasis added]—a fact which
may change considerably our attitude to the project. As I think I will be able
to demonstrate the project is closer to an experiment than to a machine in
two important respects: in cost and in the limited range of applicability of
the ironware. Talking of it as an experiment I propose to study the reactions
e+e− → 2γ, e+e− → µ+µ−, e+e− → π+π−(2π0), and I admit that I think
that there is nothing else of importance, which can be studied with the same
set up”(73).

In Touschek’s mind, the theoretical expression of the process had taken shape under
the form of a colliding-beam experiment.

In retrospect it can be said that AdA was a revolutionary device in being the first
matter-antimatter collider ever concretly proposed as a project and built in the world(74).
In this respect it is worthwhile pointing out that at the time antimatter was still com-
pletely exotic: the Berkeley Bevatron which produced the first handful of antiprotons
seen in the world was completed only in 1954, so that it was barely five years since the
1955 announcement of the discovery of the antiproton by Chamberlain, Segrè, Wiegand,
and Ypsilantis. It is impossible not to be struck by the near contemporaneity of two other
far-reaching developments—the observation of parity violation in weak interactions and
the establishment of the CPT theorem as the most fundamental among discrete funda-
mental symmetries. Only later, in 1958, Segrè was able to establish the equality of the
antiproton and proton masses at the 2% level from considerations of all data available
from the antiproton experiment. A lower limit on the antiproton lifetime of 10−7 s could
be deduced from the fact that it survived long enough to reach the end of the experi-
mental beamline [Segrè 1958]. By that time it had become evident that the parity (P)
violation experiments carried out by C. S. Wu and her colleagues had also invalidated
C invariance as a general property of all interactions, although no conclusion could be
drawn at the time about the invariance or violation of T symmetry. The principle that
clarified all these matters was of course the CPT theorem, shown by Bell, Pauli, and

and reduced to the essential . . . Once, he was going on vacation to the mountains, and he told
me he wanted to work on beta decay. The only thing he was taking with him was a very small
notebook, still empty. No books, no articles, no preprints. The notebook was extremely tiny.
Like any good theoretician he always thought that right things have to be simple and not require
a cumbersome apparatus” [Gatto 2004, p. 73].
(73) On the storage ring (B. T. A., Series III, Box 11, Folder 3.86.1).
(74) A first summary of the construction stages is contained in the quoted internal memorandum,
dated March 22, 1960.
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Lüders (1954, 1956) to represent the minimal set of conditions for the existence of any
relativistic field theory consistent with both quantum mechanics and special relativity
[Bell 1955; Pauli 1955]. What now became apparent was that CPT invariance alone
[Lüders and Zumino, 1957; Lee et al. 1957] and not the stronger condition of C invari-
ance, was sufficient to guarantee the equality of the masses, lifetimes, charges, spins and
magnetic moments of particle-antiparticle pairs, although as Lüders and Zumino pointed
out, not in general of branching ratios. However, even if the discovery of the antiproton
was a new and direct confirmation of the Dirac equations, it was also an implicit chal-
lenge to experimentalists to probe the foundations of modern physics by comparing its
properties closely with those of the proton. Touschek’s proposal of an electron-positron
collider was someway in the stream of this kind of challenge(75).

During the 1960 Annual International Conference on High Energy Physics held at
Rochester from August 25 to September 1, Yung-Su Tsai discussed the “e-e colliding
beam experiment” basing on the experimental conditions proposed by Stanford, and
concluded his talk with a short session entitled “Electron-positron scattering”, processes
from which “much information of fundamental importance can be obtained” [Tsai 1960a,
p. 774]. During the subsequent discussion O’Neill made a remark about the “status of
the electron-positron work” pointing out that “. . . no one should expect any results from
this in the immediate future. The status of that experiment is just that it would be an
awful lot of fun to do if the electron-electron scattering experiment, which we are now
trying to do, is successful. However, we cannot even begin to make plans about doing
the electron-positron experiment unless the electron-electron experiment turns out to be
quite successful—in the sense that the apparatus is found to work (in terms of electron
beam lifetime, etc.), essentially the way that the theory now predicts”(76).

After two months, on November 7 1960, “The Frascati storage ring”, an article de-
scribing AdA, the first matter-antimatter collider was received by Nuovo Cimento: “It
was decided . . . to study the possibility of a colliding beam experiment with electrons
and positrons. The discussion of this proposal led to the design of the machine . . . With
a successful machine a study of the pion-pion interaction in the process seems possible
and feasible—provided that this interaction is strong enough—; the production of muon
pairs in an experiment intended as a check of quantum electrodynamics will require a
higher intensity (by about a factor 10). If such an intensity can be achieved the measure-
ment of the π0 lifetime by means of the reaction does not seem completely impossible”
[Bernardini et al. 1960, p. 1293].

The group which had embarked in this bold project was endowed with such an en-
thusiasm and optimism and a strong belief in the enterprise that on November 9, 1960,
two days after submission of the paper, Touschek prepared “ADONE—a Draft proposal

(75) Since 1953 Touschek discussed with Pauli issues connected with time reversal; at the time
he wrote more than a paper on the subject [Morpurgo, Radicati and Touschek 1954; Morpurgo
and Touschek 1955; Morpurgo, Radicati and Touschek 1955; Morpurgo and Touschek 1955]. In
1957/1958 Touschek exchanged several letters with Lüders, Pauli and Zumino discussing items
connected with symmetry properties of physical theories (see correspondence in B. T. A., and
[Touschek 1958]). In 1969 his interest in the CPT theorem was again aroused by J. Schwinger’s
work, and he wrote a note showing how the theorem can be derived from the transformation
properties of the observable local tensors of a field theory which is invariant under the trans-
formations of the proper Lorentz group (see Touschek’s unpublished manuscript note on CPT,
dated 1969, B. T. A., Box 4, Folder 3.22).
(76) See discussion following Tsai’s talk in [Sudarshan et al. 1960, p. 774].
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AdA on the tripod tower at Frascati (courtesy of Archivio Audio-Video, INFN-Laboratori
Nazionali di Frascati).
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Fig. 5. – The phototube record of February 27, 1961, showing steps that correspond to single
electrons entering or leaving AdA (personal collection of Carlo Bernardini).

for a colliding beam experiment” where he “assumed that experiments in which there
are only two particles in the final state are most easy to interpret. There are 16 such
reactions . . . ”, claimed Touschek who concluded his short discussion remarking that “if
the work now in progress on ADA shows real promise (we will know more about this in
February 1961) the development of ADONE should be considered as compulsory”(77). In
fact, since the very beginning of the construction of AdA, a small group for the study of a
higher-energy electron-positron ring had already been formed by Fernando Amman, who
would be in charge of the building of the bigger machine, and in December a proposal
for the construction of a storage ring at 1.5 GeV was presented at the annual meeting of
the INFN (National Institute for Nuclear Physics) in Frascati(78).

In that same autumn of 1960 Gatto proposed Cabibbo to make a complete explo-
ration of the physics which could come out of e+e− collisions [Cabibbo 1997, p. 221].

(77) B. Touschek, “ADONE—a Draft proposal for a colliding beam experiment” (typescript,
B. T. A., Box 12, Folder 3.95.3, p. 3).
(78) On January 27, 1961, F. Amman, C. Bernardini, R. Gatto, G. Ghigo and B. Touschek
presented the Internal Report “Storage ring for electrons and positrons ‘ADONE’ ” (N◦ 68,
Frascati National Laboratory). In February 1961 a study group was formally set up with the
task of preparing a first estimate of the feasibility and costs of such a project. During 1961
the main problems considered were: positron production and storage, beam-beam interaction,
damping of the oscillations in a strong focusing structure, technical aspects such as vacuum and
pulsed inflector. At the end of 1961 the general design of the injector for positron production
was decided, and experiments on positron yields were going to be performed in co-operation
with Saclay. A first approximation of the beam-beam interaction was studied and presented at
the Brookhaven Conference, and an elaborate computation started yielding the first results at
the beginning of 1962. The damping in strong focusing structures was completely understood.
The “Adone Project” started formally at the beginning of 1962. This summary is contained
in a short historical memo on Adone sent by F. Amman to G. K. O’Neill on March 18, 1966.
According to Amman it contained “what is difficult to find in the published articles” (F. Amman,
personal collection).
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All the wealth of e+e− reactions was considered, from electrodynamics to the hadronic
final states, particularly in the JPC = 1−− channel. The result of this detailed study
was a first preliminary paper received by Nuovo Cimento on February 2, 1961 [Cabibbo
and Gatto, 1961]. They stressed how high-energy e+e− experiments, which could test
the validity of Quantum Electrodynamics at small distances, offered the possibility of
exploring form factors of strong interacting particles for time-like momentum transfers
(“Electron scattering experiments—whenever possible—can only explore space-like mo-
mentum transfers”), and offered the possibility of carrying out consistently a “Panofsky
program”, i.e. the exploration of the spectrum of masses of elementary particles thor-
ough their interaction with photons. A general discussion of the possible resonances and
detection of Nambu’s neutral vector mesons was also discussed in detail.

Soon after, on February 27, 1961, only one year after Touschek’s seminar, the first
electrons had been accumulated in AdA [Bernardini 2004](79) (fig. 5).

8. – From the “proof-of-principle” to the second generation of machines

An International Conference on Theoretical Aspects of Very High-Energy Phenomena
was held at CERN in Geneva at the beginning of June 1961. The introductory talk was
given by J. B. Adams. He expressed the hope that “during this Conference we will hear
strong theoretical physics arguments upon which the high energy physics laboratories can
base their accelerator policy in years to come” [Adams 1961, p. 3]. The session dedicated
to “Electromagnetic interactions” included three talks: “Colliding beams experiments”
(B. Richter), “The Frascati storage rings” (B. Touschek) and “Electron-positron colliding
beam experiments” (R. Gatto) [Bell et al. 1961]. Richter, who began his talk by saying
that they hoped that the following year they would be able at last to talk about their
electron-electron colliding experiment, briefly rewieved the general plan. In the section
“Positron Experiments” he emphasized that “Whenever this subject has been brought
up in the past, we have refused to commit ourselves about its prospect”, and even
if he did not want “to change this policy”, he discussed the “difficulties of the positron
experiments” pointing out that technical problems (“. . . The electrons and positrons must
be made to circulate in opposite senses in the same magnet. The beams still must be
prevented from colliding head on . . . The rf cavity and the interaction region must be
shifted . . . A new steering and inflecting system must be constructed. A new counting
system will be needed . . . ”), and particularly the incompatibility with the e−e− scattering
experiments, obliged them to “finish the e−e− before starting e+e−”. He added that these
problems were not “the main reason for our long-standing silence on the experiment. The
electron scattering experiments must work fairly well for the positron experiments to
work at all”. In fact he showed a table with a list of four “cross-sections in the centre-of-
mass system for several processes of interest considering only first order electromagnetic
interactions” (e−e− → e−e−, e+e− → e+e−, e+e− → π+π−, e+e− → µ+µ−) and a figure
where they were “plotted as angle for a total centre-of-mass energy of 1000 MeV”.

Richter duly commented that the positron beam they had at Stanford had an intensity

(79) The problem of the vacuum had been successfully tackled by Gianfranco Corazza who had
already experimented with titanium ionization pumps. Therefore, the prototype of AdA vacuum
chamber reached 10−7 torr without any special treatment of the walls. With the final donut,
the vacuum later reached easily 10−9 torr, even if in a special chamber, very accurately cleaned,
the pressure went down to less than 10−10 torr, perhaps 10−11, reaching the limit sensitivity of
the Alpert gauge [Bernardini 2004, p. 168].
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of about 10−4 of the electron beam. Certainly it could be improved, but probably not by
as much as a factor of 10 without rebuilding the injection end of the accelerator: “With
this small beam we need a good capture efficiency, a fairly long beam life, and a small
stored beam size to do any experiment at all”. On the other hand, the electron-electron
scattering experiment was “quite a bit overdesigned”, so that a very good experiment for
testing the validity of Quantum Electrodynamics at small distances could be expected.
“Until we know what we can do in storing a beam”, concluded Richter, we cannot say
anything about the positron experiment” [emphasis added] [Richter 1961, p. 58].

After announcing the development of two storage rings in Frascati—“The first (code
name AdA = anello d’accumulazione = storage ring) designed for storing electrons and
positrons of up to 250 MeV is actually undergoing the first tests . . . ”—Touschek showed
the record of accumulated electrons in the ring AdA, and commented that “It was clear
from the beginning that this project would be a gamble, the calculated intensity of the
machine being about a factor 500 less than what was needed for experimentation”. He
also stressed that “It was nevertheless decided to go on with the project, mainly because
it was hoped that experience in storage problems could be most rapidly gained in this
fashion and that eventually ideas for increasing the intensity might be forthcoming”
[Touschek 1961, p. 67]. There was no difference within the accuracy of the measurements
between electrons and positron, but the observed capture efficiency was smaller than what
could be calculated on the basis of statistical theory. Due to the persisting injection
problem the machine would be moved to Orsay during the Summer of 1962.

At the same Geneva conference Raul Gatto opened his talk (“Electron-positron collid-
ing beam experiments”) recalling a few relevant points concerning the electron-positron
colliding beam experiments: 1) Tests of validity of Quantum Electrodynamics. 2) Most
of the annihilation processes go through the “one-photon” channel. The reactions pro-
ceed through a state of well-defined quantum numbers. 3) Systematic exploration of form
factors of strong interacting particles for time-like values of their argument. 4) Panofsky
programme: systematic exploration of the spectrum of elementary particles through their
interaction with photons. 5) Some unstable particles would be directly observed through
resonances in the cross-sections. 6) At a given energy the angular distributions of the
simplest reactions are uniquely predicted by theory of they depend on a few parameters.

Gatto concluded his talk claiming that “High-energy electron-positron colliding beam
experiments may become a field of spectacular development in high-energy physics [em-
phasis added]” [Gatto 1961, p. 76](80). In those very days Raul Gatto and Nicola
Cabibbo had sent their second thorough analysis of electron-positron collisions, to Nuovo
Cimento, which came to be known as “the Bible” in Frascati circles [Cabibbo and Gatto
1961a]: “Electron-positron collisions could probe the structure of known hadrons: not
only the form factors of pions and nucleons, but also those of kaons and hyperons, as
well as those of multihadron states. One could also probe exotic form factors, such as
those of the π0 → γγ and of the Σ0 → Λ0 + γ transitions” [Cabibbo 1997, p. 221]. An
intriguing result was obtained for the production of neutral K mesons: because of the
C = −1 initial state, only the KL−KS combination would appear in the final state. This
observation would be at the base of later extensive CP violation studies and in the future

(80) The talk concerned arguments such as the “one-photon” channel; e+ − e− → pions, e+e− →
2π or 3π, e+e− → K mesons; e+e− → π0 +γ: the 2π state, the 3π state; a general discussion on
resonances; baryon pairs; vector mesons; electrodynamic vacuum polarization and cross-sections;
weak interactions.
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B-factories. “The result of this explorative work confirmed beyond the wildest dreams
the intuitions of Bruno Touschek”, remarked much later Nicola Cabibbo, who also re-
called that, “While doing this work we had the exhilarating experience of expanding into
a vacuum: for a few years the only theoretical papers on the physics of e+e− were those
issuing out of Rome or in Frascati” [Cabibbo 1997, p. 221].

Touschek had also mentioned the second storage ring for electrons and positrons of
up to 1.5 GeV (“code name Adone”, for big AdA, also meaning Adonis in Italian) being
planned in Frascati. In fact the Panel on High Energy Accelerators Report regarding the
future United States program presented by Norman Ramsey in April 1963 recommended
also the construction of electron-positron colliding-beam storage rings. Even if, according
to Ernest D. Courant, who served on the committee chaired by Ramsey [Courant 2003,
p. 23]

“The committee believed that the best way to advance physics was to go
for even higher energy than the AGS [Alternating Gradient Synchrotron]. It
was felt that the most fruitful approach would be to build real high-energy
accelerator, in the range of 200 GeV or more, rather than building a colliding-
beam extension to the existing AGS with the addition of storage rings. We
noted that CERN had decided to go for colliding-beam storage rings, which
were to be added to their existing PS. We decided that one such experiment
in the world was enough, and that the higher potential intensity of the high-
energy ring would outweigh the higher center-of-mass energy of the storage
ring system. Therefore, we did not recommend storage rings to be added to
the Brookhaven AGS, but we did recommend that the next step after the
200-GeV machine might well be a 1000-GeV project at Brookhaven.”

In August 1963 a new International Conference on High Energy Accelerators was held
in Dubna. For the first time Budker, Naumov, Baier and their collaborators described
their plans for the construction of electron-electron, electron-positron and proton-proton
colliders. The project for an electron-electron collider was stimulated by Kerst’s talk on
FFAG during the Geneva Conference of 1956. At the beginning they decided to build
VEP-I (2 × 130 MeV), mainly an experimental facility for low-energy preliminary tests,
and VEPP-II (2 × 500 MeV). At the time of the conference VEP-I was on the verge of
being completed and experiments were announced to begin at the end of that same year.
In the proceedings of the International Conference on High Energy Accelerators of 1961
there had been no mention of an electron-positron machine being built or even planned in
Novosibirsk [Blewett 1961], even if at the end of 1958, claimed Baier, a decision had been
taken to convert VEPP-II into an electron-positron collider, but in 1963 the machine,
not yet completely assembled, was still not functioning, probably because of the delay
caused by the move from the Laboratory of New Acceleration Methods in Moscow(81) to
Novosibirsk. The whole 1963 Dubna conference report contains bibliographic references

(81) In a small booklet celebrating the 30th anniversary of the Institute of Nuclear Physics
(INP), one of the first Institutes of the Siberian Division of the USSR Academy of Sciences,
several remarkable results regarding experiments performed at INP are recalled in the chapter
“Colliding Beams and High Energy Physics”. The date of each event is specified, but no definite
temporal reference is given in connection with the development of the VEPP-2 installation, even
if the date of its first-in-the-world experiments on pi-meson production is well underlined [USSR
Academy of Sciences 1989, p. 11].
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dating back to 1959 only dealing with electron-electron collisions, while issues regarding
electron-positron issues are completely missing [Budker et al. 1964](82).

The Fifth International Conference on High Energy Accelerators was held in Septem-
ber of 1965 in Frascati. Touschek started off his talk with one of his typical keen remarks:
“The title of this talk [Physics with electron storage rings] is obviously a blunder: the
purpose of this conference is to bring machine builders and physicists together. In the
development of electron storage rings machine builders and physicists have now been
together for up to seven years and it has become quite difficult to tell the one from the
other. I shall therefore leave to you the subtle distinction between physics and storage
rings and talk simply about the latter”. At this point Touschek mentioned the first exper-
iment about high-momentum transfer in wide-angle electron-electron scattering carried
out with the Princeton-Stanford storage rings presented during the Conference [Barber
et al. 1966](83) and went on saying: “What I hope to convey in this talk is that the
work on colliding beam experiments (which has for so long been watched in an air of
gleeful impatience) has developed quite logically and at a reasonable speed. To judge
the order of magnitude of the effort which had to go into the development of the new
technique we may think of the experimental arrangement as consisting of two parts one
of which is an accelerator the other being a target of quite revolutionary properties:
providing it is equivalent to creating a new stable state of matter. This I think is well
beyond straight forward machine building and could be judged as being not less physics
than the experiments which it will ultimately serve” (emphasis added) [Touschek 1966,
p. 263]. He summed up the reasons for wanting to measure the differential cross-section
of annihilations experiments e− + e+ → A + A for every pair of particles AA:

“A) Colliding beam experiments are one way to obtain information about
processes with very high momentum transfer.

B) Though there exist other methods of obtaining this information as for ex-
ample the observation of leptons in proton-antiproton annihilations or of large
angle electromagnetic events, the colliding beam technique has the advantage
that it admits as clean a separation between strong and electromagnetic in-

(82) The status report (Budker G. I., Naumov A. A. et al.) on the different colliders is divided in
three parts: I- Electron-electron colliders (Baier V. N., Blinov G. A. et al.); II- Electron-positron
colliders (Ausländer V. L., Baier V. N. et al.); proton-proton colliders (Abramian E. A., Baier
V. N. et al.).
(83) The results mentioned by Touschek were going to be published in [Barber et al. 1966a]. On
February 5, 1965, Gerald K. O’Neill wrote to Lucio Mezzetti, at the time Director of Frascati
Laboratories (a copy was sent to F. Amman and C. Bernardini, too): “I have some good news
which I think you might be interested in hearing. For several months we have been studying
and, by changes in operating conditions, avoiding beam instabilities in the Princeton-Stanford
electron-electron storage rings. Last week we began six days of data taking . . . About 15,000
pictures were taken, of which we were able to analyze more than a quarter . . . In that quarter,
there were about 40 electron-electron scatters at a total CMS energy of 600MeV and a minimum
momentum transfer of ∼ 200MeV/c . . . In practice, under the best conditions of linac operation,
we were operating on a half-hour cycle, with 3 minutes of film-changing, 2 minutes of storage-ring
filling, and 25 minute of counting . . .We plan a much longer run, with only minor changes in the
detector system, late this month . . . ”. On February 18 the group (Barber, O’Neill, Gittleman
and Richter) sent F. Amman a report on “Recent results with colliding beams”, illustrating
some details about the operating conditions during the recent runs when they observed the
electron-electron scattering events (C. Bernardini, personal collection).
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teractions as nature will allow.

C) The numerical accuracy of colliding beam experimens promises to be very
high. The energy definition of Adone for example is about 1/2000.”

He went on saying a few words about the physics “which had to be negotiated in
order to make colliding beam experiments possible”, and which “G(ilberto) Bernardini
would spell with a small f”(84). This type of physics had given much more trouble
than technology, remarked Touschek, and in this connection he mentioned a series of
effects which “were painfully discovered as the work was going on”, but which had been
satisfactorily understood, and for which “devices for rendering them innocuous” had
been found. With the exception, of course, of the direct beam-beam interaction, which
was a “fatal yet tolerable limitation” to the intensities which can be achieved with a
storage ring. Unfortunately, AdA suffered from an intra-beam scattering limit that gave
a density-dependent lifetime generally significant at low energies (below 1 GeV, or so),
due to what would be later called the “Touschek effect”. The machine never reached
the hoped-for collision rates for observing annihilation [Bernardini et al. 1963], but the
definite proof for the existence of conditions in which the two beams could be made to
meet was given by means of single bremsstrahlung as a monitoring reaction. The process
e− + e+ → e− + e+ +γ was observed with AdA in Orsay, where the ring had been moved
at the beginning of 1963. The electron Linac there had an external electron beam to
focus very near AdA’s vacuum chamber and the internal converter so that the interaction
rate was measured and found to be in good agreement with the hypothesis that there
was a complete overlap between the two beams and that the dimensions of the beams
were those calculated from the lifetime effect [Bernardini et al. 1964] (fig. 6)(85). The
production of electron-positron annihilations into muon pairs or pion pairs remained a
dream. The electron-positron beam luminosity necessary to achieve that goal is many
orders of magnitude higher than what could be obtained with AdA, but nothing had been
experimentally tested previously as far as the behaviour of stored beams was concerned
so that the machine allowed to tackle a number of accelerator physics questions raised by
storage rings which were unexplored at the time. The actual size of the particle bunches
had not been measured, beam lifetimes had not been checked and whether opposite beams
did encounter each other or not had been an open question up to that moment(86).

(84) He also considered “small physics” with storage rings the development of a Linac in Frascati
which should produce a very high intensity positron beam.
(85) The first choice had fallen on two-quantum annihilation, but the experiment led to the
realization that this process was completely flooded by double bremsstrahlung, itself a good
monitoring process, whose cross-section had unfortunately not been calculated at the time. The
definite proof for the existence of conditions in which the two beams could be made to meet
was given by means of single bremsstrahlung as a monitoring reaction. It was shown that the
common volume of the two beams coincided with that of a single beam in terms of the lifetime,
which owing to Rutherford scattering is directly proportional to the volume. Adone became full
operating only in 1969, the e+e− physics born with AdA was later explored at Novosibirsk with
VEPP II and at Orsay with ACO. The electromagnetic interactions of hadrons, and properties
of the vector mesons ρ, ω, φ and their importance in the hadron-like behaviour of the photon
described by the vector dominance model was also clarified.
(86) A detailed account of observations such as effects resulting from the beam interactions with
the residual gas (bremsstrahlung, scattering on the atomic electrons), quantum fluctuations and
RF lifetime, vertical/horizontal coupling of betatron oscillations, Touschek effect, can be found
in [Bernardini et al. 1964].
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Fig. 6. – Counting rate per particle in beam n◦ 1 as a function of particle number in beam
n◦ 2 (original drawing by Bruno Touschek, published in [Bernardini et al. 1964, 1486], personal
collection of C. Bernardini). Touschek noticed that the rate of gamma-rays observed in the
direction of beam 1 is proportional to the number of particles N1 in the beam, while for beam-
beam events the rate is proportional to the number of particles N1N2 in both beams 1 and 2.
Thus, the observed gamma-ray rate divided by N1 depends linearly on N2, and the slope of
the line is a measure of the rate recorded by the detector monitoring the reaction, that is, of
the luminosity of the beam. The plot shows a synthesis of all experimental points (December
1963-April 1964): 1—December run; 2—January run; 3—February run; 4—April run.
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Bruno Touschek in the 1960s (courtesy of Bruno Touschek’s family).

The first physical results obtained with storage rings definitively established that this
type of machine was now there. Touschek concluded his talk pointing out that the 1965
meeting in Frascati differed “in two ways from previous ones. We do not only celebrate
the first experiment in high energy physics carried out with the colliding beam technique
[Barber et al. 1966a], but also—I think—the first conference on the subject in which no
new apocalyptic alarms are raised threatening the future of our enterprise—touch wood”
[Touschek 1966, p. 265].

Following Touschek’s invited talk, the 6th session included other contributions on
“Reports on operating storage rings; design studies and construction”. Barber, Gitter,
O’Neill and Richter presented the results obtained with the Princeton-Stanford storage
rings (“Wide angle electron-electron scattering on the Princeton-Stanford storage rings”)
[Barber et al. 1966], Pierre Marin presented a progress report on the almost completed
electron-positron ring ACO (“The Orsay storage ring”) [Marin 1966], and S. G. Popov
described “The beam control system of the electron storage ring VEP-1” [Popov et al.
1966]. A. M. Budker was present with a general review on the accelerator developments
in Novosibirsk [Budker 1966]. He talked about plasma accelerators, and models of the
projected proton accelerators being tested—including models of accelerators with proton
colliding beams. He devoted the second part of his paper to a status report on the
electron storage ring VEP-1 presenting the machine, the storing of electrons, and the
luminosity measurements, as well as the preliminary experiments on electron-electron
scattering. A very detailed status report on the positron-electron storage ring VEPP-2
followed, whose construction had been completed in 1963, as Budker himself recalled. He
also presented a method for the production of nearly monoenergetic positrons in a narrow
angular interval, which could remove the disadvantage of a low coefficient of conversion
of initial electron beam necessary for injection into accelerators and storage rings.

In June of that same 1965 an International Symposium on Electron and Photon In-
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teractions at High Energies had been held in Hamburg. At that Conference Gatto gave a
new updated version of the “Bible” [Gatto 1965](87). By that time physics with e+e− was
showing its intrinsic simplicity and power; π and K form factors at time-like momentum
transfer values were coming into being. Robert R. Wilson opened his “Closing remarks”
recalling an anecdote regarding Pauli and Otto Stern in the early 1930s, when the latter
was measuring the magnetic form factor of the proton in the low momentum-transfer
limit. It seems that Pauli followed the matter with great personal interest; however, he
“had one piece of theoretical advice on the experiment which was constantly and freely
repeated. It was ‘Give up this nonsense! There can be only one possible result of your
measurement, and that is that you find that the magnetic moment is exactly one nuclear
magneton, so why don’t you leave this dull sort of thing to a lesser physicist and get
on to something really interesting’.” Wilson had been particularly impressed by form
factors, the possible breakdown of Quantum Electrodynamics, and storage rings, but he
also stressed that even if “worlds of other topics” had been covered—such as the multi-
plicity of the photoproduction results—these had left him “rather cold”. He concluded
the conference remarking that [Wilson 1965, p. 182]:

“Thus it appears that a really new era in electron physics is opening up. To
my mind the real pioneers of this development, in addition to the Stanford
people, are our Italian friends. With great style, they have been leading the
way, first by their brilliant conception and construction of the little ADA ma-
chine in such a short time and, secondly, by the tremendous courage and skill
that they have demonstrated in going ahead with Adone . . . But it is a highly
competitive field and other laboratories are also very busy . . . Personally, I
am convinced that storage ring machines will extend our vision in electron
process immeasurably beyond that which is possible with conventional accel-
erators. The physics that one contemplates making with these devices is so
pure and so beautiful in comparison to that which we are presently making
that I can barely contain myself in my enthusiasm for this delightful field. I
hope that many of the young men measuring prosaic things in photoproduc-
tion will allow me to emulate Pauli and advise them to desist and to get as
quickly as possible to the nearest storage ring”(88).

In the course of time, items such as Analiticity and Dispersion relations, Reggeization,

(87) Gatto discussed the following electromagnetic reactions e+e− → 2γ, e+e− → e+e−,
e+e− → e+e− + γ, e+e− → µ+µ−, e−e− → e−e−, e−e− → e−e− + γ, etc.; vacuum po-
larization effects; e+e− annihilation into strong interacting particles; the one-photon channel;
resonant contributions; annihilation into pions; intermediate ρ0, ω0, φ0; two-photon channel;
annihilation into fermion-pairs; weak-vector-meson production and weak interactions” [Gatto
1965, pp. 106-107]. In 1965 AdA was still the only e+e− colliding beam machine working; ACO
at Orsay and VEPP II at Novosibirsk were to be completed, Adone in Frascati was in con-
struction and SPEAR at Stanford was being projected, while e−e− colliders were working in
Novosibirsk and Stanford.
(88) In the light of Robert Wilson’s prophetic perspective, the following statement made by
Burton Richter in the 1990’s looks rather astonishing, but certainly very comprehensible indeed,
if one looks at AdA merely from the perspective of “machine building”: “In my opinion, AdA was
a scientific curiosity that contributed little of any significance to the development of colliding
beams (there is one exception; a beam-loss mechanism now called the Touschek effect was
discovered). . . ” [Richter 1997, p. 269].
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Pomeranchuk theorem, Bootstrap, Nuclear democracy, Conspiration and Evasion (dom-
inating the production on the relevant magazines and filling the gallery of “elementary
particles data” on the Reviews of Modern Physics with as many resonances as possi-
ble), analysis of bumps in cross-sections, huge exotic machines—both cyclotron-like and
synchrotron-like, with exotic focusing properties—disappeared like fog. All these activ-
ities remained in the literature as an interesting mathematical exercise with no further
impact on phenomenology. Symmetries—and their violation tests—became increasingly
important; strong focusing and colliders of the matter-antimatter type introduced more
elegant sources of subnuclear events.

9. – Epilogue

After the pioneering work done on the electron-positron ring AdA at Frascati, the
first e+e− annihilation events were observed in 1966 at Novosibirsk in USSR (VEPP II,
2×700 MeV) and soon afterwards at the Orsay Laboratory in France (ACO, 2×550 MeV).
In the second generation of machines, ACO was the first strong-focusing ring; both
experiments studied the ρ resonance with a precision never before attained and allowed
the clarification of the domain of the electromagnetic interactions of hadrons(89).

Since then colliders have become one of the most powerful tools in modern high-energy
physics, playing an ever increasing role in elementary-particle physics. In 1970 Adone
(2 × 1.5 GeV) observed a high intensity of e+e− annihilations into multihadrons above
1.2 GeV, as well as two bumps in the cross-section interpreted as higher vector mesons
ρ′ and ρ′′ excited states of the ρ meson. Moreover, between 2 and 3 GeV the ratio R =
σ(e+e− → hadrons)/σ(e+e− → µ+µ−) vs. center-of-mass energy appeared to be roughly
constant and equal to 2. This is exactly the value predicted by the quark parton model
with three light quarks. In 1973-1974, results coming from several groups in Europe and
the United States showed that R was increasing in the energy range Ecm = 2.5–5.0 GeV,
contrary to all expectations. The explanation came only with the startling discovery of
a very sharp peak in the cross-section for e+e− → hadrons) at a center-of-mass energy
of 3.1 GeV. The simultaneous discovery of the J/Ψ particle at SPEAR and at SLAC in
November 1974 was interpreted as a cc vector meson bound state of charm-anticharm
quarks(90). The discovery was immediately confirmed at Frascati, where Adone’s energy
limit had to be broken, because the mass of J/Ψ as at 3100 MeV, 50 MeV above its
maximum nominal beam energy. A second narrow resonance Ψ′ was found at 3.695 GeV;
both were confirmed to have JPC = 1−−, the quantum numbers of the photon and vector
mesons. Charmonium spectroscopy was immediately obtained and confirmed at DORIS
(2 × 5 GeV), together with the production of a heavy lepton (1.8 GeV): e+e− → τ+τ−,
and charmed D, D*, F, F*. Three-jet events due to e+e− → qqg → hadrons were
observed at PETRA in 1979, and interpreted as evidence of quarks and gluons.

DCI, VEPP 3, VEPP 4, PETRA, and CESR followed in the late 1970s(91), until the

(89) These rings operated in the energy range Ecm = (500–1000) MeV, and so were well suited
to study the production of ρ, ω, and φ mesons. See [Salvini and Silverman 1988] for an overview
of experimental results obtained at matter-antimatter colliders.
(90) The march towards the realization of electron-positron began “precariously”, and SPEAR
would be completed in 1972, generating data that would earn Burton Richter the Nobel prize,
which he shared with Samuel Ting, for the discovery of J/Ψ. See [Paris 2001] for an account of
SPEAR complicated birth.

(91) Three narrow states interpreted as bb bound states were observed at 9.4GeV, 10GeV and



52 L. BONOLIS

entry into service of proton-antiproton colliders such as ISR, SppS at CERN, TEVATRON
at Fermilab, and VEPP-2000 at Novosibirsk, in the 1980s and 1990s. The pp colliders
were only made possible by the invention of stochastic cooling by Simon van der Meer
for the accumulation of the antiprotons [van der Meer 1972]. In 1984 the latter shared a
Nobel Prize with Carlo Rubbia following the discovery of the W and Z particles produced
by CERN Super Proton Synchrotron in 1983, confirming electroweak unification. The
use of superconductivity in proton machines has made the very highest energies possible.

The possibility of making a very high-energy pp collider using one ring of an exist-
ing machine was described in a paper by D. Cline, P. McIntyre and C. Rubbia, where
the search for the intermediate vector bosons W and Z was emphasized as the main
physics motivation [Cline et al. 1977]. According to Rubbia, the idea of transforming a
conventional accelerator into a proton-antiproton collider is actually to be traced to the
late sixties. At that time the Cern SPS was not yet accepted, so that “. . . many people
thought that one should have launched the ‘next step’ on a national basis, and why not,
also in Italy”. An Italian group, including Rubbia, considered two alternatives: one was
a conventional 80 GeV proton synchrotron, and the second a 160 GeV proton-antiproton
collider, based on Budker’s electron cooling. Rubbia well remembered a long discussion
with Bruno: “Clearly in his and in our mind at the time the proton-antiproton option
was the logical continuation of the ADA-Adone line”. Rubbia, Giorgio Ghigo, and Tou-
schek even planned “to borrow from CERN the ‘electron analogue’ of the ISR, at that
time left unused in the Adam’s Hall at CERN. We spent in fact several days at CERN
and found that all components for cooling experiment were easily at hand at that time.
What was lacking—and that we were prepared to provide—was the real interest in pro-
ceeding with the studies and the courage to take these things seriously” [Rubbia 1997,
p. 59]. The whole matter ended mainly because of the general decision to concentrate
all European efforts on the construction of SPS, so that the national project had to be
sacrificed. About ten years later, recalled Rubbia, “The fire of the proton-antiproton
collision was still burning in the back of my mind, and I must say that so it was in the
mind of Bruno . . . As soon as he knew that the proton-antiproton collision adventure at
last was actually going to start—although already terribly affected by his illness—Bruno
decided to move immediately to CERN. I remember having long discussions with him
first at CERN and then, toward the end, at the nearby Hospital de La Tour . . . He was
trying to assess for his own mind the relative merits between the electron cooling of his
old friend Budker and the more modern stochastic cooling being worked by Simon Van
Der Meer, Lars Thorndhal and Frank Sacherer (also tragically deceased soon after).”
[Rubbia 2004, p. 60]. In fact, Touschek’s last paper, posthumously published, was on
stochastic cooling [Touschek 1979]. His great interest in this issue has been confirmed by
Giorgio Salvini who later told what happened during the International Symposium on
Electron-Positron Storage Rings, held in Saclay in September 1966: “We were at Saclay
(Paris) at the end of September 1966; I remember the session dedicated to Novosibirsk
and the method of cooling antiprotons, as suggested by G. I. Budker. But Budker was
only at the beginning of his report, and Bruno Touschek had understood everything; he
was getting excited, could not keep himself”. Salvini also added: “That’s it, Bruno told
us that morning. We cannot get highest energies with electrons, but we’ll get them by
proton-antiproton collisions. It is a most important development, and probably this is
not the only way to tame antiproton beams”. During Touschek’s last days before dying,

10.4GeV (DORIS and CESR) in 1979-1980.
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Salvini visited him and told him about their work at CERN and “almost every day dis-
cussed the developments of UA1 in detail” [Salvini 2004, p. 62]. Unfortunately Touschek
was not alive when proton and antiproton beams successfully met in 1983.

New high-energy e+e− colliders came into being in the 1980s and 1990s such as PEP
at Stanford, SLC at SLAC in USA, BEPC in China, the Large Electron Positron Collider
LEP at CERN (later upgraded to around 100 GeV per beam), VEPP-4M in Novosibirsk,
DAΦNE in Frascati, KEKB in Japan and PEP-II at SLAC.

The real uniqueness of the physics potential of e+e− colliders has in fact been shown
by the discovery of the the τ -lepton and of the gluon, two basic constituents identified
by these machines thanks to the perfect clarity of the events in the final state and the
completely defined kinematical conditions of the initial state. Experiments with LEP, a
powerful and precise instrument, which came to a close at the end of 2000, provided a
complete study of the properties of heavy quarks, charm and beauty. A whole series of
impressive precision measurements gave a beautiful confirmation of the Standard Model,
limiting the number of light neutrino species to 3 and therefore confirming the existence
of three families of quarks and leptons.

The theory and the data found by LEP allowed to guess properties of the Higgs
particle, but physicists are forced to wait for the Large Hadron Collider (LHC) to have
some answer to the mysteries of the spontaneous symmetry breaking and of the origin
of mass.

There is a reasonable hope that the Higgs boson may be seen with this new machine
being installed in the LEP tunnel that will collide protons at 14 TeV, venturing into new
physics, which should happen at the 1 TeV energy scale, a new challenge for the future
(fig. 6).
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