Chapter 16 ®)
The Making of ADONE e

Claudio Pellegrini

Abstract Wereview the history, physics challenges and final success of the electron—
positron 1.5 GeV collider ADONE, from its inception as Bruno Touschek’s brainchild
to the beginning of elementary particle physics experiments. Many new problems
were met along the road to the successful operation of ADONE, like the collective
instability effects. These novel phenomena had to be understood and means to control
them had to be found to reach ADONE design goals. Bruno contributed in many
critical ways to a successful solution of these issues, leading the effort to make
colliding beams the important particle physics instruments of discovery that they are
today.

16.1 Introduction

High-energy electron and positron beams have been playing, for over half a century,
a very important role in the exploration of the properties of matter at the molecular,
atomic and subatomic levels. ADONE, and the following e*—e~ colliders, explored
the structure of subatomic matter starting in the 1960s, helping to establish the
standard model of elementary particles. The development of electron storage rings
spurred by e*—e~ colliders, led to the many synchrotron radiation sources now in
existence worldwide, exploring matter at the atomic/molecular level, giving critical
contributions to biology, chemistry and physics. The theoretical and experimental
study of electron beams collective instabilities, self-organization phenomena, neces-
sary to bring the colliders luminosity to values useful for high energy physics exper-
iments, together with the operation of electron—positron linear colliders, has been
critically important to make free-electron lasers a reality, generating coherent X-
ray beams that have opened, for the first time, the exploration of atomic/molecular
processes at their characteristic length and time scales of 1 Angstrom-1 femtosecond.
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ADONE was an important first step in these developments, that are continuing
even today. ADONE was the brainchild of Bruno Touschek. He developed the initial
concept and, together with a group of physicists and engineers at the Frascati National
Laboratory, transformed his idea into a wonderful instrument to study high energy
physics. In this paper I will reconstruct some of the early history of the ADONE
project.

16.2 The Beginning of Electron—Positron Colliders

The starting point in the history of ADONE is the famous seminar given by Bruno
Touschek at Frascati on March 7, 1960. He made a strong case for the scientific poten-
tial of electron—positron interaction and their annihilation in particle-antiparticle pairs
for the study of elementary particle physics. He also discussed the kinematic advan-
tage of colliding head—on electron and positron beams so that all their energy would
be available for the creation of new particle pairs.

The fact that an accelerator system to collide electrons and their antiparticle,
the positron, had never been built, did not decrease Touschek’s enthusiasm for the
physics to be explored and his enthusiasm was communicated to many of the other
physicists at Frascati.

The impact of the seminar cannot be over emphasized. I like to use the words
of Edoardo Amaldi and Burton Richter to describe it. Edoardo Amaldi in his paper
“The Legacy of Bruno Touschek”, [1] wrote:

“All of the arguments discussed by Touschek and their brilliant exposition [in the
Frascati seminar], made a considerable impression on everyone present, including
the then Director of the Laboratory Nazionali di Frascati, Giorgio Salvini, and Carlo
Bernardini, Gianfranco Corazza and Giorgio Ghigo. During the same day, the three
last mentioned persons began to work with Touschek on a project for the first e*—
e~ storage ring, essentially designed as a prototype for checking the feasibility of
accelerators based on the ideas set forth by Touschek during the seminar.”

Burton Richter in his paper “The Rise of Colliding Beams” [2] wrote: “The first
step in the electron—positron direction was taken in Italy, and the key personality
was Bruno Touschek. There is a seminal moment in this story that occurred at a
seminar by Touschek at Frascati on March 7, 1960, in which Touschek outlined the
scientific potential of electron—positron annihilation studies. Giorgio Salvini, then
director of the Frascati laboratory, and the high-energy physics community in Italy
were immediately convinced by Touschek’s arguments and began to work to bring
e*—e~ colliders to life. The first machine was called AdA, and it was brought into
operation less than a year after Touschek’s seminar.”
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16.3 The ADONE Project

During the same year, 1960, a two prongs approach was started at Frascati. One was
the construction and commissioning of AdA, to establish the feasibility of a collider.
AdA (Anello di Accumulazione), shown in Fig. 16.1, was built in about one year.
It had a 2 m diameter and a beam energy of 250 meV. The initial injector was the
Frascati 1 GeV electron synchrotron. It was later moved to Orsay to use a linear
accelerator as a more powerful injector.

The other, under the direction of Fernando Amman, was the design of ADONE
(great AdA), conceived as a collider to investigate particle physics, extending the
study of the processes generated in e*—e~ collisions up to center-of-mass energies
W = 3 GeV. A draft proposal for ADONE was already written by Touschek in
November 1960 and served as the basis for the design that started in 1961. The
proposal discussed in some details the physics that could be done with collider, as
can be seen from Fig. 16.2.

The two prongs approach is well described by Touschek in a paper presented at a
CERN conference in 1961 [3]. In the paper Touschek writes:

Fig. 16.1 AdA, the first
electron—positron collider,
with 2 m diameter, 250 meV

beam energy, at the
Laboratori Nazionali di
Frascati
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ADONGEZE = a Druft Proposal for a
Oolliding Beamn Experdment,

B.Touschek,
MO' 9.30?.50.

It 10 proposed to conetruot a synchrotron
like machine capable of acoelerating eimultanecusly
elootrons and poeitrons in identical orbdbits., The suggeo-
ted maximum energy is 1.5 Gev for tho elootrons as well
as tho positrons. Thie energy allows one t0 produce pairs
of all the &0 oalled ‘elementary partioles' oo far known,
with the exoeption of the noutrino, whioh only beoomes
acogosible via a woak interaotion channel,

/
It 10 assuned that experiments in which there
aro only two partiocles in the final state are moet casy
to intexrprot. There are 16 such reaotions, namely:

(1) 2y . Tais 18 the only rosotion in whioh
tho xaaX intermodiato state 10 'quasi real' and in whioh
thoerefore thero sfould be no 'radiative correotions',
Thio reasotion should serve as a 'monitor'., The Orosc-
section 10 2,6 10" ' m*®,

(2) o',0~ . This reaotion will ehow strong
angular variations and may roquire ‘'good geometry', It
would give information on the brakdown of elootrodynamiocs
at distanoces corresponding to adout 1/3 the Comptonwave-
length of the proton,

(3) {:. I . Test of aloctrodynamios An ‘bad
geonotry', May o0loo sexrve as an indiocation of the funda-
nantal differenco betwean elootrons and muons,

(4) x & reveals the interaotion between
pions in odd parity etates,
- (5) 2x*1 chargo exchangs intemaotion for pione
pion soattering.

i
(6) k'K~ 1 interaction of K-mesons in odd
Parity statos,.

(7) E°,K* 3 Charge oxchange intermotion between
K-mopons.

(8) p,P s interaction of proton and antiproton
in oven parity odd chargo parity etates,

(9) n,n ¢+ same as (8) ™t for tha charge
oxchangoe roaotion,

(10)ttrough (15). Intoraotions simple or
with chnrgo exchange of hyperons.

Fig. 16.2 The first page of Touschek’s draft proposal for an electron positron collider
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“Frascati is developing two storage rings. The first (code name AdA = anello di
accumulazione = storage ring) designed for storing electrons and positrons of up
to 250 meV is actually undergoing the first tests, the second (code name Adone) a
storage ring for electrons and positrons of up to 1.5 GeV, is still being planned.

The AdA team consists of C. Bernardini, G.F. Corazza, G. Ghigo, R. Quer-
zoli and myself. The magnet was planned by Dr. Sacerdoti and built in Terni, the
radiofrequency by Dr. Puglisi.

Adone is a national effort. A design team headed by Dr. Amman has the task of
arriving at a specific design proposal by the beginning of 1962. Simultaneously a
committee is preparing the experiments to be carried out with the machine. If, by
the beginning of 1962 it is found that the project has a reasonable chance of success
from a technical point of view; it is expected that the machine should be working
late in 1964.”

The initial technical proposal for ADONE was written in January 1961 [4]. The
paper starts with a discussion of the physics goals of the collider, establishes the beam
energy needed to reach them and discusses the various technical options to design
the accelerator/storage ring. The electron and positron beam energy was chosen to
be 1.5 GeV, 3 GeV total in the center of mass system, large enough to produce pairs
of all known particles from electron—positron annihilation. As written in ref. [4]:
“Disponendo di 3 GeV nel baricentro si pud pensare di ottenere dall’annichilamento
e*—e~ la produzione, in coppia, di tutte le masse conosciute.” [“Having 3 GeV in the
center of mass system it is possible to obtain the production, in pairs, of all known
masses”].

The paper continues discussing all important elements of ADONE’s design,
including the choice of weak versus strong focusing of betatron oscillations, RF
system, injection system, desired luminosity and corresponding beam current, effect
of beam-beam interaction.

Most of the final choices for ADONE were not very different from those outlined
in this first paper. The energy remained the same as well as many other parameters.
One choice, however, remained still open at the time, what kind of magnetic focusing
should be used in the ring, weak or strong focusing.

To obtain a large luminosity for a given current it was convenient to have strong
focusing magnets and a smaller beam transverse cross-section area, instead of weak
focusing and a larger area. However, in a strong focusing ring the emission of
synchrotron radiation leads to exponential growth (anti-damping) of the betatron
oscillation amplitude on a millisecond time scale, clearly too short for a storage ring
[5]. A simple weak focusing system, that avoids this problem, could not give the
desired luminosity. The solution was a new, never used until that time, separated
function focusing system, where the trajectory bending is done by weak focusing
magnets and the focusing by pairs of quadrupole magnets, as shown in Fig. 16.3.

Following ADONE, this has become the basic structure for e*—e~ colliders and
all synchrotron radiation storage rings.

It is important at this point to remember that Touschek, who was an active partic-
ipant in all these choices, had previously worked on the construction of a betatron
in Germany, in 1943-44, during the war, with Rolf Widerge, who was also the first
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Fig. 16.3 ADONE magnetic structure. Twelve equal periods, each consisting of a long straight
section, two quadrupole pairs and one weak focusing bending magnet. The boxes tangent to the
ring are instruments to measure the luminosity, using small angle scattering or electron—positron
going into electron—positron plus gammas

proponent of colliding particle beams and of linear accelerators. In 1946 at the Univer-
sity of Gottingen Touschek obtained the title of Diplomphysiker with a thesis on the
theory of the betatron. When discussing AdA and ADONE he could and did use his
previous theoretical and practical knowledge of particle accelerators to contribute to
all aspects of their design. A more detailed biography of his life and work can be
found in [1, 6].

16.4 High Intensity Effects in ADONE

I joined the ADONE group at the beginning of 1963. My initial task was to study
single particle trajectories in the novel, separated functions, magnetic structure,
including synchrotron radiation and radiation reaction effects in a strong, weak or
separated functions accelerator. I worked mostly with Carlo Bernardini and Mario
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FIG. 1. Lifetime T versus N, the number of stored particles in a beam, at the energy of 188 MeV,

Fig. 16.4 The plot showing the dependence of lifetime on the number of electrons in a bunch, from
ref. [7]. The effect was observed on AdA and explained by Touschek in 1963

Bassetti. We also evaluated the beam lifetime and here it became obvious that the
recent discovery on AdA of the Touscheck effect [7] required consideration of high
intensity phenomena. The effect showed that some beam properties, in particular
lifetime and transverse area, could change substantially when the beam current was
raised. It also showed that scaling of these properties with the number of parti-
cles in the beam might be nonlinear and that thresholds for new phenomena might
appear. The Touschek effect, a decrease in the beam lifetime when increasing the
number of electrons in a bunch, as shown in Fig. 16.4, was discovered on AdA.
Touschek explained the effect as due to the Coulomb scattering of electrons within the
same bunch, generating a momentum transfer from the transverse to the longitudinal
oscillation and leading to particle losses.

Another high intensity effect requiring attention was the resistive wall instability.
In the period 196566 it was realized that the finite conductivity of the vacuum
chamber, within which the beam or beams are moving, can be the source of a longi-
tudinal and a transverse collective instability, limiting the maximum beam current.
The theory was first developed for the case of a coasting beam [8, 9]. At Frascati
the results were generalized to the case of interest to ADONE, two counter rotating
bunched beams, by Touschek, Ferlenghi and Pellegrini [ 10]. The effect was analyzed,
its dependence on the betatron frequency and other parameters was studied, what
could be expected for ADONE, including possible luminosity limitations, was eval-
uated. The conclusion was that it should not be an obstacle to reaching the design
goals. With the consideration and analysis of the Touschek effect and of the resistive
wall instability we hoped to be ready for the start of the machine.

Here I would like to add a personal note. Working with Bruno Touschek on the
resistive wall instability problem was, for a young person like me at that time, quite
a learning experience, that influenced my work for the rest of my career. I have very
clear memories of the time we spent together at Frascati, or sometime on a place near
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Castel Gandolfo lake, working on the physics and the mathematics of the problem.
What I learned from Bruno Touschek followed me through the rest of my career and
helped me solve many other problems.

16.5 Commissioning ADONE

The collider, shown during assembly in Fig. 16.5, was completed in 1967-68 and
its commissioning, with the active participation of Bruno Touschek, started at that
time. He was very much present in the ADONE control room, always ready to give
advice, discuss any problem, ready to help in any emergency. He was a reference
point for all of us.

The first part of the commissioning, at low current, in the tens of (A range, was
pretty good. ADONE behaved exactly as calculated, as far as orbits, synchrotron
radiation effects, lifetime, beam size were concerned. But when we tried to increase
the current to achieve the design current of 100 mA/beam, we encountered many
unexpected effects generating sudden beam losses, limiting the current and the lumi-
nosity to values well below the design values and what was needed to do meaningful
high energy physics experiments.

Fig. 16.5 ADONE Iinits building during assembly. The circumference is 100 m, the magnet bending
radius 5 m and the energy 1.5 GeV. The injector is a 300 MeV electron linac built by Varian, with
the capability of positron injection rate of 10 mA/minute. The design required 100 mA per beam
to reach the design luminosity of about 3 x 1032 cm=2 h~!
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Amman discussed the situation in a paper he presented at 1969 Particle Accelerator
Conference [11]. In this paper he summarized our experience with ADONE initial
commissioning: “ADONE, after the first year of troubleshooting (talking of a storage
ring it would be better to say instability-shooting), should start high energy physics
experiments during 1969. It may seem strange that eight years after the initial opera-
tion of a storage ring, only one electron-electron (the Princeton-Stanford 550 MeV)
and two e*—e~ rings, VEPP-II and ACO, have produced high energy physics results,
and these are limited to experiments with very high cross section. I would like to
remark that the first beam instabilities observed on the Princeton-Stanford ring, and
interpreted as being due to the resistance of the walls, opened a new era in the accel-
erator field: it has been realized for the first time that the interaction of the beam with
its environment makes a circular accelerator an essentially unstable system, that can
become stable, in virtue of the Landau damping, when the beam density is not too
high and the nonlinearities in the focusing forces give a frequency distribution of
the particles large enough to compete with the instabilities. .... While a conventional
accelerator operates usually at very low particle density, in an electron storage ring
the radiation damping brings the density to very high values also when the current
is in the mA range; a new set of theoretical and technical problems have therefore to
be solved.”

Longitudinal and transverse instabilities were observed in ADONE. The longi-
tudinal instabilities were interpreted as due to the interaction with the RF cavity
and were cured by separating the synchrotron frequency of the bunches and other
techniques.

Particularly worrysome were the transverse instabilities. They could not be
explained by the resistive wall effect and had a very low threshold current. In ADONE,
at 300 MeV, the injection energy, with the natural beam dimensions, the threshold
positron current was about 0.150 mA per bunch, to be compared with the value of
30 mA perbunch, 0.1 A per beam needed to reach the design luminosity of 10%°/cm?/s
and start doing high energy physics.

16.6 Reaching ADONE Design Luminosity

Fortunately, the work done by the ADONE group, with the collaboration of Touschek
and visitors like Matthew Sands from SLAC and Ralph Littauer from Cornell
University, to understand and control the instabilities soon led to progress.

Quoting from a later paper by the ADONE group [12]: “The first electron beam
was stored in ADON E in December 1967; parts of the ring still missing at that time
have been installed during 1968, and the machine was completed in its present form
by mid-1968. The experimental study of the single-beam instabilities has taken the
major part of the ring operation until the beginning of 1969; the interpretation of
the phenomena has allowed the development of suitable means of suppressing the
instabilities. The multiple-bunch coherent-phase, longitudinal, oscillations have been
cured by separating the synchrotron oscillation frequency of the bunches by means
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of a low-power radiofrequency cavity operating on a harmonic of the revolution
frequency, but not of the main radio-frequency system [13].

Transverse betatron instabilities with very low current threshold (about 150 p
A/bunch at the injection energy, 300 MeV) were observed with a positron beam, or
with an electron beam when the positive ions were swept out using transverse electric
fields; these thresholds were much lower than those expected on the basis of current
theories, and the dependence on the machine parameters indicated that the dynamics
was not that of the resistive wall instability. It has been interpreted as being due to
an interaction between the beam and rapidly decaying electromagnetic fields with
frequencies extending in the GHz range induced by the beam in its environment; the
theory has been found correct. [The interpretation of the effect has been first proposed
by C. PELLEGRINI, M. SANDS and B. TOUSCHEK;; a paper by C. PELLEGRINI
on the subject is in course of publication*. Therefore, all the elements in the vacuum
chamber should have been suitably terminated for frequencies in the GHz range,
in order to reduce the forces acting on the beam. and to increase the rise time of
the instability, while previous theories on beam instabilities were concerned with
frequencies in the 10 MHz range and the machine was built accordingly.”

The work done to control the beam instabilities led to an increase of the electron
and positron beams currents and a corresponding increase in luminosity. In 1969
the luminosity reached a value near the design value, as shown in Fig. 16.6, and the
high energy physics experiment could start. The paper reporting these results, [11],
ended recognizing in the acknowledgements Touschek’s contributions to ADONE

Fig. 16.6 ADONE i |_ ; r—————————
Luminosity measurements : l
with the scattering apparatus s;r

and three bunches per beam |
(full curve) at 1 GeV. The ~ 1
product of beam currents is L ~ -
also shown as a function of e

time (dashed curve). Errors BTy ]
are statistical, luminosity, | N
left scale; it—i~, right scale. ;.i, . i
The straight lines through the
data are only indicative [11]
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success: “We are grateful for helpful discussions with many physicists of the Fras-
cati Laboratories and of other laboratories; we are especially grateful to Prof. C.
BERNARDINI, whose contribution has been very important in the design stage, and
to Prof. B. TOUSCHEK for his brilliant ideas and for suffering with us through the
instability problems.”

16.7 Conclusions

Bruno Touschek conceived the idea of electron—positron collider as a new way to
explore high energy physics. He was a very active participant in the design of AdA
and ADONE, in their commissioning and interpreting the many new physical effects
and technical problems that had to be understood and solved before the colliders could
contribute to elementary particle physics and the establishment of the standard model.
He was also a mentor of young scientists in theoretical physics and in accelerator
physics. I consider myself privileged to have been one of them.
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indicate if changes were made.
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