




T his special issue of the "CERN COURIER" is published on the 

occasion of the inauguration of our large proton synchrotron. 

It is our hope that this publication, as well as the brochure 

reprinted from its contents, will help all who take an interest in 

fundamental nuclear physics and in CERN. 

To those not intimately acquainted with physics it may give some 

insight into the aims and methods of fundamental nuclear research 

and more especially of CERN, the first international organization to 

have channelled the creative and peaceful efforts of a large number 

of European countries. Thirteen Member States now make up CERN, 

united by their desire to know more about the fundamental structure 

of matter, their desire, also, to keep our continent abreast with the 

kind of research which—though not susceptible of economic applica­

tions—has nevertheless been the very basis of the tremendous ad­

vances in the understanding of the forces of nature and the ability 

to control them. 

Since 1957, the CERN 600 MeV synchro-cyclotron is in operation 

and CERN physicists have already supplied valuable data to the 

world of science. At the end of last year the CERN 25 GeV proton 

synchrotron reached its full energy and is now gradually becoming 

available for fundamental research in the field of high energy 

physics. This is giving rise to great expectations. 

Those concerned with the design of particle accelerators will also 

find in the following pages a review of many of the problems raised 

by the construction of our 25 GeV proton synchrotron, the world9s 

largest particle accelerator for the time being. 

We are pleased to offer this publication to all, as a souvenir of 

February 5 1960, the day when the largest of our scientific facilities 

was inaugurated. 

C.J. Bakker 

Director' General 
CERN 



On the evening of 8 December 1959, the big 
proton synchrotron of the European Organi­
zation for Nuclear Research accelerated a pro­
ton beam up to a kinetic energy of 28.3 GeV. 
It therefore greatly exceeded the energy of 
25 GeV expected of the biggest accelerator in 
the world. 

This success^which came unexpectedly 
soon—meant that six years after being set up, 
the Organization now had the two big accel­
erators provided for in the Convention for its 
establishment. The first, a 600 million elec-
tronvolt (600 MeV) synchro-cyclotron, had al­
ready been working for over two years, dur­
ing which it had given the scientific world 
several original discoveries. The other accel­
erator, the biggest and most powerful ever 
constructed, was going to open up a new 
region of nuclear physics for CERN : the high 
energy region where the very sparse informa­
tion hitherto available had been mostly pro­
vided by cosmic rays. 

The European Idea 

The post-war exodus of an alarming num­
ber of European physicists to countries with 
more advanced research equipment, provided 
the basic agreement for the setting up of a big 
European centre for fundamental nuclear re­
search. European physicists considered that 
the equipment of the centre should, above all, 
include a high energy accelerator which 
would allow further research work on mes­
ons, the new particles that were being ob ­
served in cosmic rays. 

However, the idea of setting up a laboratory 
for pure research was not born until later. 
This was because those in favour of inter­
national co-operation were aware that public 

opinion might be willing to accept heavy ex­
penditure on nuclear projects which would 
sooner or later provide some return, but that 
it might prove reluctant to countenance the 
spending of comparable sums on pure scienti­
fic research. 

As time went by however, public opinion 
came to realize the need for disinterested re­
search, the basic driving force of progress. 
Accordingly, Louis de Broglie's proposal at 
the European Cultural Conference in Lau­
sanne, at the end of 1949, received the atten­
tion it deserved. He favoured the creation in 
Europe of regional research institutes for the 
types of nuclear research calling for power­
ful machines. Once the resolution to that 
effect had been adopted, it was up to an inter­
national body to lay the material foundations 
of European co-operation in fundamental nu­
clear research. 

On 7 June 1950 UNESCO, the United Na­
tions Educational, Scientific and Cultural Or­
ganization, held its General Conference at 
Florence. There Professor I. I. Rabi (USA) 
suggested that the time had come to set up 
regional co-operative laboratories. 

At the instigation of Professor P. Auger of 
UNESCO, another conference was held at the 
end of 1950 at the European Centre of Culture 
in Geneva. The necessity of European co­
operation prompted Italy, France and Bel­
gium to contribute a total of 10 000 dollars. 
With the UNESCO contribution it became 
possible to set up a planning office to choose 
a group of consultants from eight European 
countries. 

These consultants met for the first time in 
May 1951. They suggested as a long-term pro­
ject the construction of the biggest accelerator 
technically possible and, in the meantime, 
the construction of a machine with which the 



European scientists could become familiar 
with high-energy physics. From the admin­
istrative angle it was decided to -set up an 
interim organization responsible for the pre­
paration of construction plans and draft 
budgets. 

In fact, this interim organization had the 
advantage of bringing together the views of 
the various governments before they became 
committed. 

The Interim CERN 

It was expected that with a budget of about 
250 000 dollars the interim organization could 
complete the design of its accelerators in 
twelve to eighteen months. 

The government delegates met twice more 
under the auspices of UNESCO, which invited 
all its European members, including the coun­
tries of Eastern Europe. Twelve Western coun­
tries were represented at the two big con­
ferences held in Paris at the end of 1951 and 
in Geneva at the beginning of 1952. 

In Geneva, the representatives of 12 Euro­
pean governments signed the Convention set­
ting up the interim Organization which came 
into being on 15 February 1952 with the title 
of "European Council for Nuclear Research", 
called "CERN" for short, after the initials of 
the French title. Belgium, Denmark, France, 
the German Federal Republic, Greece, Italy, 
the Netherlands, Norway, Sweden, Switzer­
land and Yugoslavia, were then provisionally 
united to carry out nuclear research. During 
the whole lifetime of the interim CERN, the 
United Kingdom remained simply an observer 
although the interest shown in the project by 
that country soon took the shape of new ideas, 
the provision of consultants and gifts. The 

first Council Session was held in Paris in 
May 1952. The Senior Staff was appointed : 
E. Amaldi of Rome was appointed Secretary 
General and the direction of the four design 
groups for the proton synchrotron, the syn­
chro-cyclotron, the Laboratory and the Theo­
retical Studies, was entrusted respectively to 
O. Dahl of Bergen, C.J. Bakker of Amsterdam, 
L. Kowarski of Paris and Niels Bohr of 
Copenhagen. 

The Proton Synchrotron Group embarked 
on its ambitious project, the construction of 
the biggest accelerator in the world, based on 
a new and untried principle. 

The Synchro-cyclotron Group assumed the 
task of providing CERN within a short time 
with a conventional machine of up-to-date 
design and sufficiently high energy to enable 
the European Organization to work in a new 
field of nuclear physics. It complied with the 
requirements of speed of construction, high 
energy and facilities for exploring new fields. 
By 1957, CERN had at its disposal a 600 MeV 
synchro-cyclotron which was soon being used 
24 hours a day and which rapidly provided 
scientific data of outstanding interest. 

In October 1952, at its 3rd Session, the 
Council decided that the future European 
laboratories should be set up in Geneva. The 
places originally considered had been Paris, 
Copenhagen, Arnhem and Geneva. The latter 
was chosen because of its international nature, 
its geographical position and of Switzerland's 
offer to make available at Meyrin the 40 hec­
tares of land necessary. 

A description of CERN's two machines and 
of its future installations, and an estimate of 
capital and operational costs were submitted 
to the Council in April 1953. These reports 
were the prelude to the setting up of a per­
manent organization. 



The Permanent Organization 

The Convention establishing the permanent 
organization was signed in Paris on 1 July 
1953. The United Kingdom, which had been 
an observer until then, was the first to ratify 
the Convention on 30 December 1953. Once 
Italy had ratified the Convention, on 24 De­
cember 1955, the 12 European nations became 
jointly committed on specific major issues. 

In the meantime, the interim CERN was 
kept in existence from quarter to quarter 
until 29 September 1954, the date when the 
participation of a minimum of 7 States was 
secured. The European Council for Nuclear 
Research, a provisional body, ceased to exist. 
It became the " European Organization for 
Nuclear Research" but kept the initials 
"CERN" which had been adopted in 1952 for 
the interim period. Some activity was possible 
even on the very small budget available. On 
17 May 1954 work was started on the Meyrin 
site. 

On 1 October 1954, just after the establish­
ment of a permanent organization, CERN'-s 
staff comprised 114 members. In the course 
of the same month, the Council appointed, 
the Director-General of CERN, Professor Felix 
Bloch (USA), a Nobel Prize-winner for phy­
sics, on temporary leave of absence from 
Stanford University. Sir Ben Lockspeiser 
(United Kingdom) succeeded Mr. Robert Va~ 
leur (France) as President of the Council. It 
was at this time that the Council was organiz­
ed in its present form, namely with two Vice-
Presidents and with the Committee of Council, 
the Scientific Policy Committtee and the 
Finance Committee. 

In December 1954, -shortly after the Syn­
chro-cyclotron Group had been transferred 

from Amsterdam to Geneva, the parameters 
for the proton synchrotron were adopted and 
it was decided to implement a programme of 
theoretical study of mesons and hyperons and 
of experimental study of nuclear magnetism 
and cosmic rays. 

The laying of the foundation stone of the 
permanent Organization took place on 10 June 
1955, in the presence of the leading Swiss and 
CERN authorities. 

Shortly after this, in July, CERN played its 
part as an international centre for fundamen­
tal nuclear research for the first time : it was 
the venue for a meeting of the Executive 
board of the International Union of Pure and 
Applied Physics. On 1 September 1955 Profes­
sor Bloch handed over his responsibilities to 
Professor Cornells J. Bakker, Director of the 
Zeeman Laboratory of Amsterdam University 
and of the Nuclear Research Institute of Ams­
terdam, who until then had been in charge of 
the designing of the synchro-cyclotron. 

At the end of 1955, the staff of the Organ­
ization consisted of 286 members. In December 
1956 this figure had grown to 426, at the end 
of 1957 to 610 and at the end of 1958, to 755. 
To-day the CERN staff consists of 969 mem­
bers including visiting scientists and tempo­
rary staff. 

At the same time as its staff was growing, 
CERN's scientific and construction work was 
progressing. An initial programme for the 
study of cosmic rays began in August 1955 
at the Jungfraujoch. At Copenhagen, from the 
end of 1954 until October 1957, a group of 
physicists organized a Theoretical Study Di­
vision which was subsequently to carry on 
the work in Geneva. 

In June 1956 negotiations with the Ford 
Foundation, starded by Mr. J. Willems, Chair-

The four aerial photographs at the bottom of pages 2 and 3 illustrate the 
growth of the CERN Laboratory from May 1954 to July 1959. The photograph 
inset by the ti t le was also taken in the Summer of 1959. The seal of the 
Organization is on top of page 3. 

In the early days of CERN, a small nucleus of physicists set up their laboratory 
at the Insfitut de Physique, in Geneva (above). Later the Organization had its 
own accomodation at Meyrin and CERN constructed its first accelerator, the 600 
MeV synchro-cyclotron (above), 

The foundation stone was laid on 10 June 1955, in the presence of Swiss and CERN 
authorities (on the right). Since then, many official personalities have shown 
interest in the Organization, such as the French deputies (top of page 5) who 
paid a visit to the proton synchrotron in 1957. 

The picture on the top right of page 5 shows the hundredth magnet unit of the 
proton synchrotron entering the ring bui ld ing where the big accelerator is set up. 
The picture opposite, on page 5, was taken during the testing of the accelerating 
equipment which culminated in the operation of the biggest accelerator in the 
wor ld at its ful l energy on 24 November. 

The picture on the extreme right shows the Administration Bui lding, one of 
the last to be completed, as it wi l l look at the end of 1960. 



man of the Finance Committee, resulted in 
a gift of 400 000 dollars which enabled CERN 
to welcome scientists from countries other 
than its own Member States. A further grant 
of 500 000 dollars was made by the Ford 
Foundation in December 1959. 

The study of new ideas relating to particle 
acceleration was started in January 1957. This 
form of scientific co-operation and creative 
effort is continuing. At the same time the con­
struction at CERN of a 10 cm bubble chamber 
was also started ; this was the first of this 
type of ancillary apparatus for use with the 
accelerators. 

The "Health Physics" Section was -set up in 
February 1957 in order to ensure that CERN 
staff should be protected from the ionizing 
radiation produced by the accelerators in 
operation. 

The international conference on accelerators 
and pion physics held in June 1956, like those 
held in June 1958 and September 1959, gave 
CERN an opportunity of confirming that it is 
a forum of fundamental nuclear science. 

First Results 

On 1 August 1957 the synchro-cyclotron 
produced its first beam. This machine would 
give the scientific staff a chance of becoming 
familiar with a big particle accelerator before 
exploiting the giant proton synchrotron and 
concentrating all their efforts on using the 
research equipment. 

A year later the 600 MeV synchro-cyclotron 
made front-page news. A particularly difficult 
experiment revealed for the first time a nu­
clear phenomenon foreseen by the theoreti­

cians ten years earlier : the direct decay of 
one of the least known nuclear particles, the 
pi-meson, into an electron. 

By the end of November 1957 all the CERN 
staff, which had until then been split up be­
tween the Geneva Institute of Physics and the 
barracks on the edge of Geneva Airport, was 
installed at Meyrin. 

On 19 December, Mr. F. de Rose, French de­
legate, replaced Sir Ben Lockspeiser as Pre­
sident of the Council. 

The design of the experimental equipment 
needed for the proton -synchrotron was started 
at the beginning of 1958. During the summer 
the Group which had performed experiments 
on cosmic rays at the Jungfraujoch was dis­
banded ; during the same period an electronic 
computer was installed at CERN. 

On 1 July 1959, Austria officially became 
the 13th Member State of the Organization. 

On 10 July the last magnet unit of the pro­
ton synchrotron was installed in the under­
ground ring of the big accelerator, which 
underwent its first pulsing tests on the 27th. 
On 16 September, an energy of 24 GeV was 
reached. On 1 December, the Synchro-cyclo­
tron Emulsion Group recorded the first very 
high energy event to be artificially produced 
on earth. On 8 December, the CERN proton 
synchrotron produced particles with a kinetic 
energy of 28.3 GeV. 

In 1960, experimental research will begin 
on the second of the big accelerators planned 
by the founders of CERN. 

Having thus given Europe research instru­
ments in a field which was becoming the 
monopoly of the United States and the USSR, 
CERN will then restore the old continent to 
its rightful place in the field of fundamental 
nuclear research • 



The 25 GeV Proton Synchrotron of 
the European Organization for Nu­
clear Research has now been put 
into operation. Towards the end of 
November 1959 protons were accel­
erated up to 24 GeV kinetic energy 
and a few weeks later, after adjust­
ments had been made to the shape 
of the magnetic field at field values 
above 12 000 gauss by means of pole 
face windings, the maximum energy 
was increased to 28 GeV. The inten­
sity of the accelerated beam of pro­
tons was measured as 10 1 0 protons 
per pulse and there was no noticeable 
loss of particles during the whole ac­
celeration period up to the maximum 
energy. The CERN Proton Synchro­
tron has thus fulfilled the expecta­
tions of its designers and the hopes 
of the twelve European countries 
that have supported the work for the 
past six years. It seems appropriate 
on this occasion to give a short ac­
count of this project together with 
a brief description of some of the 
design problems and preliminary 
measurements of the operating char­
acteristics of this accelerator. 

In June of 1952, at a conference in 
Copenhagen, the Interim Council of 
CERN decided to start an engineer­
ing design -study of a 10 GeV proton 
synchrotron that was to be the prin­
cipal high energy accelerator for 
nuclear physics research in Europe. 
The cost of this machine was con­
sidered to be so large in relation to 
other expenditures in physics re­
search that no one European country 
felt justified in financing it alone. 
Hence several countries had combin­
ed their resources in order that phy­
sicists should have available in Eu­
rope the highest energy accelerator 
that was thought feasible at that time. 
By July 1952 a design group of three 
people was set up with Dr. O. Dahl 
in charge, and in August this group, 
during a visit to Brookhaven on 
Long Island to see the Cosmotron 
at first hand, learnt of a new idea 
for making cheaper and higher 
energy machines. This idea was con­
sidered so attractive that in October 
1952 the CERN Council was per­
suaded to drop the engineering study 
of a 10 GeV proton synchrotron and 
instead to set up a theoretical study 
of the new principle. It seemed that 
a 30 GeV machine might be built for 
the same cost as a 10 GeV Cosmotron 
type of machine. It is interesting to 
note that at this time, and quite 
unbeknown to the western world, 
Russian scientists were planning a 
scaled-up version of the Berkeley 
Bevatron for 10 GeV. 

In December 1952 the Proton Syn­
chrotron Group was formed to aug-

The CERN Pro 

ment the original staff of three and 
the members of this group, most 
of them honorary part-time mem­
bers, remained in their own labora­
tories and institutes. Members of the 
theoretical section worked at A.E.R.E., 
Harwell and at the Universitetets 
Institut for Teoretisk Fysik, Copen­
hagen. The magnet studies were 
concentrated in the Laboratoire de 
Radioelectricite de l'Universite, Pa­
ris. The radio frequency problems 
were studied at the Institut fur Phy-
sik, Max-Planck-Institut, Heidelberg. 
The radiation shielding problems at 
such high energies were worked out 
using cosmic ray data at the Phy-
sikali-sches Institut der Universitat, 
Freiburg-i.B., Germany and the ge­
neral engineering problems remained 
at the Chr. Michelsens Institutt, Ber­
gen, Norway, where for six months 
two of the senior staff of the Cos­
motron, J.P. Blewett and M.H. Ble-
wett, gave invaluable assistance with 
the general de-sign problems of the 
new machine. 

By October 1953 enough was known 
about the implications of the new 
idea to present a tentative design 
of an accelerator to the Council of 
CERN. In America, meantime, the 
Brookhaven group and another at 

MJ.T., Boston had been working on 
similar problems. At the end of Oc­
tober a conference was held at the 
Institute of Physics of the Univer­
sity of Geneva, to which were invit­
ed representatives of the American 
groups, the scientific members of the 
Council of CERN and other European 
scientists. The CERN Proton Syn-
chroton Group gave a series of lec­
tures on its work of the previous ten 
months and presented a design for 
a 30 GeV proton synchrotron using 
the new alternating gradient prin­
ciple. It was found that the Brook­
haven group had arrived independ­
ently at a very similar design. 

Immediately after this conference 
the CERN Council fixed the energy 
of the machine at 25 GeV and agreed 
that the members of the PS Group 
should come together in Geneva, 
near which city the new European 
laboratory was to be sited. The State 
of Geneva and the University gener­
ously offered temporary laboratory 
accommodation and by December 
1953 most of the group had moved to 
Geneva with their families, and the 
task of designing the final machine 
started. Soon after this move Dr. O. 
Dahl resigned as Director of the 
group, and the group suffered a fur-

ex Dahl and F. 
Goward, respect­
i v e l y second 
and fourth from 
left to right on 
this photograph, 
were the first to 
be in charge of 
designing the 
C E R N proton 
synchrotron. This 
p i c t u r e shows 
them in 1952 
with G. Collins 
and R. Wideroe, 
in the Cosmo­
t r o n c o n t r o l 
room at Brook­
haven. 
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ther loss by the sudden death of 
Dr. F. Goward who had been acting as 
Deputy Director. Despite these initial 
set-backs the group successfully esta­
blished itself in Geneva, which for 
nearly all the members and their 
families was a foreign city. From the 
beginning of 1954 onwards staff was 
steadily recruited from all over Eu­
rope and the group was built up as 
shown in the following table : 

by J.P. Adams, 
Director 
PS Division 

End of Year Main Activities Total staff * 

1953 Preliminary studies. . . 20 
1954 Design of final machine . 75 
1955 Development of compo­

nent parts 120 
1956 Major contracts placed 

for components . . . . 150 
1957 Manufacturing of compo­

nents in firms 163 
1958 Assembly of components 

at CERN 176 
1959 Testing of components 

and commissioning of CPS 180 

* This includes all staff directly 
connected with the design and con­
struction of the machine. 

The Alternating Gradient Principle 
has been described many times. The 
original idea was published by E,D. 
Courant, M.S. Livingston and H.S. 
Snyder (*) and, quite unbeknown to 
these authors, was previously inven­
ted by N. Christofilos. In the con­
ventional synchrotron the focusing 
of the circulating particles is achiev­
ed by arranging that the magnetic 
field, which guides the particles 
around a fixed radius, decreases 
slightly with radius. The amount 
of focusing achieved in this way 
is not very great, and consequently 
the amplitudes of the free oscillation 
of the particles are large and the di­
mensions of the magnet gap corres­
pondingly large. Most of the cost in 
the original synchrotrons is in the 
magnet; for example, the Russian 10 
GeV Synchro-phasotron magnet, whose 
radius is 30.5 m, contains 35 000 tons 
of steel and the magnet gap is 150 

cm wide and 40 cm high. Although 
greater focusing can be obtained in 
the axial direction by increasing the 
gradient of the magnetic field, the 
criterion for radial stability is then 
violated. It is the great advantage 
of the alternating gradient principle 
that the focusing of the circulating 
particles can, in theory, be made as 
strong as one wishes and the ampli­
tudes of oscillation of the particles as 
small as desired. This is achieved by 
alternating the sign of the gradient 
of the magnetic field many times 
around the circumference of the ma­
chine. The net result of this stronger 
focusing is to reduce greatly the 
weight of the magnet ; for example, 
the CERN 25 GeV Proton synchro­
tron magnet has a useful aperture of 
14 cm x 7 cm and contains only 3 400 
tons of steel. It is 100 m in radius, 
that is 3 times the radius of the 
Russian machine and one tenth the 
steel weight. 

These attractive advantages are 
realized at the price of greatly in­
creased accuracy in manufacturing 
and aligning the magnet of the syn­
chrotron. Also, once the magnet is 
set up with the required precision, 
it must remain in place and, for a 
machine 200 m in diameter, this pre­
sents some interesting foundation 
problems. The CERN Proton Syn­
chrotron (CPS) magnet is made up 
of 100 supposedly identical magnet 
units, each about 4.3 m long. The 
magnetic field error between these 
units for the same energizing current 
should not exceed about one part per 
thousand, and the units should be 
set up with a precision of a few 
parts per million (0.3 mm in 100 m 

radius). The units are mounted on a 
free floating monolith ring of con­
crete 200m in diameter and 2m x 2m 
in cross-section, and the machine is 
built in a subterranean annular tun­
nel in which the temperature is con­
trolled to ± 1° C. As a further pre­
caution, the concrete ring has steel 
pipes cast in it and water is passed 
round the ring to prevent any part 
assuming a temperature different 
from the rest. The technology de­
veloped for the magnet construction 
and the foundations has been des­
cribed in various CERN reports. (2) (3) 

Another advantage of the alternat­
ing gradient principle is that the 
amplitude of momentum oscillations 
is very much smaller than in the 
conventional synchrotron. Since these 
momentum oscillations result in ra­
dial movements of the particles in 
the synchrotron which have to be 
contained within the width of the 
magnet aperture, the alternating 
gradient synchrotron is again more 
economical in magnet aperture than 
the conventional synchrotron, in this 
case by a factor of about 60. Unfor­
tunately, this improvement is also 
realized at the cost of imposing 
problems which, at the time of de­
signing the CPS, seemed formidable. 

One restriction concerns the cu­
rious behaviour of the machine at 
an energy called the "transition 
energy". During the momentum os­
cillations in a synchrotron, particles 
with greater momentum than the 
mean value swing out to a radius 
greater than the mean radius. The 
revolution time of these particles 
depends on two factors which work 
in opposition. Because these particles 
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have a greater momentum than the 
mean value, their velocity is greater 
than the mean velocity and they 
take a shorter time to complete 
a revolution than the mean revolu­
tion time. On the other hand, since 
the radius at which these particles 
circulate is greater than the mean 
radius, they have a longer path to 
go round and this lengthens their 
revolution time. In an ordinary syn­
chrotron, the "radius term" is great­
er than the "velocity term" and those 
particles with greater momentum 
than the mean value always take 
longer to go round than the mean 
particles. Due to the momentum 
compaction in an alternating gra­
dient synchrotron, the radial displa­
cement for a given momentum chan­
ge is about a factor of 60 less than 
in a conventional synchrotron with 
the result that at low energies, at 
the beginning of the acceleration 
cycle, the velocity term is larger 
than the radius term. However, 
as the energy increases and the 

but this can only be done by increas­
ing the circumference of the ma­
chine by as much as 5 0 % , with a 
consequent increase in cost. In fact, 
two new Russian alternating gra­
dient machines have been designed 
in this way. However, in the case of 
the CPS it was calculated that the 
transition energy could be passed 
without loss of particles, and the 
operational results shown by the 
traces on fig. 1 justify these calcu­
lations. It is possible that the Rus­
sian machines will now be modified 
and consequently will be capable of 
going to even higher energies. 

The particles in a synchrotron cir­
culate at a fixed mean radius, and 
in order to keep them in the centre 
of the vacuum chamber during the 
whole acceleration cycle, the fre­
quency of the accelerating voltage 
must track the steadily increasing 
magnetic field with high precision. 
The relative frequency error for a 
1 cm displacement of the mean ra­
dius of the circulating particles in 

Circulating 
beam 

Magnet voltage 

Radiation-
counter signal 

Transition 12 KG End of cycle (1 sec.) 

Fig. 1 : Beam accelerated to about 24 GeV with no loss 

particles approach the velocity of 
light, the velocity term decreases 
due to relativistic effects. Conse­
quently, there comes a time in the 
acceleration cycle of the CPS when 
the radius term equals the velocity 
term. The energy at this time is 
called the "transition energy". At 
this energy the frequency of the 
synchrotron oscillation goes to zero, 
phase stability is lost, and a rapid 
shift in the phase of the accelerat­
ing voltage has to be made so as to 
recapture after transition energy all 
the particles that have been accel­
erated up to that energy. 

It is possible to design an alter­
nating gradient machine so that the 
transition energy is higher than the 
maximum energy of the machine, 

the CPS is given in the following 
table : 

Kinetic Energy of 
Protons 

A f / f for 1 cm Radial 
Displacement 

50 MeV (injection) 3.5 • 10'3 

1 GeV 8.3 • 10-4 

2 GeV 2.7 • 10'4 

3 GeV 1.2 • 10"4 

4 GeV 4.5 • 10"5 

5 GeV (transition) 0 
10 GeV 7 • 10"5 

25 GeV 7.5 • 10"5 

It can be seen that another un­
fortunate effect of the transition 
energy is to impose impossible tol­
erances on the accelerating volt­
age frequency at and near that en­
ergy. This problem has been solved 
in the CPS in the following manner. 
From the injection energy of 50 MeV 

to about 1 GeV, the accelerating volt­
age frequency is automatically deter­
mined from the magnetic field by an 
analogue computer having an accu­
racy of about one part in a thousand. 
At an energy very much less than 
1 GeV, in the 100 MeV region when 
the particles are firmly captured in 
phase-stable bunches, another fre­
quency controlled system is switched 
in supplementing the analogue com­
puter. The second system uses pick­
up electrodes to detect the phase of 
the bunches in the machine relative 
to the phase of the accelerating volt­
age frequency and, by means of a 
servo system, holds this phase dif­
ference constant at a prescribed 
value. In addition, the radial position 
of the circulating bunches of parti­
cles in the machine is detected by 
other pick-up electrodes and, by 
means of another servo system, the 
bunches are maintained in the cen­
tre of the vacuum chamber. 

Apart from these specific prob­
lems peculiar to alternating gradient 
synchrotrons, there are general 
theoretical problems concerned with 
non-linear stability criteria which 
have been studied extensively. The 
CPS is equipped with sextupole and 
octupole lenses to adjust non-lineari­
ties in the magnetic field of the ma­
chine. A complete description of the 
CPS is in course of preparation 
(2) (4) (5). * * * 

Measurements so far carried out 
on the CPS are necessarily prelimi­
nary and incomplete. It will take at 
least six months of measurement 
work before sufficient is known about 
the behaviour of the machine to ex­
ploit it as a working nuclear physics 
tool. 

The intensity of the proton beam 
is surprisingly high at this early 
stage of operation. Protons are in­
jected into the synchrotron at an 
energy of 50 MeV from a proton 
linear accelerator whose design close­
ly follows that developed at the Law­
rence Radiation Laboratory, Berkeley. 
One important difference, however, is 
that the CPS linear accelerator con­
tains magnetic quadrupole alternat­
ing gradient focusing in the drift 
tubes, in place of the grid focusing 
originally used in the American ma­
chine. 

The CPS linear accelerator has 
produced intensities up to 5 mA 
peak, although for the tests so far 
carried out with the synchrotron a 
collimated 1 mA proton beam has 
been employed. A buncher and de-
buncher have been built for this 
linear accelerator, but neither have 
been used so far. With 1 mA being 
injected into the synchrotron and 
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single turn injection, a capture effi­
ciency of 20—25 % has been measur­
ed, corresponding to a circulating 
beam of 1010 protons per pulse. The 
pulse repetition rate at 25 GeV is 
20 a minute. 

The energy of the protons in the 
synchrotron has, so far, been calcul­
ated from the magnetic field at the 
time the beam disappears and the 
radius of the machine. The earliest 
operational runs were carried out 
without any of the correcting de­
vices being employed, except for 
the self-powered pole face wind­
ings needed to correct eddy currents 
in the metal vacuum chamber at in­
jection when the guiding magnetic 
field is only 140 gauss. The proton 
beam then disappeared at a mag­
netic field of about 12 Kgauss due to 
the number of free oscillations of the 
particles per revolution becoming an 
integer. As the magnet yoke satu­
rates, the focusing forces diminish 
slightly, and instead of the machine 
working in the stable region bet­
ween the unstable resonance bands, 
the operating point is -slowly forced 
into a resonance and the particles 
are lost to the walls of the vacuum 
chamber. In later runs the pole face 
windings were energized by pro­
grammed generators designed to 
keep the focusing forces constant 
up to magnetic fields of over 14 000 
gauss and it was observed that all 
of the proton beam then reached an 
energy of just over 28 GeV, limited 
only by the peak magnetic field 
available in the CPS. 

An attempt has been made to 
measure the number of free oscilla­
tions per revolution in both the axial 
and radial directions ( Q v and Q R ) 
during the acceleration cycle. At in­
jection, with the pulsed inflector 
voltages not energized ahd a 2 |̂ s 
pulse of protons injected from the 
linear accelerator, the beam spirals 
inwards in radius due to the rising 
magnetic field for over one hundred 
microseconds, and the fractional Q-
values can be observed in the two 
directions by pick-up electrodes sen­
sitive to one or the other of the two 
directions of oscillation. For these 
measurements the beam is injected 
in such a way as to set up either 
axial or radial oscillations of the 
particles. During the acceleration 
cycle the Q-values were measur­
ed by pulsing the quadrupole cor­
recting lenses at different times 
in the cycle and by variable 
amounts, and noting when the beam 
was lost. The nominal Q-values are 
both about 6.25, and if at a certain 
moment the quadrupole lenses are 
pulsed by an amount that shifts, say, 

Above is a view taken 
during the construction of 
the PS, showing the ring 
tunnel and the linear 
accelerator wing (left) 
b e f o r e the c o n c r e t e 
structure was covered 
with earthti l l . The photo 
on the right shows the 
50 MeV linear accel­
erator tanks (30 m long) 
being al igned. The out­
put end is in the fore­
ground. 

The PS magnet blocks 
(right) were stored in 
the South Experimental 
Hall prior to their as­
sembling in 10-block 
units. Below is a view 
of the intricate cabling 
system running under­
ground. In the PS, cable 
length amounts to some 
3 600 km. 
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The soufh hall is the largest 
of the two intended to 
house the experimental ap­
paratus to be used in con­
nection with the PS. It 
covers 3 200 square metre. 

A phase of the transport 
of a magnet unit into tha 
ring funnel. The unit rests 
on two pivot ing bogies 
drawn by an electric trac­
tor. The dark concrete g i rd­
er designed to carry the 
synchrotron structure is ar­
chitecturally independent of 
the bui ld ing. 

A view of the 50 MeV 
linear accelerator, showing 
the drift tubes mounted in 
one of the three tanks of 
the apparatus, before its 
cover was installed. 

An alternating current gener­
ator driven by an induction 
motor at 3 000 rpm supplies 
34 600 kW peak power to 
the magnet. An 8.6 ton f ly­
wheel (in front of operator) 
is used to store the energy 
recovered from the magnet. 

the Q R value to 6.0, the beam will be 
lost due to instability at a radial first 
resonance. Similarly, pulsing the 
lenses in the opposite direction by 
the same amount loses the beam due 
to instability at a radial second order 
resonance at Q R = 6.5. Apart from 
the shift of the Q-values when the 
magnet saturates, it appears that 
they remain close to Q v = 6.3, Q R = 
6.2 during most of the acceleration 
cycle. Using this same method, the 
unstable boundaries of the stable 
operating region, namely Q R = 6.0, 
6.5 and Q v = 6.0, 6.5, have been 
measured. So far, no higher order 
resonances due to non-linear in­
stabilities have been observed, al­
though whether this is a tribute to 
the linearity of the machine or due 
to the crudeness of the measure­
ments remains to be seen. 

Measurements have been made of 
the closed orbit displacement at 20 
points around the circumference 
of the machine, from which the 
closed orbit amplitude and shape 
have been computed. The closed 
orbit is that orbit around which 
all particles perform free oscilla­
tions. In a perfect machine with­
out field free sectors it would be a 
perfect circle in a plane. In an im­
perfect machine its shape and ampli­
tude are due to the imperfections. At 
injection the peak to peak amplitude 
of the closed orbit in the radial 
direction is about 4 cm, and in the 
axial direction it is a few mm. Later 
on in the cycle the peak to peak am­
plitude diminishes in the radial di­
rection to about 1 cm and remains 
negligible in the axial direction. 
Since the vacuum chamber dimen­
sions are 14 cm in the radial direc­
tion and 7 cm in the axial direction, 
there is therefore no danger of beam 
loss due to magnet misalignments. 

The transition energy, which see­
med so formidable a barrier during 
the design stage, proved to be easily 
surmontable in practice. The pre­
cision of phase switching needed at 
transition for no noticeable loss of 
particles was found to be about ± 3 
ms, or ± 36 gauss. 

Both the computer and the beam 
control system for determining the 
frequency of the accelerating voltage 
have proved very satisfactory after 
minor adjustments. During the ope­
rational runs so far carried out the 
beam control system has been switch­
ed in about 1 ms after injection and 
there seems to be no noticeable loss 
of particles during this switch-over. 
During the early acceleration studies 
the radial control .servo acted on the 
amplitude of the accelerating volt­
age, which in principle is equally 
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effective a means of controlling the 
radial position of the beam as vary­
ing the phase or frequency of the 
accelerating voltage. This arrange­
ment was not successful, perhaps 
due to a certain amount of jitter 
in the phase-lock loop, and the sys­
tem was modified so that the radial 
control servo acted on the phase of 
the accelerating voltage. This second 
method was completely successful 
and no particles were lost during 
acceleration. Preliminary measure­
ments indicated that the beam was 
not moving more than 1 cm from the 
centre of the vacuum chamber dur­
ing the acceleration cycle. The beam 
control system depends for its oper­
ation on the presence of a bunched 
proton beam, and due to noise in the 
servo loops, there is a certain mini­
mum value for the circulating beam 
current below which the system no 
longer maintains control. It appears 
from early measurements that the 
system will work with about 108 pro­
tons per pulse. 

A very important parameter of an 
accelerator is the mean intensity. 
Fig. 2 -shows that at an energy of 6 
GeV the mean intensity of the CPS 
is now nearly as high as that of the 
Bevatron, and at 10 GeV considerably 
higher than that of the Russian ma­
chine. It is hoped to increase the in­
tensity of the CPS by an order of 
magnitude by bringing into opera­
tion the buncher and debuncher of 
the linear accelerator and allowing 
more protons to be injected into the 
synchrotron. At 25 GeV the yield 
of secondary particles from internal 
targets is considerably higher than 
at 6—10 GeV, and early measure­
ments of secondary particle yields 
from the CPS indicate that the ma­
chine may be a strong competitor to 
the lower energy high intensity ma­
chines now being built from this 
point of view. 

Accelerator Max. energy 
GeV 

Mean intensity 
Particles 
per sec. 

Completion 
date 

Brookhaven proton synchrotron (COS-
MOTRON) 3 2.1010 1952 

Saclay proton synchrotron (SATURNE). 3 1010 1958 

Princeton-Pennsylvania proton synchro­
tron 3 2 .10«* 1960 

Berkeley proton synchrotron (BEVA­
TRON 6 2.1010 1954 

Rutherford Laboratory proton synchro­
tron (NIMROD) 7 1012* 1961/62 

Russian A .G . proton synchrotron . . . 7 ^ 2 . 1 0 9 * 1960 

Russian proton synchrotron (Synchro­
phasotron) 10 ^ 109 1957 

Australian proton synchrotron . . . . 10 107* 1962/63 

Argonne zero gradient pro ton synchro­
tron 12.5 

| 28 

2.1012* 

2.109 

1962 

CERN proton synchrotron ' 25 

| 6-10 

3.109 

1010 J 1959 
Brookhaven A .G . pro ton synchrotron . 30 ^ 3 . 1 0 9 * 1960 
Russian A .G . proton synchrotron . . . 50 ^ 109* 1961/62 

Fig. 2 : Proton accelerators. 

been, a transitory state, but the re­
markable significance of this event 
is that for the first time for over 
twenty years Europe can claim this 
possession. Since the war a major 
effort has been made in Europe to 
equip laboratories working in high 
energy nuclear physics research with 
the necessary apparatus. The magni­
tude of this effort in terms of money 
is considerable, as can be seen in the 

Cost in 
Maximum Mi l l ion 

Energy Sw. Fr. 

28 GeV 120 
7 GeV 

following table : 

CERN Proton Synchr. 
Rutherford Laboratory 

Proton Synchrotron 
Saclay Proton Synchr. 
Hamburg Electr. Synchr, 

3 GeV 
6 GeV 

84 

53 
60 

(*) indicates target figures. 

The cost of running these labora­
tories and building apparatus for 
the experiments is equally high, and 
this is a recurrent cost since new ex­
perimental apparatus is continuously 
being needed as the experiments de­
velop. For example, the annual 
budget of CERN, which in addition 
to the CPS also has a 600 MeV Syn­
chro-cyclotron, is about Sw. Fr. 60 
million per annum. 

That Europe has made such an 
effort in this field of fundamental 
research has been due to the fore­
sight of the physicists who have 
planned the laboratories and the 
sympathy of the governments who 
have supplied the money • 

The significance of this accelerat­
ing machine can best be understood 
in relation to other proton synchro­
trons. The CPS accelerates protons 
to an energy which is about three 
times the energy of the largest ac­
celerator now functioning, namely 
the Russian Synchrophasotron at 
Dubna, and so, for a while, Europe 
possesses by far the largest accelera­
tor in the world. In 1960 another ma­
chine of slightly higher energy (30 
GeV) will come into operation at 
Brookhaven in America, and in 1962 
or thereabouts the Russians plan to 
bring into operation a machine twice 
as large as the CPS (50 GeV). The 
possession of the world's highest 
energy accelerator is, and always has 
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A Technical 
description 

This technical description of the 
CERN Proton Synchrotron comprises 
chapters on the magnet, the radio fre­
quency accelerating system, particle in­
jection, the power supply and survey 
problems. To those interested, it will 
provide some details on the problems 
involved in the construction of large 
accelerators of the proton synchrotron 
type. 

The Magnet 
The CERN PS magnet is an an­

nular structure 200 m in diameter, 
made of 100 magnet units, each 
comprising a half focusing and a 
half defocusing sector rigidly joined 
together. Field free sectors are lo­
cated between the units (Fig. 3). 
Each half-unit is composed of 5 
adjacent magnets 42 cm long, called 
blocks. The block is a C-shaped 
structure of the open or closed type 
(Fig. 1). To facilitate the construc­
tion, the blocks are straight and pro­
vision is made for wedge-shaped air 
gaps between consecutive blocks. The 
magnet units (see p. 13) are placed 
on steel girders which rest on a 
reinforced concrete beam by means 
of a jack system. The concrete beam 
is supported by pillars cast into the 
sandstone rock under the site (Fig. 4). 

From the beginning of the project, 
the efforts were centred towards 
designing linear fields. In theory, 
such a field can be obtained by 
means of hyperbolic pole pieces and 
a neutral pole. In fact, for construc­
tional reasons the neutral pole has 
been dropped, but the hyperbolic 
shape has been maintained in the 
central part of the pole pieces and an 
effort has been made to keep the 
field linear over as wide a range as 
possible by trimming up the margin­
al region of the pole tips. This work 
was carried out on a series of mod-

by E. Regenstreif 
Division SP 

els, most of them of full-scale cross-
section, but reduced length. 

The part played by the remanent 
field is negligible for medium and 
strong fields ; however, it raises a 
most serious problem for weak fields 
near injection where it has a major 
effect. It is indeed much more dif­
ficult to control and reproduce the 
remanent field than to make the 
field produced by the exciting cur­
rent uniform. For proper operation 
of the synchrotron it is essential that 
the magnetic field at corresponding 
points of the magnetic units be the 
same to one part in a thousand. In 
the case of the CERN PS magnet, an 
error of 1/1000 in the guiding field 
from block to block corresponds at 
injection to a tolerance in the coer­
cive force of about 0.1 oersted. This 
is a very stringent condition to im­
pose on a mass of iron of some 4000 
tons ; it pointed to the imperative 
need to develop methods for the con­
struction and assembly of the mag­
net so that it should be unaffected 
by the unavoidable lack of uniform­
ity of the steel supply. 

The magnetic field in the gap 
depends not only on the geometry 
of the magnet and the magnetic 
properties of the steel, but also on 
the rate of rise of the field. Studies 
on models have shown that in order 
to avoid field distortions due to eddy 
currents in the laminations, the 
thickness of the laminations should 
not exceed 2 m m ; in fact, the cho­
sen thickness for the CERN machine 
is 1.5 mm. 

Fringing fields at the ends of the 
units, transition fields between fo-

Fig. 1-2 : 
The CERN proton synchrotron magnet : 1 is 
an " open section " block, 2 a " closed sec­
tion " block. The mark 3 indicates the equi l ib­
rium orbit ; 4 is the coil window. Coils are 
also visible in cross-section in Fig. 2, in an 
" open section " block. 

cusing and defocusing sectors and 
junction between blocks induce other 
distortions which have to be taken 
into account in calculating the orbits 
and establishing the parameters of 
the machine. 

Finally "magnetic ageing", i.e. the 
changes which occur in the magnet 
iron as a function of time, may ap­
preciably affect the operation of the 
magnet and make a delicate situa­
tion even trickier. 

Manufacture of the Magnet 

Even with a careful control of the 
steel supply, it would not be possible 
to construct a magnet complying with 
the very stringent specifications as to 
uniformity and homogeneity imposed 
by the A G principle. The problem of 
eliminating the effects of fluctuations 
in the magnet properties is therefore 
of primary importance. Two methods 
can be considered for this purpose. 
In the first place, the actual magnet­
ic characteristics measured on the 
finished blocks may be taken into 
account and an attempt be made to 
determine the best arrangements for 
the blocks during the construction of 
the magnet. In the second place, the 
construction process may be so ar­
ranged as to incorporate in each 
block laminations from each batch 
of steel, thus decreasing variations 
in average properties from block to 
block. The second method proved to 
be quite efficient, so that the first 
one was used only to a small extent. 

Low carbon steel, similar to that 
used for the manufacture of car bo­
dies, has been chosen as the primary 
material. Special care was taken at 
the steel plant to control the chemi­
cal composition of the steel and to 
select the best ingots. The ingots then 
went through the normal hot-rolling 
sequence used for car body steel, and 
this was followed by a very care­
fully controlled cold reduction. The 
strip was then cut into sheets about 
1 m square, stacked in piles and 
transferred to a special annealing 
furnace. After oiling, the sheets were 
packaged and sent to the block-maker. 
A large steel store was provided at 
the block-making factory, and piles 
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of packages were built up on the 
floor of the store in such a way that 
the variation in coercive force be­
tween the packages was much less 
than ± 0.1 oersted, although be­
tween the piles the variations could 
be larger. There were the same 
number of piles as laminations in a 
block, and each block was assembled 
by taking the top lamination from 
each pile after the whole store was 
completely filled, passing these in 
order through the punching die and 
assembling them with paper insula­
tion and araldite. Since each block 
contains one lamination from each 
pile and there are 264 laminations in 
a block, the variations in coercive 
force between the blocks are ]/264 
times smaller than the spread of co­
ercive force in a pile. 

By means of very accurate measur­
ing apparatus—a block measuring 
machine and a unit measuring ma­
chine—specially developed to check 
the magnetic properties of the steel, 

it has been found that for fields of 
3000 gauss the r.m.s. deviation be­
tween the mean field measured 
along the axis of the block and the 
mean field measured along the axis 
of a reference block is 2x10 - 4 . At 
injection (147 gauss) the correspond­
ing deviation is 5xl0~4, which is an 
extremely satisfactory result. 

Coils 

Every magnet unit is equipped with 
two coils, one wound on the upper 
pole piece and the other located on 
the lower pole piece. The coil consists 
of two pancakes (Fig. 2-4), each 
made of 5 turns of aluminium con­
ductor 55 x 38 mm with a hole of 
12 mm diameter for refrigerating 
water. The 400 pancakes of the mag­
net are electrically connected in se­
ries and in parallel for cooling pur­
poses. The coils are insulated by a 

paper-mica-paper sandwich, vacuum 
impregnated with a polyester resin. 

Lenses and Pole Face Windings 
Deviations of the magnetic field 

from its ideal shape can be corrected 
with magnetic lenses and pole face 
windings. 

The control of Q is effected by 
means of quadrupole lenses which 
have a purely linear effect. In order 
to act on non-linear effects, partic­
ularly at low energies and during the 
transition period, the design includes 
one pair of sextupole lenses and one 
pair of octupole lenses per -super-
period. These lenses are sufficiently 
short for a pair of them to be placed 
in a field free sector. 

The RF 
Accelerating System 

The main difficulty in designing 
the radio frequency system (fig, 5) 



to accelerate the protons in the 
CERN PS lies in he fact that it is 
necessary to ensure perfect syn­
chronism between the motion of the 
particles, as conditioned by the ins­
tantaneous value of the magnetic 
field, and the frequency of the ac­
celerating voltage. The accuracy re­
quired is of the order of 0.1 °/o at 
injection and 0.01 °/o at ejection, but 
in the neighbourhood of the transi­
tion energy where the phase jump 
occurs, the tolerance for frequency 
deviations is of the order of 0.0001 °/o. 
The deviations of the frequency from 
its theoretical value have an imme­
diate effect on the radial excursion 
of the particles and once again it 
becomes essential to keep these 
within the narrow limits of the va­
cuum chamber. 

Since the frequency programme 
has to follow the rise of the magnet­
ic field, the first step in working it 
out consists in measuring the mag­
netic field in a reference magnet unit, 
This measurement is carried out by 
making use of the Hall effect and 
takes automatically into account the 
influence of the remanent field. The 
signal thus obtained is injected into 
an electronic computer which con­
verts it into a signal corresponding 
to the frequency-field law. The out­

put signal of the electronic com­
puter acts then on the main oscilla­
tor ; this device gives a basic accu­
racy of the order 10"3 to 10~4 which 
has to be improved by a correcting 
signal originating from the beam. 
The r.f. signal obtained is then in­
jected after adequate preamplifica-
tion into the distributing amplifier 
placed at the centre of the machine, 
and from this cables of equal electric 
length transmit the r.f. voltage to 
the 16 accelerating stations placed 
around the ring. 

Construction 

At the present stage of computing 
techniques, analogue computers are 
used for accuracies up to 10"3, where­
as digital computers are used when 
the required accuracy exceeds 10_4:. 
Accordingly, there is a gap between 
10"3 and 10~4 for which it is very dif­
ficult to develop analogue computers 
and where digital computers would 
not be economically justified. More­
over, in the case of the CERN PS it 
would be very difficult to use digital 
computers because of the speed of 
response required. The analogue 
computer had therefore to be used 
and developed to the utmost of its 
possibilities. 

The CERN PS analogue computer 
is made of two main components, 
namely a device for the precise 
measurement of the instantaneous 
value of the magnetic field (Hall 
probe) and the computing system 
proper. 

The reproducibility of this device 
is better than 0.1 °/o and the required 
accuracy of 1 % has been achieved. 
This figure can be brought down to 
0.1 % by means of an auxiliary cor­
rection generator. 

The oscillator contains as its fre­
quency determining element a linear 
frequency-voltage converter. Fig. 6 
shows the system in its basic form. 
The output of a conventional FM-
oscillator is connected to a frequency 
meter giving an output voltage V' 
proportional to its input frequency 
f. This voltage is compared with the 
controlling voltage V produced by 
the Hall computer, and the difference 
is amplified and fed back to control 
the FM-oscillator. 

The 16 accelerating stations dis­
tributed around the circumference 
comprise each : a) a resonator with 
an accelerating gap, b) an automatic 
frequency tuning device, c) a power 
amplifier. The resonator consists 
essentially of two push-pull quarter 
wave coaxial lines. The protons trav-

Flg. 4 : 
Perspecfive of a ring section of the C E R N proton synchrotron. A = magnet unit ; B = 
vacuum chamber ; C = screw jack ; D = concrete girder independent of the bui ld ing and 
supported by E = elastic supports ; F = concrete column based on rock ; G bitumen ; 
H = 2 tons crane ; I = air-condit ioning ; K = accelerating cavity ; L = octupole lens ; 
M = vacuum pump ; N = electrical cables ; O = magnet water cooling ; P = narrow 
gauge railroad track ; Q = earth ; R = rock ; S = temperature regulating wafer pipes. 



el in the space enclosed by the inner 
conductor and are accelerated when 
going through the gap in the middle 
of the station. In order to house the 
resonating cavity in the section 
situated between two magnet units, 
its length must be reduced so as to 
fit into the available space ; this is 
done by loading the cavity with 
ferrite, which also permits automatic 
frequency tuning. 

Fig. 8 gives a schematic cross-
section of an accelerating cavity. The 
two quarter wave resonators are 
excited in phase opposition, allowing 
push-pull operation at the accelerat­
ing gap. One of the resonators is fed 
by a loop directly connected to the 
plate of the power supply, the exci­
tation in phase opposition of the 
other resonator being effected by 
means of a figure of eight coupling 
loop. Each of the two ferrite cores 
contains 45 ferrite discs, 2.1 cm wide, 
glued together with araldite. The 
tuning of the cavity is achieved by 
means of the auxiliary magnet en­
closing the cavity, the automaticity 
in tuning being achieved by acting 
on the d.c. current feeding this mag­
net. 

The accelerating units (see p. 13) 
are placed in the ring, where the 
temperature is kept constant to 
± 1° C. Under these circumstances, 
cooling by radiation and convection 
proves inadequate, and since cooling 
with compressed air is too compli­
cated, the ferrite cores and all the 
power tubes must be water cooled. 

The r.f. programme generation as 
described above does not work satis­
factorily at high energies. The beam 
of particles itself has then to be used 
to control the frequency. If the closed 
orbit shifts radially due to an error 
in frequency, the whole beam shifts 
with it and radial pick-up electrodes 
can detect this shift. The output 
signal of the pick-up electrodes 
can then be fed into the computer as 

Fig. 5 : 
Basic diagram of the radio frequency accel­
erated system : 1 = magnetic f ield measure­
ment ; 2 = Hall computer ; 3 = master oscil­
lator ; 4 = phase shifter ; 5 = distribution 
amplifier ; 6 = power amplifier ; 7 = accel­
erating cavity ; 8 = signal from frequency 
corrector ; 9 = t iming signal. 

Fig. 6 (right) ; 
Basic diagram of the master oscillator : 1 = 
Hall computer ; 2 = frequency meter ; 3 = 
frequency-modulated oscillator ; 4 = d.c. am­
plif ier. 

an error signal to correct the accel­
erating voltage frequency. This is 
the principle of the "beam control". 
In practice, the whole system is 
complex, involving many servoloops 
using not only the beam shift as an 
error signal, but also the relative 
phase of the beam bunches and the 
applied r.f. voltage. 

Particle Injection 
Injection into the CERN PS is 

based on the use of a linear acceler­
ator of the Alvarez type. The struc­
ture (Fig. 7) comprises 3 cylindrical 
resonant cavities, each of them con­
sisting of a copper liner and a series 
of drift tubes along the axis ; these 
structures are placed in vacuum 
envelopes and fed with r.f. power. 
Protons produced in an ion source 
are first accelerated to 500 keV and 
then injected into the linear acceler­
ator. The emerging 50 MeV beam is 
then deflected into the synchrotron 
proper. Injection occurs during 6 
microsecond, corresponding to a 
single turn of the beam. 

The Ion Source 

The ion source is essentially made 
of a ceramics pot in which hydrogen 
is ionized by a 140 Mc/s pulse lasting 
30 ^s. The extraction voltage is 25 kV 

and lasts for about 10 [is. The re­
quired pressure inside the discharge 
tube is 10"3 mm Hg, the pressure in 
the accelerating region being 10"5 mm 
Hg. This led to a canal 3 mm in dia­
meter and 15 mm long. The output 
current is 50—100 mA. 

The 500 kV Set 

The high voltage feeding the accel­
erating column is produced by a 
600 kV, 4 mA Cockcroft-Walton gener­
ator, using a symmetrical cascade 
arrangement and driven by a 5 kVA 
50 c/s transformer. Dry elements 
(selenium cells) are used in the rec­
tifiers. The transformer as well as 
the cascade elements are housed in 
a 4 m high insulated cylinder filled 
with oil. 

The accelerating column is made 
of 12 stainless steel discs, rigidly 
fixed to 13 porcelain rings. The 
length of the column is 83 cm, cor­
responding to a voltage gradient of 
6 kV/cm. Uniformity in voltage dis­
tribution under steady state and 
transient conditions is obtained by 
means of an adequate resistor-capa­
citor chain. The entire 600kV set 
is accommodated in a Faraday cage 
10.5 x 8.5 m and 6 m high. 

The Accelerating Structure 

Remanent field situation in the mag­
net, requirements of the r.f. accel­
erating programme and economic 
considerations led to the choice of 
50 MeV for the injection energy into 
the synchrotron. It was decided to 
make the linear accelerator in the 
form of 3 cavities, respectively 6, 12 
and 12 m long and giving output 
energies of 10, 30 and 50 MeV. 

In the first tank there are 42 drift 
tubes of diameter decreasing from 
140 to 62 mm ; the second and third 
tanks are provided with drift tubes 

Fig 7. 
Beam injection info the circular accelerator : 1 = equil ibrium orbit ; 2 = magnet unit ; 3 = reference points for magnet units positioning ; 
4 = quadrupole lenses ; 5 = accelerating cavity ; 6 = pick-up electrodes 7-8 = sextupole and ocfupole lenses ; 9 = permanent electrostatic deflec­
tion ; 10 = pulsed electrostatic deflection ; 11 = radial funnel ; 12 = accelerating cavity ; 13 = quadrupole lenses ; 14 = magnet positioning network; 
15 = survey point ; 16 = bending magnets ; 17 = debuncher ; 18 = quadrupole lenses ; 19 = vacuum pump and (20) = radio frequency generator 
for linear accelerator 21 ; 22 = controls ; 23 = buncher ; 24 = 500 keV accelerating column ; 25 = ion source ; 26 = high voltage generator ; 
27 = high voltage platform. 



of constant diameter. The lengths of 
the drift tubes increase towards the 
output in order to match the con­
dition of synchronism. 

RF Supply 

The three tank design has implica­
tions on the r.f. supply problem. An 
amplifier system with a quartz os­
cillator is used as the common fre­
quency generator. It is then reason­
able to use a common amplifier up 
to the last stage before the output, 
with one output stage for each 
cavity. 

Basic power figures are 1MW for 
the first cavity, 2 MW for the 
second, and 2 MW for the third 
cavity, at a frequency of 200 Mc/s, a 

Fip. 9 
Pulse cycle of the magnet : 1 _ 
2 = peak current : 6 400 A at 14 000 gauss 
5 000 A at 12 000 gauss ; 3 =decreasing curre nf. 

Fig. 10 

Magnet power supply diagram : 1 = induction 
motor dr iv ing the generator (3) ; 2 = f lywheel ; 
4 = intermediate transformer ; 5 = mercury 
arc power converter ; 6 = fi l ter ; 7 = magnet 
windings. 

Fig- 8 
Cross section and diagram of an accelerating 
cavity : 1 = pipes for water cool ing ; 2 = 
coils for 3 = magnet ; 4 = coupling loop ; 
5 = insulating gasket ; 6 = ferrite core ; 7 = 
inner conductor. 

pulse duration of 200 ^s, and a re­
petition rate of 1 p.p.s. 

Focusing 

One of the main problems in the 
design of a linear accelerator is 
the radial defocusing of the beam 
associated with phase focusing. 

In the CERN PS linear accelerator, 
focusing in the second and third 
tanks is provided by means of al­
ternating gradient magnetic quadru­
pole lenses, operated in d.c. condi­
tions. The first tank was initially 
operated with grids which have sub­
sequently been replaced by pulsed 
quadrupoles. 

inflection 

The difficulties in the inflection 
optics are due to the stiffness of the 
beam (i.e. its high energy), which 
makes its handling difficult, and to 
the irregular structure of the fring­
ing field of the magnet. Moreover, 
the stringent tolerances on the po­
sition of the inflected beam imply 
equally stringent tolerances on the 
practical means by which inflection 
is effected, i.e. on the deflecting 
electric and magnetic fields. 

Power Supply 
To feed its machines in energy, 

CERN has a 20 000 kVA main sub­
station installed on the site. The 
electrical power supply to the site, 
is effected by means of three 18 kV 
cables, each rated at 7 MVA. Power 
in the PS area is distributed from 
two substations, one of which is 
located in the PS power house and 
the other in the basement of the 
laboratory and office wing. The for­
mer supplies power at 6 kV to the 
magnet generator, at 3 kV to the 
r.f. system, and at 380/220 V to the 
experimental halls, the linear acce­
lerator wing, the ring building and 
the central building. 

A third substation is being built 
to feed the experimental apparatus 
and detection equipment. 

The Magnet power Supply 

Fig. 9 shows the desired shape of 
the pulse cycle in order to obtain a 
magnetic field in the gap rising 

linearly with time. The discharge of 
|';he magnet after the acceleration pe­
riod should be as quick as possible, 
to minimize power losses and heating 
up of the magnet. Moreover, the dis­
charge energy should be stored to 

avoid losses and large power fluctua­
tion. 

Fig. 10 shows the adopted solution 
An A.C. generator of the turbo type, 
driven by an induction motor at 3000 
r.p.m., supplies 34600 kW peak power 
to the magnet. A 6 ton flywheel on 
the shaft of the motor generator set 
is used to store the energy recovered 
from the magnet. Regulation of the 
driving motor is made by a Scherbius 
set. The development of the large 
mercury arc power converters has 
been a major task for industry. 

The mean power absorbed from 
the feeding network is about 2000 
kW at 6 kV. 

Survey problems 
It has been mentioned that if the 

magnet sectors are not correctly 
aligned, or the foundation of the 
magnet is not stable and misalign­
ments occur, the closed orbit will be 
distorted from the ideal curve. If the 
ends of the magnet units are ran­
domly misaligned between the limits 
± 0.6 mm, the peak closed orbit 

deviation will reach 1 cm. In fact, 
the measuring tolerances for aligning 
the units have been aimed at 1 part 
in 106. From the point of view of the 
stability of the foundations, it is 
better to consider the spatial har­
monics of the possible distortions. 
A second space harmonic amplitude 
of 3.8 cm would give a closed orbit 
displacement of 1 cm, and this is not 

very serious. The sixth space har­
monic, however, is critical as an 
amplitude of 0.36 mm would result 
in a closed orbit deviation of 1 cm. 
This shows that the foundations of 
the CERN machine have to be very 
stable indeed. 

Aligning the magnet units on the 
ring to an accuracy of 1 part in 106 

is just feasible using the best modern 
theodolites and suitably aged invar 
wires. The ring building has eight 
radial tunnels, a central survey mo­
nument and eight survey monuments 
inside the building (Fih 3). A hexa­
gonal system was deliberately avoid­
ed on account of the sensitivity of 
the machine to the sixth space har­
monic distortion which would se­
riously amplify any errors in the 
triangulation survey. It is possible to 
set up the octagonal markers to the 
desired accuracy, and from the eight 
survey markers in the ring building 
the magnet units have been aligned 
using angle and length measure­
ments # 
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• What do the infifials "CERN" stand for I 
The initials "CERN" stand for Conseil Europeen pour la Recherche Nucleaire 

(European Counci l tor Nuclear Research), the interim body which has since been 
replaced by a permanent organizat ion. 
• What are CERN's aims ! 

CERN is devoted solely to fundamental nuclear research. In the terms of the Con­
vent ion : 

"The Organizat ion shall p rov ide for col laborat ion among European States in nu­
clear research of a pure scientific and fundamental character, and in research essen­
tial ly related thereto. The Organizat ion shall have no concern with work for mi l i ­
tary requirements and the resuilts of its experimental and theoret ical work shall be 
publ ished or otherwise made general ly avai lab le." 

CERN also refrains from any activity a imed at the practical appl icat ion of nuclear 
energy, such as nuclear reactors. 
• Who belongs to CERN ! 

CERN now has thir teen Member States whose financial par t ic ipat ion, according to 
national income, is shown in brackets : 
Austria ( 1 .93%) ; Belgium ( 4 . 1 5 % ) ; Denmark ( 1 , 9 9 % ) ; France ( 2 1 . 2 2 % ) ; German 
Federal Republic (19.52%) ; Greece (1 .17%) ; Italy (10 ,09%) ; Netherlands (3 ,85%) ; 
Norway (1.61 % ) ; Sweden ( 4 . 2 3 % ) ; Switzerland ( 3 , 2 9 % ) ; Uni ted K ingdom 
(25,00 °/o) ; Yugoslavia ( 1 .95%) 
• What is CERN's budge t ! 

The budgets since 1955 are g iven be low in mil l ions of Swiss francs : 
1955 = 25,1 1956 = 39.6 1957 = 61,8 
1958 = 56.5 1959 = 55,2 1960 = 65 

• How does CERN operate ! 
Each Member State is represented in the Counci l by two delegates. The Counci l 

is assisted by a Finance Committee (one delegate per Member State) and a Scien­
tif ic Policy Commit tee, the eight members of which are chosen for their scientific qua­
lif ications wi thout regard to nationali ty. The Counci l takes decisions concerning the 
budget and general po l icy , but it gives the Director-General considerable responsi­
b i l i ty for the direct ion of scientific work and for general administrat ion. 
• Why was CERN established ! 

The construction of a pure research institute as important as CERN, which has cost 
several hundred mi l l ion Swiss francs, wou ld have been too great a strain on the 
economy and even the technical resources of any European State which might have 
at tempted it alone. By uni t ing their efforts, the Member States are able to p rov ide 
CERN not only wi th the intricate and costly equipment requi red for modern physics 
research but also wi th the teams of experts no country alone could have gathered. 
The results of CERN's work , which is tend ing to push back the frontiers of science, 
are avai lable to all because there is nothing secret about them. 
• What is CERN's equipment! 

CERN's basic equipment consists of two b ig accelerators. The first, the six hundred 
mi l l ion elecfronvolt synchro-cyclotron (600 MeV) was commissioned according to 
plan on August 1st 1957. It is the third most powerfu l synchro-cycllotron in the wor ld . 
The second accelerator, the CPS, is a twenty f ive thousand mi l l ion elecfronvol t (25GeV) 
pro ton synchrotron. This machine is the biggest part icle accelerator in the wor ld , The 
two accelerators are designed to produce extremely high energy part icle beams ; 
a imed at appropr iate targets, these beams g ive rise to nuclear reactions which afford 
an oppor tun i ty of accurately measuring elementary particles and help to further the 
knowledge of the infernal structure of the atomic nucleus. Far from produc ing energy, 
CERN's machines, on the contrary, consume an enormous amount. 

• Who is the Director-General of CERN ! 
Professor C. J. Bakker, formerly Director of the Zeeman Laboratory, Amsterdam, 

and of the Nuclear Research Institute of the same town. 
• What is the CERN staff ! 

The staff is international. At 31 sf December of each year shown be low, the total 
of CERN, inc luding temporary staff and visi t ing scientists, was : 

1953 = 30 1956 = 426 1959 = 969 
1954 = 150 1957 = 610 
1955 = 286 1958 •--= 755 

• What is the CPS ! 
The CERN Proton Synchrotron. The CERN proton synchrotron consists basically of 

a huge f ixed machine which accelerates nuclear particles viz protons, to a veloci ty 
very close to that of l ight viz 300 000 km per second. At this veloci ty the mass of 
the protons increase considerably and the accelerator in fact adds to their mass far 
more than to their veloci ty. When a proton is accelerated to 25 GeV its mass in­
creases about 25 times. This pro ject i le , which is at once minute, heavy and endowed 
wi th great power of penetrat ion, is capable of breaking through the closely-knit 
structure of atomic nudlei and of g iv ing rise to events which can be studied to y ie ld 
valuable scientific information. 
• What is the eosf of the CPS ! 

The cost is estimated at about 120 mi l l ion Swiss francs, or about 28 mi l l ion dollars. 
• What is the maximum velocity of the accelerated particles! 

The veloci ty of a particle can never exceed that of l ight (about 300 000 km per 
second). When further energy is added to a part icle mov ing at nearly this veloci ty, 
its veloci ty hardly increases. Instead, the energy is converted into mass, which thus 
becomes higher and higher, considerably. The laws of convent ional mechanics then 
give way to those of relat ivi ty where energy and mass become synonymous in ac­
cordance wi th Einstein's law ; Energy = mass x the square of the vellocity of l ight 
(E = mc 2 ) . (See also "Mass" , columns on the right.) 

on 

The Physicist's 
Vocabulary 

3 x 106 : Mathemat ic ians use this f o r m u ­
la instead of wr i t ing f igures fo l l owed b y 
an impress ive n u m b e r o f noughts . 10 6 

stands fo r a mil l ion, i.e. 1 f o l l o w e d b y 6 
noughts . 3 x 10 6 means that 3 mus t be 
mul t ip l ied b y 1 f o l l o w e d b y 6 noughts . 
10-6 means that o n e should d iv ide b y 1 
f o l l o w e d b y 6 noughts . 

Alpha particle : A part ic le indent ical to 
the he l i um nucleus . Emit ted b y a rad io­
ac t ive nucleus , it is also ca l led an alpha-
ray. 

Amplifier:, E lec t ron ic e q u i p m e n t for 
increas ing either the size o f an e lec t r ic 
pulse or a d i f fe rence in potent ial . 

Annihilation : Disappearance of a par­
ticle and o f an antipart icle e.g. an e l ec ­
t ron and a pos i t ron and t ransformat ion o f 
their mass into ene rgy . It is the inverse 
of material izat ion. 

Atoms : Aggrega t e s of e l ementa ry par­
ticles, v iz neu t rons and p ro tons (nuc leons) 
r o u n d w h i c h gravi tate e lec t rons w h o s e 
n u m b e r is equal to that of the p ro tons 
w h e n the a tom is no t ionized. 

Beta Particle : Fast e l ec t ron radiat ion 
emi t ted b y a rad ioac t ive b o d y . 

Bubble, chamber : Appara tus for de tec t ­
ing par t ic les w h i c h l eave a trail o f b u b ­
bles as they go th rough a l iquid w h i c h 
has sudden ly b e e n d e c o m p r e s s e d to m a k e 
it bo i l . 

Cloud chamber : Expans ion apparatus 
w h i c h p r o d u c e s a c l o u d showing the tra­
j ec to r i e s o f ionizing part icles as super­
saturated wate r v a p o u r condenses on 
their t rack. 

Cosmic rays : Radia t ion c o m i n g f r o m all 
d i rec t ion in space, f o r m e d of pho tons 
and var ious part icles, some of w h i c h are 
v e r y penetrat ing. 

Decay : Transformat ion of a nuc leus or 
par t ic le into another nucleus or par t ic le 
wi th emission of radiat ion. 

Detector : Appara tus to detect radia­
tion. 

Dimensions of particles : T h e mean dia­
meter o f a nuc leus is 10- 1 3 c m and that 
o f an a tom is 10-8 c m . T h e size o f the 
nuc leus bears the same re la t ion to that 
of the a t o m as a golf bal l to a c i rc le 
7 k m in diameter . 

Electron : Nega t ive ly cha rged e lemen­
tary par t ic le gravi tat ing r o u n d a nucleus , 
the n u m b e r o f e lec t rons de termines the 
chemica l behav iou r o f the e lements . 

Electronvolt: The electronvolt or eV 
is a unit of kinetic energy acquired by 
a particle accelerated by a difference of 
potential of 1 volt. This e n e r g y is v e r y 
small . A k i lowat t hour , the usual unit 
of e lec t r ic energy , is equ iva len t to 2.25 x 
10 2 5 e l ec t ronvol t . In o ther w o r d s , abou t 
22 b i l l ion bi l l ion e l ec t ronvo l t w o u l d be 
necessary to f eed ten 100 wa t t b u l b s fo r 
o n e hour. . . suppos ing that the k ine t ic 
e n e r g y of the par t ic les c o u l d b e easi ly 
c o n v e r t e d into e lec t r ic ene rgy . In p rac ­
t ice, mul t ip le e l ec t ronvo l t units are used, 
par t icular ly M e V (megae lec t ronvo l t or 
one mi l l ion e lec t ronvo l t ) o r G e V (giga-
e lec t ronvo l t or a thousand mi l l ion e l ec ­
t ronvo l t ) . L ike all o ther phys ica l quant i ­
ties, " e l ec t r onvo l t " is n e v e r spel led wi th 
an " s " . 

Elements : Spec i f i c atoms, for e x a m p l e 
c o p p e r , iron, a luminium, e tc . The re are 
abou t 100 chemica l e lements . 

Energy : The re are var ious k inds of 
ene rgy : electr ical , mechanica l , thermal, 
etc., w h i c h can be conve r t ed into each 
other . Thus , 
1 M e V = 4.45 x 10- 2 , ) k i lowat t hour ; 

= 1.6 x 10- 1 3 j ou l e ; 
= 1.6 x 10-6 erg ; 
= 3.83 x 10 1 4 g r amme-ca lo r i e . 

A r o c k at h igh altitude, the waters of 
a moun ta in lake, etc., possess a potent ial 
ene rgy . Kine t i c ene rgy is due to the 
ve loc i t y o f a b o d y m o v i n g in relat ion to 
an axis of co-ord ina tes . A bul le t f ired 
f r o m a rifle possesses a k ine t ic ene rgy 
equal to half the p roduc t o f its mass 
mul t ip l ied b y the square o f its ve loc i t y . 

Equivalent energy : A s a result o f the 
above , the mass of a par t ic le can b e 
t ransformed into ene rgy . T h e mass of a 



stat ionary p ro ton is equ iva len t to about 
1 G e V , exac t ly 931 M e V ; that o f an 
e lec t ron to on ly 0.5 M e V . 

Frequency :, Pe r iod ic i ty . F o r w a v e radi­
at ion it is the quot ien t o f the ve loc i t y 
of p ropaga t ion (ve loc i t y o f l ight fo r 
e l ec t romagne t i c radiat ion) b y the w a v e ­
length. 

Gamma ray : E lec t romagne t i c radia t ion 
wi th a v e r y short w a v e l e n g t h w h i c h 
is v e r y penetra t ing. 

Geiger counter : A n apparatus fo r de ­
tect ing the n u m b e r of ioniz ing par t ic les 
that go th rough it. 

Ion : A n a tom or g r o u p of a toms hav ing 
acqu i red a pos i t ive o r nega t ive e lec t r ic 
charge . 

Ionization : T h e appearance o f an e l e c ­
tric charge in an a t o m o r a g r o u p of 
a toms o w i n g to ei ther the loss o f o n e 
or severa l e lec t rons (appearance o f a 
pos i t ive charge) o r the f ixa t ion o f o n e 
or several addi t ional e lec t rons (appear­
ance o f a nega t ive cha rge ) . 

Ionization chamber : Appa ra tu s f o r 
measur ing the intensi ty o f radia t ion w h i c h 
goes th rough. 

M a s s : m 0 = the mass o f a s tat ionary 

par t ic le , its relat ivist ic mass is m = m ( ) 

y l - v 2 / c 2 w h e r e v is par t ic le v e l o c i t y and 
c the v e l o c i t y o f l ight. 

It can b e seen that if v = c the mass 
b e c o m e s infinite w h i c h w o u l d b e absurd, 
there fore v is a lways smaller than c. 

M : n u c l e o n mass and, m o r e p rec i se ly : 
M p r o t o n = 1.6609 x lO- 2 4 g r a m m e o r 1836 
e lec t ron mass. Mneu t ron = 1.6622 x 1 0 2 4 

g r a m m e o r 1839 e lec t ron mass. 

Mesons : E lementa ry par t ic les exis t ing 
in c o s m i c radiat ion, art if icially p r o d u c e d 
in the l abora to ry . The i r masses are great­
er than that o f an e lec t ron and smaller 
than that o f a p ro ton . 

Neutron:, Neutral e l ementa ry part icle 
w h o s e mass is near ly the same as that o f 
the p ro ton . 

Nuclear : Relat ing to the a tomic nucleus . 

Nucleon : E lementa ry par t ic le o f the 
a tomic nuc leus w h i c h exists in t w o 
fo rms : neu t ron and pro ton . 

Nucleus : Central part of an a t o m wi th 
a d iameter o f abou t lO-1^ c m conta in ing 
nuc leons , v i z pos i t ive ly cha rged par t ic les 
(pro tons) and neutral part icles (neu t rons ) . 

Photon : "Gra in" o f l ight o f e lec t ro ­
magne t i c quantum. 

Nuclear star : Nuc lea r d e c a y inside a 
p h o t o g r a p h i c emuls ion ; it is on ly vis ib le 
unde r a m i c r o s c o p e . 

Planck's constant: Equals 6 . 5 5 1 0 2 7 erg. 
sec . T h e p r o d u c t o f the constant mult i ­
p l ied b y the f r e q u e n c y o f the radiat ion 
is a quan tum, a d i scont inuous quanti ty 
of m i n i m u m ene rgy . 

Photomultiplier : Appara tus inc luding a 
photo-sens i t ive l ayer and an e lec t ron 
mul t ip l ier fo r de tec t ing minute quantit ies 
of l ight . 

Proton : Pos i t ive ly charged e lementa ry 
par t ic le ( h y d r o g e n nuc l eus ) . 

Radioactivity : Spon taneous d e c a y o f a 
nuc leus w i t h emiss ion o f cha rged parti­
c les . 

Showers : Col lec t ions o f pos i t rons and 
e lec t rons o b s e r v e d in c o s m i c radiat ion. 

Spin : Certain par t ic les are character­
ized b y an angular rota t ion c r spin m o ­
m e n t u m . This spin can o n l y assume mu l ­
t iple d i scon t inuous va lues o f h/2 w h e r e 
h is P l anck ' s constant . 

X - R a y s : Shor t w a v e e lec t romagne t i c 
radia t ion p r o d u c e d w h e n a target is b o m ­
b a r d e d b y e lec t rons . 
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