
Neutrino physics 

It is at first sight paradoxical that 
elementary particle physics - the 
search for and study of the 
smallest constituents of matter -
requires some of the largest 
installations known to science. 
With neutrinos, the smallest and 
most reluctant to interact of all 
the known particles, the contrast 
is even more marked. Even 
measured by the yardstick of 
Big Science, neutrino detectors 
are big. 

This special issue, with its 
specially-commissioned introduc
tion from Christine Sutton, 
sketches the history of this 
enigmatic particle, from its 
hesitant introduction by Wolfgang 
Pauli more than 60 years ago 
and the prediction that it could 
never be observed, through its 
dramatic discovery and eventual 
transformation into an everyday 
physics tool, and finally the 
realization that neutrinos played, 
and continue to play, a funda
mental role in cosmology. Contri
butions were solicited from major 
world Laboratories active in this 
area, where neutrino physics 
has, and continues to be, a major 
part of the experimental pro
gramme. 

The neutrino has always been 
controversial. Its prediction was 
controversial, and some subse
quent 'results' have continually 
ebbed and flowed on the tides of 
experimental statistics. A good 
example is the saga of the 
17 keV neutrino, first reported in 
tritium decay experiments in 
1985, but not disproved until very 
recently. 

Reluctant to reveal itself, the 
neutrino is also reluctant to 
reveal its secrets. Forty years 
after the neutrino was first seen, 
many of its properties have yet to 
be accurately measured. 

The paradox particle 
by Christine Sutton 

As well as being a leading physics 
writer, Christine Sutton of Oxford is 
also a particle physicist, currently 
working on the Zeus experiment at 
DESY's HERA electron-proton 
collider. Her latest book "Spaceship 
Neutrino" (Cambridge University 
Press ISBN 0 521 36404 3 [hard
back] or 0 521 36703 4 [paperback]) 
is a fascinating account of the emer
gence of the neutrino on the stage of 
science. In sixty years, the neutrino 
has been transformed from an 
apologetic idea its originator dared 
not publish to one of the main experi
mental tools of modern high energy 
research, while cosmologists have 
realized that this bizarre particle 
could play a major role in the Uni
verse. 

In an ordinary way I might say that I 
do not believe in neutrinos ... Dare I 
say that experimental physicists will 
not have sufficient ingenuity to make 
neutrinos? Arthur Eddington, 1939 

Eddington, fortunately, turned out to 
be wrong. The neutrino was not only 
made and eventually detected, but 
was destined to become a significant 
tool in studies that extend nowadays 
beyond the nucleus to include the 
workings of the Sun and other stars 
as well as the evolution of the Uni
verse. 

The physics of neutrinos began with 
studies of radioactivity and the 
peculiar energy spectrum of beta-
decay. Initially it seemed that the 
process should be a two-body decay, 
the original nucleus producing a new 
nucleus and emitting an electron. 
Conservation of energy and momen
tum dictate that in such a two-body 
decay the products should emerge 

Wolfgang Pauli - desperate way out 
(Photo Goudsmit Collection, MP Niels Bohr 
Library) 

back-to-back each with a unique 
energy. 

However, by 1927, Charles Ellis 
and William Wooster in Cambridge 
had demonstrated unequivocally that 
the energy spectrum of these elec
trons is instead continuous. Physi
cists were puzzled, and no less a 
person than Niels Bohr proposed 
forgoing the sacred law of energy 
conservation:"... we may say that we 
have no argument, either empirical or 
theoretical, for upholding the energy 
principle in the case of beta-ray 
disintegration". 

But Wolfgang Pauli was far from 
convinced by Bohr's line of argu
ment, and late in 1930 he produced 
his own "desperate way out" to save 
the energy law. He proposed that the 
electron is accompanied by a light
weight, neutral, penetrating particle, 
the particle now known as the (elec
tron) neutrino. His first words on this 
subject were in the famous letter to 
Lise Meitner, Hans Geiger and other 
experts gathered at a meeting in 
Tubingen, which began "Dear radio
active ladies and gentlemen" (and 
which also explained that he could 
not attend the meeting as a ball 

CERN Courier, November 1993 1 



Left to right Enrico Fermi, Werner Heisenberg 
and Wolfgang Pauli, pictured at Lake Como in 
1927. Over the following years their ideas 
were crucial to the emergence of a neutrino 
theory. 
(Photo P.O. Rasetti, Segre Collection, 
AIP Niels Bohr Library) 

made his presence in Zurich "indis
pensable"!). 

Pauli commented in the letter that 
for the time being he dare not publish 
anything about the idea, and other 
than archival conference proceedings 
he never did write a paper proposing 
the existence of the new particle. 
He was persuaded to talk about it, 
however, and in 1934 the hypothesis 
gained respectability when Enrico 
Fermi included the neutrino as an 
essential ingredient in his theory of 
beta-decay. 

Still, the prospect for detecting 
neutrinos appeared bleak. Soon after 
Fermi's theory was published, Hans 
Bethe and Rudolf Peierls calculated 
that the cross-section for the absorp
tion of a neutrino by a nucleus, in 
inverse beta-decay, was so small 
that the neutrino was very likely 
undetectable. 

It turned out that Nature was not so 
unkind. The discovery of the nuclear 
chain reaction in 1939 led to the 
development of nuclear reactors, 
which emit a vastly greater flux of 

neutrinos than any radioactive source 
previously imaginable. Later, in the 
1960s, neutrinos with energies 
thousands of times higher, and 
correspondingly higher interaction 
cross-sections, were produced at 
accelerator laboratories and the 
neutrino became an investigative tool 
rather than a curiosity of physics . 
The experiment of Clyde Cowan, 

Fred Reines and colleagues, which 
finally detected the neutrino, 
stemmed from a far-fetched idea to 
observe neutrinos emitted in a 
nuclear bomb explosion. The original 
plan was to suspend a detector 
below ground in a vertical shaft some 
40 m from the site of the explosion. 
When the bomb exploded, the 
detector would be released to fall 
freely down the shaft, landing on a 
bed of feathers and foam rubber. 
The detector itself was to consist of 

a tank of liquid scintillator, and the 
aim was to observe the process of 
inverse beta-decay (where a neutrino 
hits a proton, producing a neutron 
and emitting a positron) through the 

detection of the gamma-rays pro
duced by the subsequent annihilation 
of the positron. 

Although this bizarre plan received 
a green light from Fermi and Hans 
Bethe, it was never put into practice. 
In considering how they might im
prove the signature for inverse beta-
decay, Reines ^nd Cowan realized 
that they could also detect the 
neutron, through the gamma-rays 
emitted by its eventual capture. 

The "lifetime" of the neutron would 
be typically a few microseconds, so 
inverse beta-decay would reveal 
itself through the "delayed coinci
dence" between those gamma-rays 
emitted by the annihilating positron 
and those emitted later after the 
capture of the neutron. This signa
ture, Cowan and Reines argued, 
would enable them to eliminate much 
of the background and detect neutri
nos produced in a more leisurely 
fashion from the controlled reactions 
of a nuclear reactor. 

So in 1953 they set up "Project 
Poltergeist" at the reactor at the 
Hanford Engineering works in Wash
ington state. 

With a 300-litre drum of liquid 
scintillator surrounded by 90 
phototubes, they found evidence for 
a slight increase in the delayed 
coincidence counting rate when the 
reactor was on. 

Encouraged by their results, and by 
John Wheeler, they moved on with 
an improved detector to the more 
powerful Savannah River reactor in 
South Carolina. Now they had 10 
tonnes of apparatus, including three 
tanks each of 1400 litres of 
scintillator viewed by 110 phototubes. 
The three tanks were sandwiched 
around two smaller tanks of cad
mium-doped water, which provided 
the "target" protons to intercept the 
neutrinos, and cadmium to capture 
the neutrons. 
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Clyde Cowan (left) and Fred Reines (right) 
with their 'Project Poltergeist' team which at a 
Han ford reactor in 1953 saw the first sugges
tions of neutrino interactions. 
(Photo Los Alamos National Lab) 

Clyde Cowan and Fred Reines at their 
neutrino experiment. 
(Photo Los Alamos National Lab) 

With the reactor on, they detected 
on average three delayed coinci
dences per hour, over about 100 
days of running. Then, having made 
many cross-checks, on 14 June 1956 
Reines and Cowan sent a telegram 
to Pauli - "We are happy to inform 
you that we have definitely detected 
neutrinos 

Nuclear beta-decay (which gives 
rise to the reactor neutrinos) is of 
course not the only source of neutri
nos. The related weak decays of 
pions and kaons produce neutrinos in 
the company of muons, and the 
muon itself decays to not one but two 
neutrinos (a neutrino together with an 
antineutrino). 

During the 1950s the question 
arose as to whether the neutrinos 
produced with muons in pion decay, 
for example, were the same as those 
produced with electrons in beta-
decay. Cowan and Reines consid
ered an experiment to test the 
identity of the neutrinos, but they 
were told by their superiors at Los 
Alamos that they had "had enough 

fun" and should "go back to work". 
However, there were others to take 

up the challenge. In July 1959, Bruno 
Pontecorvo at Dubna submitted a 
paper to JETP, entitled "Electron and 
muon neutrinos", in which he pro
posed detecting neutrinos from the 
decays of pions produced at an 
accelerator. His idea was to test 
whether the neutrinos, born with 
muons, could produce positrons, 
as in the reaction that Cowan and 
Reines had observed, rather than 
positive muons. The signal for 
positron production would be a 
delayed coincidence, to be detected 
in cadmium-doped scintillator. 

With no access to a suitable accel
erator, Pontecorvo could proceed no 
further. However, late in 1959, Melvin 
Schwartz at Columbia University, 
inspired by theorist T.D.Lee, began 
dreaming up a way to use neutrinos 
to study weak interactions at high 
energies. 
The neutrino's only interaction (other 
than through gravity) is through the 
weak force, and so it makes an ideal 

- if intransigent - tool to probe weak 
interactions. 

Schwartz realized that he could use 
a beam of pions to make a neutrino 
beam: a thick absorbing wall placed 
a sufficient distance downstream 
would absorb the muons produced 
by the upstream pion decays, as well 
as any remaining pions, leaving only 
neutrinos beyond the wall. 

Leon Lederman and Jack Stein-
berger, both at Columbia at the time, 
supported Schwartz's scheme, and 
they pushed hard to set up a neutrino 
beam and detector at the Alternating 
Gradient Synchrotron being built at 
the Brookhaven Laboratory. 

The result was the famous "two-
neutrino" experiment, for which 
Lederman, Steinberger and Schwartz 
were to earn the Nobel Prize in 1988. 
The detector consisted of a 10-tonne 
spark chamber - which Lederman 
has described as the biggest they 
could think of! - with attendant trigger 
and veto scintillation counters, 
surrounded by concrete and steel 
shielding - armour plate from an old 
warship. 
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MEAM SERVICES 
s and small batch Production 

With Lasers, Electron Beam and Water Jet 

institutes de soldadura 
e qualidade 

Flexibility 
Short time delivery 
Feasibility analysis 

What do we have? 
- 2.5 kW CO2 Laser with a 1.2x0.9m X-Y table CNC 
- 900W Nd/YAG Laser with a CIM CNC 
- 80W, 400Hz excimer laser with a high precision X-Y-9 table controlled by PC 
- 7.5kW electron beam with a 0.8m3 vacuum chamber with a X-8 table 
- 15kW electron beam equipment with a X-Y-6 table CNC controlled 

with a 1m3 vacuum chamber 
- 3800 bar high pressure water jet pump with 1.3x2.0m X-Y table CNC 

Laboratorio de Feix.es de Elevada 
Densidade de Energia 

What can we performe? 
special parts requiring precision and high quality; 

• cutting 
• welding 
• surface hardening and alloying 
• marking and engraving 

Any enquiries regarding our services should be adressed to: 
Mr. Dias Lopes 

Address: Rua Francisco Antonio da Silva 2780 Oeiras- PORTUGAL 
E.Mail: dLopes@isq.pt Telf. (351 )(1) 4429524/99 Fax:(351)(1) 4429799 

http://Feix.es
mailto:dLopes@isq.pt


Zero-flux measuring systems 

made by Holec for high-precision measurement 

Z E R O - F L U X M E A S U R I N G 
S Y S T E M S 

• wide current range: up to 50,000 A 

• analog and VME-bus output 

• unequalled accuracy 

• low power consumption 

• true bipolar operation 

• fully magnetically screened 

• highly EMI protected 

• without any temperature control devices 

• high reliability: MTBF of 30 years 

H O L E C HH 
Holec Systemen en Componen ten , P.O. Box 23, 7550 A A Henge lo , The Nether lands, 

te l . : +31.74.462850, fax: +31.74.464818 

The easy access to VME 
Motorola MVME162 Embedded Controller 

So you think you can 
design a better embedded 

computer than we can? 

S Y S T E M S y y I T O 

Blanket Purchase Order B1008 / CN 

Modular Computers 

Blanket Purchase Order B1009 / CN 

Your VME-Partner 
Omni Ray AG, Industriestrasse 31 , CH-8305 Dietlikon/Zurich 

Phone 01-835 21 11, Fax 01-833 50 81 
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Neutrinos should have been formed 
in the Big Bang as readily as other 
particles, contributing their share to 
the energy density of the early 
Universe. The size of this contribu
tion would depend on the number of 
neutrino types present. It would also 
have a vital influence on the evolving 
Universe as the higher the energy 
density, the faster the rate of expan
sion; and the faster the rate of 
expansion, the more neutrons there 
would be at the start of nucleo
synthesis, eventually to become 
locked in helium-4. (A slower rate of 
expansion would give the neutrons 
more time to decay to protons before 
the Universe became cool enough for 
nucleosynthesis to begin.) Thus the 
number of neutrino types present in 
the early Universe should have left its 
indelible imprint on the amount of 
primordial helium-4 observed in the 
Universe today. 
The discovery of the tau lepton in 

1976 brought the expected number 
of neutrino types to three, and 

inspired Gary Steigman, David 
Schramm and James Gunn to 
calculate that there should be at most 
seven neutrino types, working from 
the estimated amount of primordial 
helium-4. Seven years later, in 1984, 
this calculated upper limit had fallen 
to four, and in 1989 the measure
ments of the decay of the Z at two 
new high energy electron-positron 
colliders - LEP at CERN and 
Stanford's SLC - demonstrated that 
there must be three, and only three, 
types of neutrino. 

When the early Universe had 
cooled to about 10 billion degrees, 
the weak interactions between 
neutrinos slowed below the rate of 
expansion. At this stage, about one 
second into the life of the Universe, 
the neutrinos "decoupled", no longer 
appearing and disappearing in 
reactions with other particles. 
The neutrinos that existed then 

should be with us still, dispersed 
through space as a relic of the Big 
Bang, the neutrino equivalent of the 

cosmic microwave background 
radiation, with a few hundred ancient 
neutrinos per cubic centimetre of 
space. 

Could these relic neutrinos, if some 
of them have a small mass, hold the 
key to the future evolution of the 
Universe? Could neutrinos with a 
small mass form part of the non-
luminous dark matter that is neces
sary at the very least to explain the 
dynamics of galaxies and the clusters 
they form? These are questions 
being argued over by a growing band 
of cosmologists, astrophysicists and 
particle physicists, all intent on 
discovering the nature of our Uni
verse - and the important role within 
it of the ubiquitous, albeit almost 
undetectable, neutrino. 

Richard Taylor (left) and Don Perkins (right) 
played central roles in pioneer high energy 
scattering experiments in the 1960s using, 
respectively, electrons and neutrinos. In the 
picture, taken in July at a special seminar at 
Oxford to mark Perkins' formal retirement, 
George Kalmus appears to be the referee. 
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C A E N SY 527 
The NEW High Voltage System for your 

Future Experiments !!! 

COSTRUZIONIAPPARECCHIATURE ELETTRONICHE NUCLEARI S.p.A. 
Iscritta all'Albo dei Laboratori di ricerca (Deer. Min. 25/3/90) 
Via Vetraia, 11 -55049 VIAREGGIO (Italy) - Tel (0584)388398 - Fax (0584)388959 
Email: CAEN@VM.CNUCE.CNR.IT - Tlx 501068 CAEN I 
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MODEL SY 527 UNIVERSAL MULTICHANNEL POWER SUPPLY SYSTEM 
• Silicon Detector Floating Power Supplies • High Voltage P/N Boards: 
( Max. ripple 5 mVpp): A 733 16 Ch. 2.5 KV, 2.5 mA 
A515 16 Ch. 100V/200jiA A753 9 Ch. 2.5 KV, 12 mA 
A516 8Ch. 12 V/1.5A A 832 12 Ch. 6 KV, 200 yA 
A 517 32 Ch. 18V/10mA A 834 16 Ch. 3 KV, 200 jjA 
A 518 16 Ch. 12 V/150 mA • High Voltage Distributor P/N Boards: 
A 519 16 Ch. 200 V/40 pA A 932 24 Ch. Wire/Streamer Tubes Chambers Distributor 
A 520 16 Ch. 200 V/1 mA A 933 24 Ch. P.M. Distributor (AV = 600 V) 

The system can be remotely controlled by CAM AC, VME and PC via High Speed CAENET 

mailto:CAEN@VM.CNUCE.CNR.IT



