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Physikalisches Institut Zirich, 4. Dec. 1930
der Eidg. Technischen Hochschule Gloriastr.
Ziirich

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, wiil
explain to you in more detail, how because of the “wrong” statistics of
the N and SLi nuclei and the continuous f-spectrum, I have hit upon a
desperate remedy to save the exch-ge theorem™> of statistics and the

| lawofconscrvanonofem Namely, the possibility that there could

“exist mthenucle:elecmcallynwmlplmclu that | wish to call neu-
trons, which have spin § and obey the exclusion principle and which
further differ from light quanta in that they do not travel with the velocity
of light. The mass of the neutrons should be of the same order of magni-
tude as the electron mass and in any event not larger than 0.01 proton
masses. — The continuous B-spectrum would then become understand-
able by the assumption that in B-decay, a neutron is emitted in addition to
the electron such that the sum of the energies of the neutron and electron
is constant. Now the question that has to be dealt with is which forces act
on the neutrons? The most likely model for the neutron seems to me,
because of wave mechanical reasons (the details are known by the bearer
of these lines), that the neutron at rest is & magnetic dipole of a certain
moment . The experiments seem to require that the effect of the ioniza-
tion of such a neutron cannot be larger than that of a y-ray and then p
shouid mot be arger than ¢ * 10~ 13 cm.

For the moment, however, | do not dare to publish anything on this
idea and I put to you, dear Radioactives, the question of what the situa-
tion would be if one such neutron were detected experimentally, if it
would have a penetrating power similar to, or about 10 times larger than,
a ‘y-ray.

I admit that on a first look my way out might seem to be unlikely, since
one would certainly have seen the neutrons by now if they existed. But
nothing ventured nothing gained, and the seriousness of the matter with
the continuous B-spectrum is illustrated by s quotation of my homored
predecessor in office, Mr. Debey, who recently told me in Brussels: “Oh,
it is best mot to think about it, like the new taxes.” Therefore one should
camestly discuss each way of salvation. - So, dear Radioactives, exam-
ine and judge it. — Unforiunately I cannot appear in Tdbingen personally,
since | am indispensable here in Zirich because of a ball on the night of
6/7 December. — With my best regards to you, and also to Mr. Back,
your humble servant,

W. Pauli
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Feasibility of using high-energy neutrines to study the
weak interactions

M. SCHWARTZ, 1960*

For many years, the question to how to investigate the behavior of the weak
interactions at high energies has been one of considerable interest. It is the
purpose of th:s note to show that experiments pointed in this direction, though
not quite feasible with presently existing equipment, are within the ca-
pabilities of present technology and should be possible within the next decade.

We propose the use of high-energy neutrinos as a probe to investigate the
weak interactions. | '

A natural source of high-energy neutrinos are high-energy pions. Such
pions will produce neutrinos whose laboratory energy will range with equal
probability from zero to 45 percent of the pion energy, and whose direction
will tend very much toward the pion direction. For example, 1-BeV/c pions
will emit neutrinos with an average energy of ~220 MeV in such a way that
~} of the neutrinos will fall within a cone of half-angle 7°. For orientation
purposes, the mean decay distance for such a pion would be 50 meters.

The best-known source of pions is a proton accelerator where the beam is
allowed to impinge on a target. Let us assume that we have available a 3-BeV
proton beam and 10,000 kilograms of material for sensing a neutrino interac-
tion. We may then estimate the proton flux necessary. to produce one interac-
tion per hour with a cross section of o cm?. To do this, let us consider the
simple setup shown in Fig. 1. Let / be the number of incident protons per unit
time, and let, sy, //10 charged pions with energy =2 BeV be produced at the
target. These pions emerge in a cone of about 45° half-angle, or in about 2
steradians of solid angle. We now let them travel for a distance of 10 meters
before hitting a 10-meter shielding wall in front of the detector. Approx-
imately 10 percent of the pions will decay with an average neutrino energy of
about 400 Mev. Each square centimeter of detector subtends a solid angle of

*M. Schwartz, Columbia University. Reprinted from Phys. Rev. Lent. (1960) Vol. 4, No. 6,
Pages 306-7. (Submitted February 23, 1960.)
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h
4. The anticipated branding ratio for u—»e + y should not differ appreciably
from 10°. The fact that the branching ratio was known to be less than
10°was then strong evidence for the two-neutrino hypothesis.

With these observations in mind the experiment became highly motivated
toward investigating the guestion of whether v,=V.. If there were only one
type of neutrino then the theory predicted that there should be equal
numbers of muons and electrons produced. If there were two types of
neutrinos then the production of electrons and muons should be different.
Indeed, if one followed the Lee-Yang argument for the absence of u—e+y
then the muon neutrino should produce no electrons at all.

We now come to the design of the experiment. The people involved in the
effort were Gordon Danby, Jean-Marc Gaillard, Konstantin Goulianos,
Nariman Mistry along with Leon Lederman, Jack Steinberger and myself.
The facility used to produce the pions was the newly completed Alternate
Gradient Synchrotron (A.G.S) at the Brookhaven National Laboratory.
Although the maximum energy of the accelerator was 30 GeV, it was necessary
to run it at 15 GeV in order to minimize the background from
energetic muons.

Pions were produced by means of collisions between the internal proton
beam and a beryllium target at the end of a 3-meter straight section (see
Figure 1). The detector was set at an angle of 7.5° to the proton direction
behind a 13.5-meter steel wall made of the deck-plates of a dismantled
cruiser. Additional concrete and lead were placed as shown.

To minimize the amount of cosmic ray background it was important to
minimize the fraction of time during which the beam was actually hitting the
target. Any so-called “events” which occurred outside of that window could
then be excluded as not being due to machine induced high energy radi-
ation. w6

The A.G.S. at 15 GeV operatgr at a repetition rate of one pulse per 1.2 seconds.
The beam RF structure consisted of 20 ns bursts every 220 ns.
The beam itself was deflected onto the target over the course of 20-30 ps
for each cycle of the machine. Thus, the target was actually being bombard-

ed for only 2 x 10°sec. for each second of real time.
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Figure 1. Plan view of the A.G.S. neutrino experiment.
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The 'ITwo-Neutrino Experiment

An account of the heroic experiment, involeing a 30-billion-volt

accelerator, @ 10-ton spark chamber and 45 feet of armor plate,

that demonstrated that there is not one kind of neutrino but two

elementary particle is scarcely

rews. Physics has been plagued by
what seems to be a sweit of particles for
some time, Within the past year, how-
ever, a particle has been discovered that
may have soived meore problems than
it has created. An experiment carried
out with the 30-billjion-election-volt ac-
celerator at the Brookhavem National
Laberatory has demonstrated that there
is not, as had been assumed, ene variety
of the particle known as the neutrino but
- two. When the Brookhaven accelerater
was being designed 10 vears ago, mawy
uses were conceived for it, but no one
dreamed that it would ever be emploved
to make neutrinos for experimental ob-
servation. Indeed, 10 years ago many in-
vestigators were still concerned with the
verification of the neutring’s existence.
The proof was ultimately supplied by
a long series of detailed experiments,
climaxed by the direct observation of
neutrino-induced reactions in 1956,

Neutrinos are the most impalpable of
particles. They have no electric charge,
no mass (or none that has yet been
measured) and (if it is assumed that
they are massless} they travel with the
speed of light. They are produced in
huge numbers by nuclear processes in-
side the sun and other stars. Those that
encounter the earth pass right through
it with ease. Only about one neutrino
in every 10 billion (10%*) passing
through the center of the earth is likely
to react with another particle. Obviously
a patticle that reacted with nothing
whatever could never be detected. It
would be a fietion. The neutrino is just
barely a fact.

Elementary particles reveal their pres-
ence by interacting in various ways.
Physicists speak of four fundamental
kinds of interaction {the modern term
for foree), which difier markedly in

[ 'These days the discovery of a new

60

by Leon M. Lederman

strength, The weakest is gravitation,
which is so weak that it becomes mani-
fest only when vast numbers of particles
are bound together to form a ponderable
body. In the atomic domain, therefore,
it can be ignored. In studving the be-
havior of elementary particles only three
forces need to be considered: “strong,”
electromagnetic and “weak.” The rela-
tive strengths of the three are roughly in
the ratio of 10%% to 10'¢ to 1. The
strong force 3s that which holds the
particles in the nucleus of the atom to-
gether and which is released in nuclear
fission and fusion. It has the further
property of generating reactions among
strongly interacting particles. These are
cataclysmic: no sooner are two such

particles within “reach” of the strong-

force than the reaction takes place. The
electromagnetic force is that which binds
electrons to the atomic nuclews and
which underlies all chemical and electric
phenomena. For our purposes it is im-
portant to note that fast-moving electri-
cally charged particles are slowed down
in matter by their continuous interaction
with atomic electrons. Weak forces are
responsible for the spontaneous decay of
unstable—radioactive—nuclei and of ele-
mentary particles. Here again to the
force or interaction must be attributed
the property of inducing transformations
among particles, It is believed that all
elementary particles are subject to weak-
force interactions, although the effects
are often obscured by the strong and
electromagnetic forces,

All this can be expressed another way
by classifying particles according to the
interactions in which they can take part.
In the present discussion we shall be
concerned only with six particles: the
proton, pion, neutron, electron, muon
and neutrino [seé illustration on page
62]. Proton and pion take part in all
three interactions: strong, electromag-

netic and weak, The neutron, being
electsically neutral, has only very subtl
electromagnetic properties, but it is in.
volved, in hoth streng and weak inter
actions. Physicists often refer to the three
particles—-proten, pion and neutron--s
“stronglies.” The other three—electron,
muon and neutrino—are “weaklies,” The
neutrino, alone among particles, has cnly
weak force. Each of the six particles has
a corresponding antiparticle, with an
identical set of forces.

One of the earliest {orms of nuclex
instability to be investigated was that
known as beta decay. This is the spon-
taneous emission of an electron (or ity
antiparticle, a positron) from an un
stable atomic nucleus. When the ener
gies of the emitted electrons were firs
measured in the 1920’s, the results were
baffling. It was expected that all the
electrons emitted from one kind of nu
cleus would have the same energy. In-
stead they had a wide spectrum of ener
gies, ranging downward from some
maximum value. How to account for the
missing energy?

With deep insight and considerable
daring Wolfgang Pauli of Austria sug
gested in 1931 that the missing energy
was being carried off by an undetected
particle. The name “neutrino” was soon
supplied by Enrico Fermi. Perceiving
that the rate of beta decay was enor
mously slow compared with the rate of
other nuclear reactions, Fermi postw
lated that it represented a new force and
developed a theory to describe it. The
simplest beta-decay reaction involves the
free neutron. Upon ejection from an
atomic nucleus the neutron decays spon
taneously, yielding a proton and an ele¢
tron. Again there was missing energy t
be accounted for and it was also assign
to the neutrino, or, to be precise, the
antineutrino.

Fermi's theory predicted that it shovlé

king
et;
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Bruno Pontecorvo 1913-1993.
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Bruno Pontecorvo 1913-1993

Academician Bruno Pontecorvo, one
of the outstanding physicists of our
times, died on 24 September 1993 at
the age of 80. He was born on 22
August 1913 in Pisa, ltaly. As a
student he was noticed by Enrico
Fermi and admitted to his world-
famous group in 1933, where he
participated in the classical investiga-
tions of slow neutrons which paved
the way for practical appiications of
nuclear power.

In 1936 Pontecorvo joined Joliot-
Curie’s group in Paris, again partici-
pating in research which laid a
foundation for modern nuclear
physics, and making significant
discoveries of his own. From 1940-

devised and introduced a neutron
logging technique which is still used
in oil prospecting. Then he worked in
Canada, the UK (Harwell), and in
1950 moved to the Soviet Union,
immediately joining the research at
the world’s then most powerful
synchrocyclotron, which had just
been put into operation at Dubna.
Pontecorvo had an impressive
ability to generate profound ideas
and show how they could be applied.
From the middle 1940s he concen-
trated on weak interaction physics,
especially neutrinos. In 1946, while

@ still at Chalk River, he proposed the

chlorine-argon method for radio-
chemical detection of neutrinos which
went on to become a powerful tool in
the discovery and subsequent study
of solar particles.

0 In 1947, following the discovery of

the muon, he proposed the idea of a
‘universal’ weak interaction for
electrons and muons. Ten years
later. when he was in residence in

his idea to look for muon neutrinos.
42 he worked in the USA, where he .Th;‘s involved using high energy

accelerators to produce pions, which
decay predominantly into muons and
neutrinos, and so obtain an artificial
beam of high energy neutrinos. This
led to the classic experiment at
Brookhaven by Leon Lederman, Jack
Steinberger and Mel Schwartz which
showed that such accelerator-
produced neutrinos gave muons
rather than electrons. Pontecorvo’s
suggestions were acknowledged
when t}-2 trio received their 1988
Nobel physics prize. Later came a

@ third major Pontecorvo neutrino

suggestion, the idea of oscillations.
He was also an influential personal-
ity and teacher. For some 20 years
he headed the elementary particle
physics section at Moscow State
University. His presence during
discussions of new ideas or results
created fertile ground for new re-
search challenges. Especially signifi-
cant was his fruitful contribution to
the creative atmosphere and devel-
opment of research fields at the Joint
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ed TOF DY LmE wse ~pewee woos -
tne one -pion-exchange model is valid,
ce rather strict limits on the angulay
of the KK system. Since the G parity
stem is even, we have'’ G = (-1)~"

. L is the angular momentum of the

and I is the isotopic spin. The data
then s_gggest the low=-energy cross

ar - KK is ~2 mb for 1=0, L=0K

.0.6 mb for [=1, L=1K pairs. Both
ions drop to low values for energies of
r more above threshold for the AR sys-

ymples of K*K~ production {reaction
«ed in this experiment were not inciuded
going analysis. The signature of these
i charged K™ decay, which is sensitive
omentum spectrum. Additional bias

¢ from the difficulty in distinguishing
ese events from L¥ decays. Inour
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OF TWO KINDS OF NEUTRINOS®
K. Goulianos, L. M. Lederman, N. Mistry,
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.ourse of an experiment at the Brook-
iS, we have observed the interaction
nergy neutrinos with matter, These
} were produced primarily as the result
cay of the piomn:
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purpose of this Letter to report some of
1ts of this experiment including (1) dem-
on that the neutrinos we have used pro-

‘ew York, New york and By
{ Received June 15, 1962

sokhaven National Laboratory, Upton, New York

duce p mesons but do not produce electrons, &
hence are very likely different from the neutrir
involved in 8 decay and (2) approximate cross
sections. '

Behavior of cross section as a function of en
ergy. The Fermi theory of weak interactions
which works well at low energies implies a cr¢
section for weak interactions which increases
phase space. Calculation indicates that weak i
teracting cross sections should be in the neigh
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CURIOUSLY, \HE DID Wwhs To MRow Awny
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THE NET RESULT OF THESE (S THAT,
IN RS, RONTECOR/O FRORRES TO APDEESS
THE RIGHT QUESTION, Vs <), RUT

WTH A HOPELESS TECHNIQUE AIDED &Y
AN [WTERCSTUE ERROR AVD  SCHWARTR

ADDRESS A FPORLEM THAT DoOBSN'T GET
SOLVED ONTIL 482 AND CARLO FIdD THE
W.  HOWEER SCHWARTZ  PEOREAL IS
THE R\GHT EXPERIMEWT 7o Sk THE
Vo7 Ve PROBIEM LEADIWG TO THE HUGE

BeT\ATY IV NEUTRINO PriSICS,

RUT BRUNO POUTECORVO (S NOT-
ANSHED WTH HS CAUTRIBUTIONS — W (9677
HE PRORSES NEUTRINGO OSULLATIONS,
0E RELATES A AINVTE NEUTRINO MAKS®
T CP- NOW KESERUATION AND D\XUSSES
ASTRONIWICAL  (MPU CATION €.

ToE REST \S HhSTORY.
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