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RESUME

Un groupe de scientifiques canadiens, en collaboration avec des
collègues américains et britanniques, propose d'établir un laboratoire de
classe Internationale dans la pine de Creighton d'INCO. Ce laboratoire
servirait à l'étude des neutrinos du soleil et autres objets astrophyslques
pour nous permettre de mieux comprendre Ie3 processus physiques qui régissent
les propriétés des étoiles ainsi ^ue les propriétés fondamentales de la
matière.

Ce même laboratoire tirerait profit de deux ressources canadiennes
uniques, e'est-à-dire l'accès à l'une des mines les plus profondes de
l'hémisphère occidental et le surplus provisoire d'eau lourde du Canada.



THE SUDBURY NEUTRINO OBSERVATORY

A group of Canadian scientists, in collaboration with colleagues

from the United States and England, proposes to establish a world class

laboratory in INCO's Creighton Mine. The laboratory would be dedicated

to the study of neutrinos from the sun and other astrophysical objects to

advance our understanding of the physical processes which govern the

properties of stars, as well as our understanding of the fundamental

properties of matter.

The laboratory would capitalize on two unique Canadian resources,

i.e. access to one of the deepest mines in the western hemisphere and

Canada's temporary surplus of heavy water.

The Universe

According to present scientific thinking, the universe we now

observe evolved from a violent explosion which occurred about fifteen

billion years ago - The Big Bang. This model is consistent with the

gross features of the universe we observe - its expanding state, its

uniformity, and most importantly with the microwave background radiation

which pervades the universe as a remnant of the explosion.

Immediately after the Dig Bang, all of the matter and energy of the

universe was concentrated in a confined space under extremes of

temperature which stretch the imagination. Matter appeared in exotic

forms, which we can now view fleetingly using particle accelerators, and

the fundamental forces of nature were in all probability quite different

from those we now observe in our cold universe. As the expansion

proceeded and the temperature fell, the forms of matter we are familiar

with appeared. Under the influence of gravity, matter collected into

clouds of gas, and sometimes into massive objects such as stars and

galaxies. The massive objects themselves evolved, sometimes self-

destructing and leaving in their wake dust and gas as raw material for

the formation of another generation of stars and more exotic forms of

matter such as neutron stars or black holes. The February 23, 1987 Type

II supernova In a nearby galaxy is an example of such an explosion.
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The Sun

The sun is four or five hillion years old and has been formed by the

mutual gravitational attraction of recycled material, remnants of the Big

Bang and the fiery death of previous stars or supernovae. As gravity

forced the constituent particles to occupy an ever*»shrlnklng region of

space, the mixture became hotter and hotter, the particles collided with

one another with increasing violence fetid increasing frequency, until the

hydrogen nuclei (protons) became energetic enough to sustain a series of

fusion reactions in the central region. The energy produced by these

reactions, propagating outwards, generated forces to counteract the

tendency towards further shrinking under gravity. A state of equilibrium

was reached wherein the size and temperature o£ the Bun, and the energy

I t radiates, are maintained at a steady level.

In nstrophyslcal terms, the sun is not a terribly remarkable star.

It Is made remarkable only because we are \mong its by-products. It

plays a special role In defining our understanding of stars because It is

nearby and therefore uniquely accessible to measurement and observation.

I t is the natural testing ground for theories of stellar evolution.

Sophisticated mathematical theories of stellar evolution have existed for

decades and make deElnite predictions of the properties of the sun which

follow from the laws of physi.cs. During the last two decades, a neutrino

experiment located in the Homes take Mine In South Dakota has raised

fundamental questions about the quality of our understanding of stellar

processes.

Neutriaos

Neutrinos are magical particles. As far as we can te l l , they have

no mass so they travel at the speed of light. They carry no electric

charge, they have no size, but they spin around the axis defined by the

direction of their motion. As a result of these properties, or more

properly of their lack of properties, neutrinos hardly interact with

matter at a l l . The neutrino 1P also unique In that i t interacts only

through the so-called Weak Interaction, which is not only weak but active

only between consenting particles which come within a range of about a

millionth of an atomic diameter. Three different types of neutrino have
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been Identified and these are known as the electron-, rouon-, or

taon-neutrlnos. The fusion furnace at the centre of the sun produces

lots of neutrinos which fly out in all directions, including towards

earth. In fact, more than 10 solar neutrinos pass through our bodies

every second. As matter is largely Invisible to them, they carry

undlstorted Information about their birth In the solar interior and about

physical conditions there. As they travel at the speed of light the

information they carry is only about ten minutes old when they reach the

earth. All other forms of energy generated in the solar core take about

a million years to reach the solar surface and from there the earth.

Detecting Neutrinos

Since the 196O's, the Horaestake Mine experiment has been detecting

neutrinos In an enormous (3.8 X 10 l i t res) vat of cleaning fluid

containing chlorine. The neutrinos interact with chlorlne-37 atoms to

produce argon-37, which is an inert gas. The vat is purged to look for

argon periodically. Each argon atom that is found corresponds to the

successful detection of a neutrino since the last purging. The

experiment has uncovered only a half to a third of the expected number of

neutrinos, based on theoretical predictions, i . e . 14 per month rather

than 45.

This result hao puzzled physicists for over a decade as the

experiment has accumulated more and more data. The problem could rest in

several areas and many experiments and calculations have been carried out

to check the validity o(! Input data for the calculations, and the

calculations themselves. There have been three broad areas of concern.

t)o we understand properly the features of the nuclear fusion furnace? Do

we understand the energy transport processes In the sun and i ts

temperature profile'; Is there something unexpected related to the

neutrinos themselves? With respect to the final question, there exist

exciting possibilities which are under debate at present. If neutrinos

In fact posac-si; A ;;m.ill mass (e.g. 10~8 times the electron mass), then

they would also take on a split personality, such that on their way

through the sun some might undergo a personality change, with the result

that two or more different types of neutrino would arrive at the earth,
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i.e. the electron-neutrino originating in the solar core could change

into rauon- or tau-neutrinos during their passage through the high

electron densities in the sun. Since the Homestake experiment is only

sensitive to electron-neutrinos, its "low" result could be explained in

terms of these so-called neutrino oscillations. The question is made

even more interesting inasmuch as the presence of massive neutrinos (say

10"^ times the electron mass) might mean that there is sufficient mass

in the universe for gravity to reverse the present expansion and force

the universe into a contraction mode, perhaps in the direction of

repeating the Big Bang. At the heart of all of these questions is our

understanding of the basic forces of nature. A neutrino mass is

consistent with grand unification theories which attempt to unify

nature's forces into a super force. Experimental evidence of a neutrino

mass could be the first proof of the reality of Grand Unification

Theories or GUTS.

THE CANADIAN SOLUTION

From its surface, the sun emits electromagnetic radiation whose

wavelength extends over a broad spectrum. In other words, the energy of

the radiation and its intensity are broad. Our eyes are sensitive only

to a narrow range of energies and to a limited range of intensities

(brightnesses) - the part we call visible light. Similarly, the

neutrinos are emitted with a broad range of energies and intensities. An

ideal neutrino detector (eye) should permit the determination of the

energy of each neutrino detected, so that the energy spectrum can be

constructed from all events. The main shortcomings of the Homestake

experiment lie in its inability to determine the energy of the neutrinos,

their time of arrival ar. the detector and their direction.

Heavy Water Detector

A heavy water detector can overcome all of these shortcomings.

Heavy water Is the same as ordinary water, except that the two hydrogen

atoms in the water molecule are heavy hydrogen or deuterium which makes

it 10% heavier. Heavy water occurs naturally but only at the level of

approximately .015% of ordinary water. For that reason, pure heavy water
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is expensive. Since it is chemically identical to ordinary water, it is

difficult to separate from water. It is primarily used as the moderator

in CANDU nuclear reactors. The heavy water for the SNO project must have

a very low level of radioactivity. Only unused DjO is suitable, that is

D2O stockpiled by AECL for future CANDU reactor sales.

Our interest in heavy water lies in the fact that deuterium can be

used as a neutrino detector. When neutrinos interact with the deuterium

nucleus - the deuteron - two things of interest can happen. In the most

straightforward case, an energetic electron is produced whose energy can

be measured- From that measurement, the energy of the neutrino and its

direction may be determined. In the second case, the deuteron is broken

up into a proton and a neutron. The neutron can be detected indirectly

when it is captured by another deuteron with the emission of a gamma ray,

which transfers its energy to an atomic electron. This second process Is

insensitive to the neutrino's energy but it is sensitive to all neutrinos

independently of their type. The complete experiment would provide

direct evidence of the existence of neutrino oscillations and thereby

indirect evidence for a neutrino mass and, in addition, provide the most

exacting test of our understanding of the sun ever carried out.

The electrons produced in the DjO by the incoming neutrinos travel

faster than the speed of light in D2O, resulting in the emission of

light. This Cerenkov light is the same blue glow observed in water pools

used to store used nuclear reactor fuel bundles which also emit fast

electrons or beta particles. The light produced in the D2O passes

through the transparent acrylic walls and is detected by an array of

2 000 photomultiplier tubes (PMTs) surrounding the D2O vessel. These

PMTs are sensitive light detectors and their signals tell us the time of

arrival of the neutrino, the direction from which the neutrino came and

its energy.

Why Sudbury?

The rarity of neutrino events in any conceivable detector (10 per

day in 1000 tons of D2O) places very severe constraints on the levels of
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radioactivity which can be tolerated In the environment of the detector.

On the surface of the earth, the radioactivity arising from cosmic rays

would completely obscure the neutrino signals from the detector. By

mounting the experiment at the 6800 feet level in the Creighton Mine, we

can use the overburden as a shield against cosmic rays, reducing their

effect about a million times. Even so the radioactivity of the

environment remains cxucial if we are to identify the ten or so events

per day which arise from solar neutrinos. Much effort has already gone

into determining the radioactive background produced by the norite rock

in which the laboratory will be sited. As the detailed detector design

proceeds, all components will have to be tested as potential sources of

background. Intense efforts to shield the detector agr.inst the natural

radioactivity of the surrounding norite are also necessary. Our aim,

quite simply, is to create the lowest background area on earth by

improving where we can on what nature and INCO have created under

Sudbury.

The attached drawings show the Homestake chlorine detector, the

proposed location of the underground neutrino observatory in the

Creighton mine and a schematic view of the detector, based on 1.000 tonnes

of heavy water.

Present Status of the Project

INCO is presently driving an access d r i f t into the nor i t e . At the

end of the dr i f t , geotechnical tests will determine the feasibi l i ty of

excavating a 30 metre deep, 20 metre diameter chamber to house the

detector. In paral lel , the scientific groups involved are investigating

a l l engineering and design aspects of the project. I t is anticipated

that, given geotechnical feasibil i ty, the final proposal for funding

should go forward to government (Federal, Provincial; U.S.; U.K..) by late

1987. Federal approval for use of the surplus heavy water has been

obtained subject to certain constraints. The capital cost of the project

cannot be defined until the engineering and geotechnlcal studies are

completed, but barring unforeseen factors, i t should l ie in the region of

fifteen million dol lars .
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