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Section I.

Introduction

Our present knowledge of the sun, the stars and the more distant
galaxies of the universe has come from
radiation.

studies of their electromagnetic

However, many of the most interesting processes take place in

regions completely inaccessible to electromagnetic probes. Neutrinos, except
for the difficulty in their detection, offer a much more natural way to
observe the many astrophysical processes that involve nuclear reactions.
They carry, in their spectra, detailed information on the reactions taking
place deep in the stellar interior where

energy is generated.

They also offer

us the chance to study the sources of the most violent events in galaxies the supernova explosions - by looking at the inner collapsing core as
a neutron star or black hole is formed.

Not only is the neutrino a valuable

astrophysical probe but a knowledge of its properties is crucial to theories
of grand unification.
mixed states?

Are neutrinos massive?

Are physical neutrinos pure or

These are some of the areas of physics that we propose to

address by building a unique neutrino observatory.
The detector for such an observatory must be large and well shielded
against natural backgrounds to achieve good sensitivity.
material for the detector is heavy water (D 2 0).

An excellent target

We propose to construct

a Cerenkov detector using 1000 tonnes of D20 and locate it 2070 m below the
earth's surface in an INCO mine at Creighton near Sudbury.
of such a detector will make it a unique facility.

The capabilities

A preliminary report on

this proposal was presented at Underground Physics 85.'
The primary objective of this laboratory will be to study 8B electron
neutrinos from the sun by a direct counting method that will measure their

energy and direction.
types.

The detector will also be sensitive to all neutrino

Therefore it will measure the *B solar neutrino production rate inde-

pendently of whether or not the electron neutrino changes into other neutrino
species.

Consequently this measurement will provide a quantitative test of the

theory of energy generation in the sun, which is essential to understanding
stellar evolution and the formation of elements by nucleosynthesis.

Results

of the only experiment to date2 suggest that the *B electron neutrino flux is
1/3 the calculated value.

This "solar neutrino problem" has led to many

possible explanations in terms of non-standard solar models or unknown neutrino properties and some suggestions for new experiments.
S7

The radio-chemical

Cl/37Ar experiment2 measures the event rate induced by electron neutrinos

with energies more than 0.811 MeV but gives no information on the energy
spectrum or the direction of these neutrinos.
The second major objective of the Da0 detector will be to establish
if electron neutrinos change into other neutrino species in transit from Sun
to Earth.

This question is vitally important to our understanding of elemen-

tary particle physics.

Because of the very long flight path, the proposed

detector will be significantly more sensitive to neutrino oscillation
parameters than accelerator or reactor based neutrino oscillation experiments.
The observation of neutrino oscillations would indicate a non-zero mass for
neutrinos.
It would be very exciting to observe a supernova with the proposed
detector.

The unique properties of the detector - its high sensitivity to

electron neutrinos and its ability to detect all other types of neutrinos of
energy greater than 2.2 MeV - would make it a most valuable source of
information on such events.

Any such collapse within our galaxy or the

Magellanic clouds would be detected.

However the rate of such events is

estimatea to be only one in ten years.
In any new field it is only possible to discuss potential discoveries
based on our existing models.

Each new pro&e of the universe from radio

astronomy to gamma ray astronomy has produced exciting unexpected results
which have greatly expanded our knowledge.

As outlined above there are

several important measurements that can be made in a neutrino observatory but
even after many years of effort neutrino astronomy remains a largely unexplored field and major surprises can be expected.

The major underground

laboratories have recognized the promise of this area and have incorporated
experiments to study neutrinos (mostly at high energy) as part of their
scientific program.

The unique features of the Sudbury Neutrino Observatory

with its high sensitivity to lower energy neutrinos of all types will make
it a leader in this new and extremely exciting field of research.
In section II of this proposal we discuss the major physics objectives in more detail and make brief comments on other physics which could be
possible with our detector.

In section III we discuss a conceptual design for

the detector and present the measurements and calculations which establish the
feasibility of the solar neutrino and gravitational collapse neutrino experiments.

The new method proposed for a direct measurement of the total solar

neutrino flux and of neutrino oscillations depends critically on achieving
extremely low thorium concentrations in the detector materials. We are
continuing to investigate advanced techniques to establish these levels. In
section IV we discuss a possible location for the laboratory and in section V
briefly indicate the main areas to be studied in Phase II of the aesign study.
Details of some of the measurements required to support our conclusion are
included as appendices.
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Section II. Physics Objective

II.1.

Solar Neutrinos

The Standard Solar Model
It is widely accepted that fusion of light nuclei produces the immense amount of energy radiated by stars and synthesizes most of the light
elements in the Universe.

Since the nuclear furnaces are deep within the

stellar interior, it is extremely difficult to provide unambiguous
experimental verification of the important physical processes there. The sun,
the only star with accurately determined radius, mass, surface temperature,
surface luminosity and surface elemental abundances1, and a reliable estimate
of age, offers a unique opportunity to test the basic principles in our
understanding of stellar evolution.

The solar core is believed to be in the

'hydrogen burning' phase2, a sequence of nuclear reactions which converts four
hydrogen nuclei into a helium nucleus, two positrons and two neutrinos with
the release of 26.7 MeV of energy.

The neutrinos escape through the outer

cooler regions of the sun, with detailed information of the solar interior
encoded in their energy spectra.
The standard solar model3 assumes that energy is generated by
•hydrogen burning', that the sun is a spherically symmetric plasma in
hydrostatic equilibrium maintained by a balance of the gravitational force
against the pressure gradient, and that the energy is transported from the
core to the surface by radiation and convection.

At each point, the pressure,

density and temperature are related through an equation of state which is
similar to that for an ideal gas, with corrections for radiation pressure and
incomplete ionization.

A large number of input parameters such as opacity,

I
I
I

initial elemental abundances and nuclear reaction cross-sections are needed in
the calculation.

What emerges from this is a dynamic evolving sun which,

after i|.6x109 years, must have all the known features of our present-day sun.

I

The standard solar model predicts that more than 98? of the energy is
generated by a series of reactions collectively called the 'proton-proton1

•

chain2.

m

ratios are taken from Bahcall et al 3 , modified to include changes due to a

The competing branches are shown in figure II. 1. The branching

recent evaluation of the nuclear parameters"»s.
•

The neutrino spectrum predicted

by the standard solar model is shown in figure II.2. The reaction rates of
competing branches (hence the neutrino spectral shape) depend strongly on the

I
1

production rate. The total solar neutrino flux, <f>, can be estimated from

m

where L, the solar luminosity, is 3.86x1033 erg s~'; R, the radius of the

central core temperature.
The solar luminosity provides a severe constraint on the neutrino

earth's orbit, is 1.5x1013 cm;

and Q is the average energy deposited within

•

the solar core per fusion.

This average energy is « 26 MeV independent of

I

model details. Thus the solar neutrino flux on earth is estimated to be

•

6.6x1010 cm~ 2 s~ 1 .

A reliable experiment which confirms this estimate would

give strong support to the premise that fusion of hydrogen nuclei powers the
sun.

It would also impose severe constraints on neutrino oscillation and

decay parameters.

To deduce more information about the solar furnace, neu-

trino spectroscopy is required.

p + p * 2H + e + + v

+ 0 . 4 2 MeV

p + e~ +p -» 2 H + v

99.75?,

0.25?

2

86?
3

+ 1 .44 MeV

f

K + p •» 3 He + y + 5.49 MeV

I

11

He + 3 He -» a + 2p + 12.86 MeV

3

He + a •> 7 Be +Y + 1.59 MeV

Q - 26.2 MeV

99.89?
7

I

Be + e~ •+ 7 Li + Y + v

7

+ 0.8617 MeV

Li + p + a + a + 17-35 MeV

7

I-'

Be + p -» "B + Y + 0.14 MeV

"B •+ "Be + e

+-vg + 14.6 MeV

Q - 25.7 MeV
"Be -> a + a + 3 Mev
Q - 19.1 MeV

Figure II.1. Nuclear reactions in the p-p chain. The branching ratios are
deduced from standard solar model calculations by Bahcall et al 3 .
The local energy deposition, Q, varies from 19.1 MeV to 26.2 MeV
because of the energies carried away by neutrinos in different
branches.
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The Solar Neutrino Problem
Only one experiment with the requisite sensitivity to solar neutrinos
has been carried out to date. This is the chlorine/argon radiochemical
experiment of Davis et al' which has been operating at the Homestake Mine in
Lead, South Dakota since 1968. The detector contains 2.2x1030 atoms of

37

C!

which Is mainly sensitive to neutrinos above 0.82 MeV, the threshold for the
s7

C£(v ,e)37Ar reaction.

The standard solar model predicts that the flux on

earth of *B neutrinos is about 4x10* cm~2s~' but this flux and hence the
production rate is sensitive to model parameters.
predicts" a

37

5.8±2.2 SNU.

Ar

The standard solar model

Ar production rate of 1.1+0.4 atoms day"1 (this corresponds to
One SNU, which stands for solar neutrino unit, is 1 neutrino

capture per 10 36 target, atoms per second), with more than 75* of the
produced by *B neutrinos.
The measured

37

37

37

Ar

The quoted uncertainty is an effective 3o limit.

Ar production rate7 above the known background is 0.38+0.05

atoms day'1, much lower than expected.

In fact the experimental result ±s

consistent with a total absence of 'B solar neutrinos. This discrepancy casts
serious doubts on our understanding either of solar or nuclear physics;

it

challenges the legitimacy of the concepts of nuclear astrophysics and the
theory of stellar evolution, and may have profound implications in elementary
particles physics suggesting that neutrinos oscillate or decay.
A simple explanation would be that the efficiency of the
detector has been overestimated;

37

Ci

it has not been measured experimentally.

However, the radiochemical extraction procedure has been tested and the possibility of ion trapping8 has been investigated9.
cross-section in

The BB neutrino capture

37

Cl deduced from 8 decay matrix elements obtained from

recent (p,n) measurements'" is in good agreement with the corresponding

value 11 estimated from delayed proton emission in

37

Ca.

Thus it is unlikely

that the discrepancy can be due to unknown properties of the detector system.
Another- possibility is to modify the input parameters in the standard
solar model to reduce the

a

B production rate without substantially altering

the basic physics in the calculations.

This could be achieved either by

reducing the extrapolated cross-sections"»'3 for the 3He+a-»73e+Y or
7

Be+p-*8B+"i reactions, or by lowering the predicted core temperature.

The core

temperature could be lowered 3 ' 11 by decreasing the opacity of the sun's
interior to increase the energy transport efficiency or by increasing the
calculated p*p*d+e +v

reaction rate.

investigated extensively.

These alternatives have been

The variations in standard solar model neutrino

fluxes due to uncertainties in these parameters have been discussed 3 " 12 .
A large number of non-standard models have been proposed to solve the
solar neutrino problem by lowering the temperature or altering the composition
of the core without affecting the surface luminosity.

This can be achieved

by convective mixing"*, low he^vy element concentration'", a strong magnetic
field 1 s » 1 6 or a rapidly rotating core 1 7 .
Non-steady state models can lower the energy production r;ite in the
core on a short time scale without affecting the surface luminosity which can
only change on a radiation diffusion time scale (Kelvin-Helmholtz time - 3x1C 7
years).

This can be caused by thermal instability 18 , periodic mixing

of the solar core'"> 19 or extinguishing the core*20.
to test.

Such models will be difficult

The only practical approach to monitoring the solar neutrino flux over

millions of years is the geo-chemicai technique* 1 .
Other r.on-st:-indard nuclear effects suggested to suppress the

3

B

production rate include magnetic monopole induced proton c>.cay2", black
hole 2 5 , finite magnetic moment for neutrinos 26 , exotic nuclei 27 and quark
catalysis 28 .

10
Of particular interest is the possibility that the standard solar
model is right, but that the electron neutrinos have either decayed22 or
changed to another type23 (neutrino oscillations).

This will be discussed in

more detail below in section II.2.
This list of published suggestions is by no means complete.

It does

indicate the interest generated by the solar neutrino problem and the range
of effort being made to solve it. Most of the proposed non-standard models
introduce difficult new problems and none has been generally accepted.

Others

involve highly speculative properties of nuclei, neutrinos and/or exotic
particles.

The Heavy Water Experiment
The pioneering work of Davis et al s was designed to detect solar
neutrinos.

Investigations of backgrounds have been extensive, but the pos-

sibility of unexpected sources of background cannot be ruled out.

The lack of

directional information and of an energy spectrum prevents one from claiming
with certainty that the

37

Ar nuclei are produced by solar neutrinos. This

uncertainty exists for present radiochemical and geo-chemical experiments,
which can only measure the integrated neutrino flux.
suggested that the

37

In fact it has been

Ar production rate in the Homestake experiment may be

anti-correlated with sun spot activity and affected by solar flares and cosmic
rays7.

Figure II.3a shows the yearly average results for the

37

Ar production

rate superposed on the inverted monthly mean sun spot activity7.

While the

statistical accuracy is poor, there seems to be an anti-correlation.
II.3b shows the

37

Figure

Ar production rate as a function of the intensity29 of

cosmic ray protons in the energy range 0.1-5.8 GeV. The evidence of a correlation is suggestive, but not convincing.

Only direct counting experiments,

11
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with reasonable energy resolution, directional information and event rates,
can resolve this question.

The one kilotonne heavy water (D20) Cerenkov

detector being proposed will provide a definitive measurement of the 8 B
neutrino flux from the sun.
Electron

neutrinos are detected by measuring Cerenkov light emitted

by the recoiling electron produced by the inverse 6 decay reaction
v

+ d - p + p + e" - 1 .144 MeV

Since the proton is much heavier than the electron, the recoil energy of the
electron is (E

- 1.44) MeV. The detector will be operated with an energy

threshold below 7 MeV and an energy resolution, AE/E, of better than 20*.
Thus it can be used to measure the upper part of the BB solar neutrino energy
spectrum.

Neutrino events with more than 14 MeV of energy will also be

detected and this information will provide valuable clues in interpreting
data from radiochemical experiments which can not measure the neutrino energy
distribution.
The directional characteristic of the inverse 6 reaction results from
the Gamow-Teller (axial vector) matrix element30.

The direction of the

incident neutrino flux can be deduced from the reconstructed electron recoil
directions with a sensitivity which depends on the neutrino signal and
background event rates, and will be discussed in more detail below in section
III.3.

The directional information not only correlates the detected neutrino

flux with the location of the sun, but also locates other possible neutrino
sources in our galaxy.
The D20 detector contains 6x1031 atoms of deuterium.

The neutrino

inverse 6-decay cross-section, averaged over the 8B neutrino spectrum31, is
i^xiO'1*2 cm2.

With a threshold of 7 MeV, the detection efficiency is estimated

to be 705. The 8B solar neutrino flux is not well known.

The lower limit is

14
consistent with zero.

One approach is to scale the standard solar model °B

solar neutrino flux by the ratio of calculated and measured
rates.

37

Ar production

This would give a •B neutrino flux of 1.4x10* cm" 2 s~ l .

of 1.9x10* cm"as~l is deduced by assuming that all the observed

An upper limit
37

Ar

production rate is from *B neutrinos. With this upper limit, the event rate
in the kilotonne D20 detector from v

+ d * p + p + e

would be

N - exiO^'d.SxiO"* 2 cma)«(1 .9x10* cm^s""1) -0.7«(8.64x10" s d"1)
- 8.3 <T l .
This total is roughly 40 times the detected rate in the

37

Cl experiment. The

improvement comes mainly from an increase in the number of target atoms.
Neutrinos are also detected by the different neutrino electron elastic
scattering reactions:
v,+ e

* v

+ e , and

v

+ v

+ e .

u

+ e

v

These elastic scattering reactions have been observed and the respective cross
sections have been measured.

These reactions have an excellent directional

signature for "B neutrinos, as well as being sensitive to other types of
neutrinos, though at a lower level. With a *B flux of 1.9x106 cm 2 s l~ the
event rate in a 1000 tonne water detector from the v + e
e

•• v + e
e

reaction

would be about 0.6 events d~l.
In the D 2 0 detector, if neutron backgrounds can be reduced sufficiently,
neutrinos can also be detected by neutrino disintegration of the deuteron,
v + d + v + p + n ,
a neutral current reaction, followed by capture of the neutron by another
deuteron to produce a 6.25 MeV gamma ray. The cross section for this neutral
current reaction is independent of neutrino type so that it can be used as a
monitor of the total neutrino flux even if neutrinos oscillate.

Thus the

I
I
•

standard solar model can be tested independently of whether neutrinos oscil-

•

late. The standard solar model gives a rate in the D20 detector of 14 neutrons per day.

•

Details of this neutral current process and the possibility to

•

search for neutrino oscillations are given in section II.2.
The D20 detector will measure the total neutrino flux and provide v
energy and directional information which can be correlated with other

•

phenomena.

With reliable detection efficiencies based on measured cross

sections, the 8 B solar neutrino flux can be determined by the three detection

I
I
I

reactions and tight constraints can be set on solar model calculations.

Other Solar Neutrino Detectors
Since 1968 when the discrepancy between predicted and measured

37

Ar

production rates was first reported6, there have been numerous re-evaluations
•

of the many different parameters in the standard solar model.

Now we believe

that this problem may indicate faults in the physics of either the standard
•

solar model or the neutrinos.

The general consensus is that it is necessary

B

to develop one or more solar neutrino experiments to provide convincing
evidence for the observation of solar neutrinos and to measure their energy

I

distribution.

Table II.1 lists some of the commonly discussed experiments and

the predicted event rates based on the standard solar model3 and estimated
•

I
I
I
I
I

neutrino capture cross-sections.
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Table II.1
Some possible solar neutrino experiments
Experiment

Type

Capture rate (SNU . per 1 0 3 6atoms s" 1 )

Based on standard model calculations
pp+pep
a

7

Be

•B

" N + ls0

direct counting

0.0

0.0

4.8

0.0

C£(v,e) 3 7 Ar

radio-chemical

0.24

0.95

4.3

0.32

7I

Ga(v,e) 7 »Ge

radio-chemical

72.7

27.0

1.1

6.1

§1

Br(v,e) t l Kr

radio-chemical

1.2

10.6

1.6

2.6

97

Mo(v,e) 9 7 Tc*

geo-chemical

98

Mo(v,e) 9 "Tc*

geo-chemical

H(v,e)pp

S7

lls

20S

In(v,e) s l s Sn

direct counting

TJl(v,e) 20S Pb*

geo-chemical

v-e scattering

direct counting

2

direct counting

H(v,v)np

-10

542

125

3.4

28.5

-0.3

0

0

2.4

0

*
The neutrino capture cross-sections cannot be calculated reliably for
these reactions.
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The " s I n and

7l

Ga experiments are sensitive to the high flux of

low energy pp and pep neutrinos. They will test the basic assumption that
hydrogen fusion is the source of solar energy, independent of the details of
the model used.
v

The
+

lls

lls

In detector32 is based on the reaction

In *

xls

Sn + e" + 2Y.

The electron and the two photons are detected in prompt or delayed coincidence.
In principle, the detector can measure the initial neutrino energy.
designs utilizing superconducting properties of
investigation33.

ll5

New

In are under active

At present it is difficult to anticipate the scientific and

economic feasibility of these detectors. The

71

Ga experiment is well

developed3" and the Soviet Union is proceeding with a 50 tonne experiment.
Also proposals to build 30 tonne Ga detectors have been submitted to funding
agencies in Germany and the United States.

If the capture rate in

71

Ga is

higher than 80 SNU, it will confirm that hydrogen fusion is the energy source
and set important limits on the parameters for neutrino instability and oscillation.

However it may be necessary to use the correlation of event rate with

eccentricity1 of the earth's orbit to provide convincing evidence that
produced by neutrinos from the sun.

71

Ge is

If the capture rate is lower than 30 SNU,

it will be difficult to differentiate between a non-steady state sun, neutrino
decay and/or neutrino oscillations.
The

8l

Br experiment is mainly sensitive to 7Be neutrinos. The

counting technique for the long lived

al

Kr nuclei by resonance ionization

spectroscopy is presently being developed35.

Since *lKr is detected by a

single atom technique, the tank can in principle be purged frequently.
experiment will complement the

7I

This

Ga experiment and the D20 experiment.

Geo-chemical experiments21-, measuring solar neutrinos captured in
!

"TJ,

97

Mo and

98

Mo in deeply buried mineral deposits will provide

18
information on the average neutrino flux over the last few million years.
Together with results from other neutrino experiments, these will provide
information on temporal variations of the solar furnace.

However there are

serious background and extraction problems that have to be solved.
Modifications to convert the Kamioka light water Cerenkov proton
decay detector are in progress3*.
will be used.

The neutrino electron scattering reaction

The directional information in this reaction is excellent.

However the event rate will be an order of magnitude lower than in the D20
detector.

The feasibility of the Kamioka experiment will depend on their

ability to reduce the detection threshold to about 6 MeV, to reduce the
radioactive background from the surrounding material and to reject muon
induced radio-activities in the detector.

By the fall of 1985, the background

situation in the Kamioka experiment will be much clearer.

I
I
I
_
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II.2 Neutrino Oscillations
The hypotheses of neutrino oscillations23 and neutrino decays22 have
been suggested as a possible solution for the solar neutrino problem, assuming
that there is nothing wrong with the standard model,, The D20 experiment

•

will be able to distinguish between these hypotheses.
There is no compelling theoretical justification for believing that

p

the neutrino emitted in 8 decay, the eigenstate of the weak interaction, is
the mass eigenstate.

I
I

Grand unification theories permit nucleon and lepton

non-conservation37 and there is evidence that the mass of v
tritium end point measurements38.

is non-zero from

A recent investigation39 of the low energy

portion of the tritium 6 decay spectrum suggests that a small fraction of the
anti-neutrinos emitted may have a rest mass of 17 keV.
late, the weak interaction eigenstates (v , v

If neutrinos oscil-

and v ) can be expressed as a

linear combination of mass eigenstates (vi, v2 and v 3 ) . The general form of
the neutrino mass matrix is complicated1*0.

In the absence of definitive

evidence for neutrino oscillations it is sufficient to consider the case of
two-neutrino mixing.

Then v

and v

can be expressed as

v

I

/cose sine \ . v, I

v

/ *

\-sine cose, i v2

where 6 is the mixing angle.

Propagation in space-time is determined by the

characteristic frequencies of the mass eigenstates, vk(t) - vk(0)e

1

k .

The probability of observing an emitted electron neutrino as an electron
neutrino at distance R (in m) from the source is1*1

20
1 - sin22e

where 6m2 is the difference in the squares of the masses of v, and v2 in
(eV)2 and E is the energy of the neutrino in MeV.
An early claim for evidence of neutrino oscillation"2 has not been
supported by recent experiments at reactors'*3 and accelerators"".

The French

collaboration"1 working at a Bugey power reactor has recently reported evidence
for neutrino oscillations compatible with a region around 6ma -0.2 eV2 and
3in229 - 0.2.

However a large region of the 6m2 and sin228 space suggested by

this measurement has recently been excluded"6 and there are concerns about
some aspects of the Bugey data.
The existence of neutrino oscillations is clearly an interesting
question and it is being actively pursued by nuclear and particle physicists
around the world.

To extend the regime in the parameter space accessible to

current experiments, there are suggestions to use neutrino beams from high
energy facilities, meson factories and future Kaon factories as well as
atmospheric neutrinos generated by cosmic rays.

Present experiments cover a

region in mixing angle, sinz2e, and mass squared difference, 6m2, shown in
figure II.U.

Because of the low neutrino energies and long base line, experiments

based on solar neutrinos will be sensitive33'"7 to the region 6m2 > 10~loeV2
which is not accessible by any experiment using terrestrial neutrino sources.

Solar Neutrinos
Several approaches are possible in the search for solar neutrino
oscillations.

The most interesting of these is the measurement of the ratio of

oharged-current induced events to neutral-current induced events on nuclei.
Since the cross sections for both v -d charged current and v-d neutral current
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reactions are well known, a measurement of this ratio will provide definitive
information on neutrino oscillations if the initial neutrino energy
distributions are known (we also have to assume that the electron neutrino
does not change into a new species which does not interact with matter).
If photo-disintegration of deuterons by background gamma rays striking
the D_0 detector can be reduced sufficiently then it is possible to consider
detecting neutrino disintegration of deuterons. As stated earlier the cross
section for neutrino disintegration is the same for all neutrino types so that
it can be used as a monitor for the total neutrino flux.

Thus the ratio of

charged current rate to neutral current rate is a measure of the v

content in

the total neutrino flux and this can be used to search for evidence of neutrino
oscillations1*2, especially in cases where the oscillation length is shorter
than the source to detector distance.
Assuming that the solar neutrino problem is caused by neutrino
oscillations, the 8 B neutrino flux predicted by the standard solar model,
4.0x10* om" a s~ l , can be used to calculate the neutral current rate. The cross
section for neutrino disintegration of the deuteron has been measured"8 and
is consistent with electroweak calculations6z.

For 'B solar neutrinos, the

effective cross section, averaged over the neutrino energy spectrum, is
0.6x10"*2cmz.

Thus the neutral current event rate in the 1 kilotonne D20

detector Is » 1M d"1.

If the neutrons produced are captured through

(n,Y) reactions and the resultant gamma rays are detected, it is possible to
deduce the total neutrino flux.
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Neutrinos from Other Sources
Neutrinos are generated in the earth's atmosphere by primary cosmic rays,
mostly through ir production and subsequent decay, ir+u«-v . With directional
information, it is possible to measure the neutrino fluxes produced on opposite sides of the earth and hence have path length differences - 10" km.
Initial results have been reported by the 1MB collaboration1".

These

measurements have a low event rate (- 100 ktonne"' y"' at 1MB) but the very
low muon background in our detector may allow useful additional data to be
obtained.
The neutrino beam from Fermi lab passes a few degrees fron the proposed
detector.

Mann and Primakoff50 have discussed deflecting this beam slightly

and installing a 220 tonne detector at Rouyn, PQ, to look for neutrino oscillation or decay.

They show that the rate at this distance would be 0.2 muon

neutrino-induced events per hour requiring 500 hours of beam time for a
measurement.

If the beam were directed at our detector for 1C0 hours, we

would be sensitive to mixing with 6m2 - 0.2 eV* and with a mixing amplitude,
sin22G - 0.05.

This would complement the solar neutrino measurement which is

sensitive to much smaller values of 6m2 but rather larger values of sin?20.
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II.3.

Neutrino Bursts from Collapsing Stars
The ultimate fate of massive stars is still not well understood

because of the lack of detailed observational data and difficulties in modelling these objects. It is generally believed* that stars more massive than 8
M

(solar masses) develop central iron cores, - 1.5 M , that can reach

densities - 10 1 0 g cm"3 and temperatures - 10 10 K. Under these conditions,
electron capture reactions accompanied by neutrino emission lead to an abrupt
drop of the electron degeneracy pressure.

Photo disintegration drains the

internal thermal energy, leading to a free fall of the core material, and
eventual collapse of the core to form either a neutron star or a black hole 1 * 51 .
Such a supernova process is predicted to occur in our galaxy about once per
decade and would radiate - 10 53 ergs of energy*2, a large fraction of which
would be carried away by neutrinos in the energy range 10-»20 MeV. The total
number of neutrinos emitted would be - 10 s s within the collapse and bounce
phase (- 10 ms). The collapse of the core is followed by a somewhat longer
cooling phase in which various types of neutrinos and anti-neutrinos are
emitted.

The detection of neutrinos from stellar collapse will provide a

unique opportunity to gain information about the innermost region of supernova
events and to test the details of various models.
The proposed D 2 0 detector is ideally suited for this purpose.
The cross section53 for capturing 20 MeV electron neutrinos by the charged
current reaction is - 1 x 10""*1 cm2 and the event detection efficiency is 100?.

If the stellar collapse were at the centre of our galaxy (- 3 x 10 22 cm

away), the event rate, for a 1 kilotonne D20 detector, would be - 50 in 10 ms,
all directionally correlated.

Since the detector trigger rate from other

neutrino sources and background is estimated to be 10 d"1, the probability
that a chance coincidence could mimic such an event is negligible.

I
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•

Subsequent to the core collapse, the situation is less certain. It
is widely believed that - 10s* ergs of energy will be radiated by neutrino

I

emission in the cooling phase. The average energy for electron neutrinos is -

•

10 MeV and slightly higher for muon and tau neutrinos.

The numbers for each

of the different types of neutrinos emitted are roughly equal (- 10 5 7 ), and •

15 electron neutrinos could be detected in the D20 detector in this cooling
phase.

Other types of neutrinos can be detected through the neutral current

m

interaction and the number of events might be - 200. The v

•

measured by looking at v

flux can be

+ p •*• n + e + reactions in the light water part of

the sensitive volume. About 100 such events may be observed during the
I

cooling phase. The absence of these delayed neutrino events after the initial
burst may indicate the formation of a black hole.

I
I

energy and directional information.

•

zing large liquid scintillators5" or light water Cerenkov detectors36'55

Existing or proposed radiochemical experiments are not suitable for
detecting neutrino bursts because of the long integration time and lack of

detect v

by the v

+ p + n + e

Other direct counting experiments utili-

reaction, but are not sensitive enough to

I
I

simultaneous observation of neutrino-burst events in different detectors

I

around the world as well as with gravitational wave detectors would be most

detect the prompt v

burst efficiently.

It should be emphasized that stellar

collapse events are rather uncommon (- once every 10 years) so that

desirable for reliable identification.
'
•

The D20 detector can measure the neutrino multiplicity, energy distribution and time distribution;

it can provide direct information about the

collapsing core. The energy-time correlation for the charged current events
I

I
I

would allow a measurement of the v mass if it is larger than about 10 eV and
if the source distance is known.

The neutral current events may allow

I
the energy-time correlation is again modified.

In order to obtain useful

•

information on any of these effects, data with good statistical accuracy would
have to be taken. The proposed D20 detector with its unique sensitivity to
v ,v

and total v flux is the only one with this capability.

I

I
I
I
I
I
I
I
I
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I
I
I
I
I
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II.4.

Other Physics

Baryon Non-conservation
Physics motivation for the search of baryon non-conservation has
been discussed extensively in the recent literature37.

It is now believed that

minimal SU(5) theory56 which predicts a proton lifetime of - 10 3 0 years with
e+ir° as the main decay mode has been contradicted by experiments55>57.

Other

than the expectation that protons should decay, present grand unified theories
do not provide any insight.
The design of the heavy water Cerenkov detector follows that of the
successful light water Cerenkov detectors for proton decay63 and it is of the
same scale, but with greater photo-tube coverage.

Thus, the D20 detector is

also sensitive to proton decay and neutron/antineutron oscillations in a
similar way and at a similar level, though without the free proton.
With a very low background D20 Cerenkov detector, it may be possible
to extend the search for proton decay in a decay-mode-independent way. Assuming charge conservation when the proton inside the deuteron decays, an
energetic positron must ultimately be produced and hence a flash of Cerenkov
light.

The free neutron will then be absorbed in the detector, producing a

6.25 MeV photon.

If it is possible to keep the trigger rate for events above 10

MeV to less than 10 d"1 and a delayed coincidence interval of 1 s is used (the
mean absorption time of neutrons58 in D20 is 0.14 s ) , the accidental
coincidence rate would be less than one per year.
—

Neutrino interactions such as v

+

+d-»n+n+e

can also produce

events with the same characteristics and the rate of this background will
depend on the atmospheric neutrino fluxes.

It is expected that this will

limit the decay-mode-independent search to levels similar to that for the
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existing proton decay detectors.

Assuming a residual atmospheric neutrino

background rate of 1 per 10 days, the sensitivity of the 1 kilotonne D20
detector would be about 2x10 30 years. By comparison the present limit on the
mode independent decay is 2.2x1026 years.59

The Solar Rubakov Effect
It has also been suggested that magnetic monopoles may have been
swept up by the sun over the ages and may be catalyzing proton decay within
the sun2".

The catalyzed proton decay gives rise to a u
+

decays to give a u
v , and v

which stops and

+

and a 30 MeV v . The y

+

stops and decays producing an e ,

with an end point energy of 53 MeV.

The Kamioka collaboration has searched for events in this energy
range60.

Six candidates have been found, but atmospheric muon neutrino

charged-current interactions below the Cerenkov threshold can produce muons
which stop and decay.
period61.

A total of 4.8 such events are expected in the same time

If the residual events are caused by v

in the sun, the v

from y

decay

flux on earth is less than 2x10* cm"2 s"1, and puts a

limit on the solar monopole flux which approaches the limits deduced from
neutron star energetics. The D20 detector would be two orders of magnitude
more sensitive than the Kamioka detector in this energy range.

If such a v

flux exists, it would produce a signal rate of more than 3 per day in the
heavy water detector with negligible backgrounds.
seen an upper limit on this v

If these events are not

flux could be set at about 102 cm"2 s~l.
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Section III.

III.1.

The Detector

Introduction:
A detailed consideration of the operation and response of a large

D20 Cerenkov detector and of the various sources of background is presented
in this section.

This consideration leads to a conceptual design of the

detector which will allow the physics objectives to be realized.
is shown in figure III.1.

The design

It is similar to the existing proton decay detectors

at 1MB and Kamioka, and our confidence in its operation is based largely on the
experience of these laboratories.

This design optimizes the shielding and use

of the available D20 while keeping the size of the cavity to a minimum.

The

exact dimensions will be determined when properties of all the components are
available but a conceptual design allows the signal and background rates to be
estimated.
The detector is housed in a 20 m diameter right cylindrical cavity
with a domed roof.

A 1 m thick liner of low radioactivity concrete

strengthens the cavity and attenuates high energy gamma rays from the rock. A
thin steel container, supported by the concrete, encloses a volume of H20 with
a diameter and height of 18 m.

This H20 serves as a neutron and Y-ray shield

and enables D20 to be used only in the fiducial volume. A clear leak-tight
acrylic container with a diameter and height of 10.5 m, suspended by cables in
the center of the H 2 0, contains the D 2 0. A manufacturer of such an acrylic
1

2

vessel has been identified . Heavy water experts

do not foresee a problem

with storing D20 in an acrylic container and this is confirmed by the
3

experience of the E31 experiment

at Los Alamos where an epoxy vessel

containing 6 tonnes of D20 was used.

Twenty-four hundred PMT's, each of 50 cm

diameter, are mounted with a uniform distribution of 2 PMT m~2, 2.5 m from the
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acrylic tank to view the D 2 0. This PMT array provides for about 40* coverage
I

of the detector surface by photosensitive material.

The total sensitive

volume, the volume viewed by the photomultipliers, of this detector is 2900 m3
|
_
™
B

and the volume of the D a 0, all within the acrylic tank, is 900 m 3 . During start-up
and for background tests the acrylic container will be filled with H 2 0.
The rest of this section addresses questions of how to detect
neutrinos, how the proposed detector compares with other detectors, the
response of the detector, the various sources of background and how they

|

affect the signal and background rates. All of these factors influence the

_

design parameters and knowledge of them provides the rationale for the

•

selected conceptual design.

H

given in Table III.1.

I
I
I
I
I
I
I
I
I
I

The major characteristics of this design are
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TABLE III.1
PROPERTIES OF THE SUDBURY NEUTRINO OBSERVATORY
HEAVY WATER DETECTOR
Depth underground:

6800 feet or 6200 mwe

Overall cavity size:

20 m diameter cylinder, 20 m. high + dome

Concrete thickness

1m

Size of acrylic tank

10.5 m. diameter, 10.5 m high

Total D20 mass:

1000 tonnes (reactor grade)

Number of phototubes

2H00

Water temperature.Photoelectrons per MeV:

7 p.e. MeV-1

Energy Resolution (7 MeV):

Mi %

Time resolution (per PMT):

7.7 ns

Spatial resolution:

1 m

Neutrino angular resolution (7 MeV):
20 events
42 degrees
15 degrees
200 events
*
Expected Rates
a ) v + d + p + p + e
v + e + v +e
e
e
background

8.1 per day
0.6 per day
2 per day

b) neutrino disintegration
of deuterium
(1) no oscillations
(2) complete mixing of
3 neutrino types

2 per day

background

3 per day

6 per day
(excluding acrylic + water)

Assuming a flux of 8B electron neutrinos of 2x106 cm"2 sec"1.
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III.2.

Large Neutrino Detectors
Electron neutrinos in the energy range 5 to 100 MeV can be detected

by charged current interactions either through the inverse 8-reaction, (v ,A)
vg + (A,Z) + (A, Z+1) + e
or through neutrino electron scattering, (v ,e).
v

+ e •» v ' + e '

In addition the total neutrino flux can be measured by reactions
involving the neutral current (NC),
*
v + A • v' + A .
The detection of the NC reaction requires special techniques so it is
considered separately.
The cross section for the inverse B-reaction is given by

a - 2,/n |<f|v|i>|* g
At these energies the matrix element is a constant and the density of states
-j= gives an energy dependence proportional to (E

- Q)[(E

- Q ) 2 - me 2 ]

Thus the cross section increases quadratically with energy.
The (v ,e)scattering cross section increases linearly with incident
neutrino energy since the electron rest mass (0.5 MeV) is less than the
neutrino energy.

The theoretical" (v,d) and (v,e) cross sections which have

been verified by experiment*«6 are plotted in figure III.2.

Typical neutrino

cross sections are - 10"*2 cm2, necessitating the use of large volumes of
detector material in order to obtain a reasonable number of events (e.g.,
3.8x10s liters of CjCS!,., yield less than 0.5 events day"1.)
The inverse 6-reaction can be detected either by radio-chemical
techniques where the number of (A,Z + 1) nuclei produced over some time period
is measured, or by direct counting in which the reaction products, usually the
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Cross sections for the charged current
(v,d)+p+p+e and neutral current
(v,d)+p+n+v
reactions
compared with the (v,e) elastic scattering for neutrino
energies up to 100 MeV. The elastic scattering cross sections
have been multiplied by 5 to take Into account that electrons
are S times more abundant than deuterons in heavy water. Also
shown are the elastic scattering response for 7 MeV and 30
MeV detector thresholds.
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in

the

low

energy

domain

in more

associated

electron, are measured directly.

Neutrino electron scattering and neutral

current reactions can only be detected with direct counting detectors.
Examples of the radio-chemical technique are the existing 600 tonne C2CJU
detector in which radioactive

37

Ar is detected, a proposed GaC?,3-HC$, detector

containing 30 tonnes of Ga from which radioactive
detected, and 1000 tonnes of CHBr, from which

8I

counted by resonance ionizatlon spectroscopy.

71

Ge is extracted and

Kr atoms are extracted and

Examples of direct counting

detectors are the Kamioka H 2 0 Cerenkov detector, the Mt. Blanc scintillation detector and the D20 Cerenkov detector proposed here.
The general properties of these two types of detectors can be
summarized as follows Energy Response
above

Each radio-chemical experiment detects neutrinos

threshold for the relevant reaction.

M

The cross section and hence

the yield is a function of the neutrino energy but there is no energy
information in a single experiment.

I

In principle, information on the neutrino

fl
m

energy distribution could be obtained by doing a series of radio-chemical
experiments each with a different reaction threshold.

Direct counting detectors

I

based on the inverse (5-reaction measure the neutrino energy spectrum directly
since the electron carries off all the available energy.

Detectors using the

neutrino electron scattering reaction can give the neutrino energy

9
M

spectrum if enough events are recorded but the resolution will be poorer
because the data must be corrected for the scattered neutrino energy.
Directional Response

The radio-chemical experiments provide no

information on the incident neutrino direction.
also have no directional sensitivity.

Scintillation detectors

The water Cerenkov detectors have

directional information since the direction of the Cerenkov light cone depends
on the electron direction.

•

The accuracy of the directional information

I
I

I
I
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depends on the reaction (it is much better for neutrino electron scattering),
the number of events, and the signal to background ratio.
Timing Response

The radio-chemical detectors are purged after weeks

of operation and have a corresponding timing resolution.

The direct counting

detectors have a timing resolution set by light propagation time and phototube
response.

It can be as good as 5 ns after reconstruction.

Sensitivity The sensitivity of all detectors is limited by the volume
of detector target material and by backgrounds.

The radio-chemical experi-

ments can, in principle, measure all of the reactions taking place since the
recovery and counting techniques are very efficient.

However, in practice, up

to half of the Ar and Ge atoms decay during the integrating period between
purges of the tank.

Important sources of background include (p,n) reactions

in the detector and a induced background in the counter construction
materials.

The direct counting detectors can record all reactions in which

the events are above some energy threshold.

There are many factors affecting

this threshold - the Q of the inverse 6~reaction, the fraction of the neutrino
energy given to the electron following (v,e) scattering, the fraction of
phototube coverage, the cosmic ray muon flux and the magnitude and energy
distribution of the radioactive background.
There are a number of existing direct counting detectors built to
search for proton decay which may also detect neutrinos in the energy range
being considered here. These detectors are filled with light water or scintillator and therefore only detect solar neutrinos by (v,e) events. The
scintillation counters give more light output and hence better energy
resolution than the Cerenkov detectors but background limitations of current
detectors prevent their operation at low neutrino energies and they give no
directional information.
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The D20 Cerenkov detector is uniquely sensitive to the electron
neutrinos.

The (v,e) and (v,d) cross sections are well known and were shown

in figure III.2.

The (v,e) cross section has been multiplied by five since

there are five times more electrons than deuterons in D 2 0.

For equivalent

volumes the D a 0 detector event rate is 15 times the H 2 0 detector event rate at
7 MeV threshold.
The I.M.B.

H 2 0 detector has a fiducial volume of 3,300 tonnes but its

shallow location and low photocathode coverage preclude neutrino detection at
these low energies.
The Kamioka H 2 0 detector has a fiducial volume of 880 tonnes, 20?
phototube coverage and an overburden of 2700 meters of water equivalent.
has been operated with a 30 MeV threshold for electron detection.

It

Curves in

figure III.2 show the relative yield with 7 and 30 MeV electron detection
thresholds.

This threshold is important because the electrons from the (v,e)

scattering have a spectrum which is nearly flat down to zero energy.

The

Kamioka electronics is being upgraded in order to decrease the detection
threshold.

To date they have reached 13 MeV and hope to achieve 6 MeV in the

near future7.

One might consider a very large H20 detector, but the required

cavity with adequate rock overburden would be more difficult and more
expensive to construct than the D20 detector.

In any case, much of the

physics planned for the D20 detector is not accessible by H 2 0 detectors.
A comparison of the sensitivity of the H 2 0 and D20 detectors to v
and v

reveals important differences.

H 2 0 detectors are approximately sixty

times more sensitive to v through inverse 6 decay than they are to v for
e
e
energies of about 10 MeV whereas D20 detectors have a similar sensitivity to
v
6

and v . For both detectors the effective (v ,e) elastic scattering dif6

6

ferential cross section peaks at sufficiently low electron energies that the
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process cannot be detected efficiently.

The corresponding (v ,e) elastic

scattering cross section is relatively flat. Consequently in cases where
signals are due to both v

and v , the two types of detectors provide

complementary information. When detecting solar neutrinos, H20 detectors have
a much greater sensitivity to terrestrial backgrounds of v . In addition the
D20 detector can in principle distinguish between v
neutrons from the v + d + n + n + e
e

and v

because the two

reaction can be identified from the 6.25

MeV gammma rays produced in the subsequent d(n,Y) reactions.
The neutral current reaction v + d-*v + p + n can be observed in the
D20 detector because it results in the break-up of the deuteron into a proton
and a neutron.

The free neutron will eventually be captured giving off a

gamma ray which will interact in the water producing Cerenkov light. This
reaction is independent of v type and thus gives a measure of the total v
flux.

This detection mechanism gives no energy or directional information and

its signature is not unique. However, by careful analysis of backgrounds it
should be possible to use the neutron capture signal to measure the total eB
solar neutrino flux and to search for neutrino oscillations.

Backgrounds due

to gamma rays and neutrons external to the D20 will have a distribution
reaching a minimum in the centre of the tank.

Backgrounds for v

determined by using the sensitive volume of the H20 as a v
6

can be

detector.
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Detailed Analysis of the Detector Response
The response of the proposed detector has been investigated using

Monte Carlo simulation programs. A report on much of this work has been
presented earlier8.

Two separate groups have since carried out these

calculations using completely different programs and the results were
compatible.
The calculations start by considering an electron of a given energy
created at a point within the detector with an initial direction, all chosen
at random.

The electron is tracked as it scatters and slows down. The

Cerenkov light it emits is followed to the phototubes allowing for attenuation
in the water.

For these calculations the timing and quantum efficiency of the

tubes are taken from the data for the 20" Hamamatsu tubes.
After an event has been generated the program reconstructs it from
the amplitude and time information from each of the tubes. This is used as
input to a fitting program to determine the initial electron position and
direction.
Response of the Detector to Electrons
An electron moving in water produces a cone of light at the Cerenkov
angle
9 - cos"1 (1/n6)
c
where n is the refractive index of the water.

The number of photons per cm

given off in the visible range (320 to 650 nm) is, for 6 « 1,

605 sin2 6 cm"1 - 263 cm"1
c

Thus, for example, if 40? of the surface area is covered with photocathode
with an average quantum efficiency of 17? then a 10 MeV electron, which has a
path length of 4.5 cm, will give rise to 80 detected photoelectrons. The
energy response of the detector is essentially linear but there is an energy

offset because when 8 is significantly less than 1 the light output starts to
drop and when nS < 1 Cerenkov light is no longer produced.

Detailed calcu-

lations show that to a reasonable accuracy Cerenkov light output is proportional to (E -0.350) MeV. The spread in intensity of the light for monoenergetic electrons is about 10? at 10 NeV and is set by statistical fluctuations
in the number of photons produced and, more importantly, by the production of
5-rays.

The time resolution of the tubes to single photoelectrons is 7 ns

FWHM so a time window of about 10 ns can be used (after corrections for
optical paths are applied).

Within this time there will be, on average, 0.2

noise events (assuming 2M00 tubes with a dark current count rate of 10k s" 1 )
and so the major- limitation in the energy resolution will be counting statistics.

With 'JOS coverage, the resolution is about 12? at 10 MeV.
To find the coordinates of the electron, the timing information from

the tubes is put into a least squares program which searches for a point that
satisfies the timing distribution.

The accuracy of this reconstruction

depends somewhat on the number of tubes used but more critically on their
timing resolution.

Using 40? coverage with tubes of 7 ns resolution, located

7.75 m from the center of the tank, the error in the reconstruction is about
1 m at 10 MeV. The programs do not yet include the effects of reflection at the
water-acrylic boundaries but this is expected to be a small effect as the
refractive indices are similar.
The direction of the electron can be approximated by the direction
from the calculated vertex to the centroid of the light detected.

The ac-

curacy of this technique is limited by the scattering of the electrons to a
mean error of 22° for the 10 MeV example.

This accuracy is attained with 20?

coverage and is not improved by increasing the number of tubes beyond this
level.
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Response of the Detector to Electron Neutrinos
The electron neutrinos can interact with the detector through the
inverse beta decay of the deuteron.

In this process the electron produced

will have an energy equal to (E -1.44) MeV and will be identified as above.
Thus the energy of the neutrino can be determined with a resolution given by
the photoelectron statistics. The electrons have an angular distribution
given by

w(e)

-

1 - ^ cos e

This distribution was used in the Monte Carlo program to see to what extent
the neutrino direction can be inferred from extracted electron directions.
When sets of 20 events were analysed the mean error in the angle was 42°.
With 200 events, the error was 15°. Thus, in the absence of background, the
backward/forward asymmetry in the solar neutrino flux should be reproduced on a
weekly basis and a supernova could be placed to within 15°.

Response of the Detector to Gamma Rays
As gamma rays form the main background in the D 2 0 detector it is
essential to understand this response. The dominant interaction of few MeV
gamma rays in water is Compton scattering with pair production playing a minor
role. Thus the gamma energy is distributed to a small number of electrons,
each of which will produce Cerenkov light proportional to (E -0.350) MeV. As the
energy is shared by several electrons the total light output drops. To study
this more quantitatively, the EGS3 program9 was run to simulate the effect of
6.25 MeV gamma rays. These gamma rays come from the d+n •» t+Y reaction and are
a signature that free neutrons have been produced.

This can be a background

for the § B spectrum study but it is the signal for the neutral current events.
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The spectrum of equivalent electron energies is shown in figure ill.3. The
high energy peak is the Compton edge where 6 MeV is given to a single electron.
The peak at lower energy is from pair production.
between the electron and positron.

Here 5.23 MeV is shared

When the positron annihilates, the

resulting 511 keV photons usually Compton scatter producing a negligible amount
of light,
scattering.

in between these peaks the events mainly involve multiple Compton
It might be possible to discriminate against multiple Compton

scattering events on the basis of the light pattern in the detector but the
Compton edge and the pair production peaks will be indistinguishable from
those due to equivalent energy neutrinos.
smeared by the finite detector resolution.

The spectrum shape will also be
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III.4.

Light Transmission in H20 and D20
Light transmission is a critical issue in determining the ultimate

size of water Cerenkov detectors with PMTs deployed at the surfaces of the
detector volume. The absorptivities of pure water (H20) have been measured by
many authors 10 " 15 .

The techniques used have ranged from conventional

absorption spectrophotometry1l>l"•'* to more elaborate techniques such as
adiabatic laser calorimetry10, pulsed dye-laser optoacoustic spectroscopy12,
and a split-pulse laser method13.
from these measurements.

Two general features can be gleaned

First, the more refined techniques,10*12'13

provide absorptivities in the visible and near IR part of the spectrum while
data on the blue and UV parts of the spectrum derive from conventional
absorption spectrophotometry.

Since the PMT photocathode quantum efficiency

peaks in the blue around 380 nm and the Cerenkov spectrum increases towards
the blue as 1/X2, it is crucial to have a knowledge of the absorptivity of water
in this region of the spectrum.

Second, inspection both of the data

available10»ls, and of other studies cited in ref. 12, indicate that strong
disagreements do exist among the absorptivity data.

The origin of these

discrepancies, which range up to a factor of t in some cases, can be due to
imperfect understanding of the optical characteristics of the transmission
cell, or trace quantities of scattering and absorbing material, or problems
inherent in the technique employed.
The published literature on optical properties of D20 is scarce, and
there is substantial disagreement between the available data12> "• • ls . Of
particular importance is absorption in the region near 450 nm where the lowest
published absorption data imply an attenuation length12 of only 12 m.

To

accurately determine the optical properties of D 2 0, particularly in the 300 to
500 nm range, we instigated independent measurements of the attenuation
coefficients in both H 2 0 and D 2 0. A detailed account of the measurements using
a 50 cm long transmission cell17 which were conducted in the Photometry and
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Radiometry Section of the Division of Physics of the National Research Council
of Canada, is presented in Appendix C. The results are summarized in figure
III.4.

and tabulated in Appendix C. Similar results have been obtained at

U.C. Irvine1' using AECL heavy water.
Our measurements in H 2 0 gave an attenuation coefficient, a, of
1.5x10~2 m"1 (attenuation length A * 67 m) in the broad absorption minimum
near 475 nm, a coefficient which is close to the lower bound of previous
determinations.

The measurements agree well with a consistent and accurate

set of optical properties in the 200 to 800 nm range resulting from a recent
comparative analysis of the data 18 for H 2 0.

As can be observed in figure

III.4, in the region of interest for the proposed experiment, namely 300 to
450 nm, the attenuation lengths achieved correspond to around 40 m or greater.
With respect to D 2 0, our measurements .show that the attenuation
coefficient of light around 380 nm, near the peak of typical PMT photocathode
sensitivity, is around 3x10~2m~l and, consequently, is much smaller than the
published data 12 ' lH » ls .

Thus, the attenuation length of light, about 30 m, is

more than sufficient for the requirements of any presently conceived D20
Cerenkov detector.
We have also investigated the effect on light attenuation of doping
water with small amounts of H 3 B0 3 in the event that the detector design
calls for introducing a poison into the detector to soak up residual neutrons.
Measurements were conducted at different wavelengths using 30 ppm and 60 ppm
mass fractions of

10

B in HsBOj solution.

The results were consistent with an

upper limit for the increase in a of 0.7x10"2m~' for each 30 ppm of solution
added, and consequently, it is concluded that doping of the water at these
levels would not compromise the performance of the detector.
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III.5. Background Studies

Environmental Background
A programme of measurements aimed at gaining an understanding of the
radioactive background in the mine was carried out and is reported in detail
in Appendix A.

Gamma ray spectra, the neutron flux and the uranium and

thorium content of rock samples were measured at various locations in the mine.
These independent measurements together with a calculation give a consistent
picture of the backgrounds from the rock, a consistency which provides
confidence in our conclusions.
At the mine the ore lies between two different rock types. The rock
below the ore is mainly gabbro but it is very inhomogeneous and is filled with
granite and diorite inclusions. The rock above the ore is a very uniform
norite.

Most of the mine drifts at depths greater than 5000 feet are in the

footwall but there are exploratory drifts into the norite at the 5400 foot and
6600 foot levels.

Surface measurements20 showed that the norite had a signi-

ficantly lower uranium and thorium concentration than the footwall rock, a
conclusion confirmed by the underground measurement.

The lower activity level

in the norite and the unpredictable nature of the gabbro lead us to favour a
detector site in the norite.
The thermal neutron flux from the norite is 3000 nm~2 d"1.
ray flux measurements from the norite are summarized in Table III.2.

The gamma
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Table III.2
Gamma Ray Backgrounds in Norite
Energy Range

Y's m~2 day"'

MeV

4.4-5.0

510 ± 200

5.0-5.6

100 ± 200

5.6-7

260 ± 120

7-8
>8

180 ±

90

<

20

The cosmic ray muon flux at a given depth is well known and is shown
in figure III.5.

At the proposed depth of 6800 feet, the number of muons

passing through the heavy water will be about 24 day"1.

Of these one will

stop in the heavy water producing energetic betas. However to reach the heavy
water the muon loses 2 GeV in the light water shielding and so can be vetoed
easily.

Consequently the remaining background, which is due to the delayed

component of the 8 activity, will be much less than one event per day.

It can

also be seen in the figure that the muon rate and therefore trigger rate is
more than two orders of magnitude less than that at Kamioka and more than three
orders of magnitude less than at 1MB. Thus detector calibration with cosmic
rays will be a slow process. However, at our low energies the use of sources
will be practical.

Backgrounds from Detector Materials
In order to have a low background in the detector it is essential to
use materials of very low activity in construction.

Elements of the detector

which have been investigated include concrete, phototubes, acrylic and water.
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Some of these investigations are near the limit of standard techniques.

More

elaborate investigations will continue during the detailed design phase.
Concrete
Samples of Haley Station dolomite have been shown to have U and Th
content less than 15 ppb. This aggregate was used in the construction of low
background target areas in a number of Ontario laboratories and is still
available.

A number of cement samples have been assayed and the best have

Th concentration levels of about 700 ppb.

Workers at Baksan 21 have

developed a very low activity shielding material which does not contain cement
and we are investigating this further.

The shielding could be loaded with

boron and its ingredients chosen in order to minimize the production of high
energy gamma rays.

If low radioactivity cement is not available, then water

can be used for shielding.

The shielding calculations show that if no

concrete is used, a cavity of 23 m diameter is necessary.

The final choice of

shielding thickness will depend on the radioactivity of the available
shielding material and on economic factors. The choice of 1 m of concrete in
the conceptual design assumes that the high energy gamma production in the
concrete is 1000 times less than it is in the rock.
Phototubes
The components of three broken Hamamatsu phototubes were analysed for
uranium, thorium and potassium by a gamma counting technique.

The results are

presented in table III.3. It can be seen that the glass contains about 0.1
ppm of both thorium and uranium and that the ceramics and base materials
contain significantly more.

Because the bulk of the tube mass is in the

glass, it constitutes the major source of background.

We are now working with

Hamamatsu to find lower activity components for the construction of the tubes.
The conceptual design assumes phototube radioactivity as shown in Table III.3.
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Table III.3
Radiometric Determination of K, Th, and U
in the Hamarnatsu PMT components as measured with the
Low Background Counting Facility at the LEPTON Lab, University of Guelph
S.No.

Sample

Weight(g)

K

(ppm)

Th (ppm)

U (ppm)

1

CG:PMT3468

4000

40± 15

0.12+0.03

0. 17± 0. 01

2

4693

4000

40± 14

O.O6±O.O3

0. 12± 0.01

3

4751

30± 13

0.10±0.02

0.08± 0. 01

i»

SG:PMT3468

4000

30± 11

0.14±0.02

G.14± 0.006

5

4693

4000

20± 13

0.11±0.03

0. 11+ 0. 01

2.79±O.14

4.92± 0.05

6

DCS:PMT4751

70

40± 71

7

D1 :

4751

50

20± 36

8

BB :

4751

48

260+

55

1.38+ 0.07

0.26± 0. 04

9

EP :

4751

37

630±

69

3-36+ 0.13

2. 46± 0. 05

CG: Clear Glass
SG: Silvered Glass
DCS: Dynode Ceramic Support

EP:
D1:

0.03± 0.015

<0.1

BB: Black Base
Electronics Package
First Dynode

Thorium and Uranium in Water
Two samples of heavy water, one from Atomic Energy of Canada Ltd, and
one from Ontario Hydro were examined by inductively coupled plasma mass
spectrometry at the Analytical Chemistry Section of NRC.

Preliminary

examination of the samples showed no detectable amount of Th and U at the level
of 0.1 ppb.
Because of the possibility of adsorption of metal ions onto the
container walls from aqueous solutions at neutral pH, both water samples were
acidified with high purity HNO and left to stand for 48 hours.

Reexamination

of the samples showed no detectable amounts of Th and U.
An aliquot of each sample was then concentrated by evaporation in
a laminar clean air environment.

The spectra of these concentrates revealed

no detectable amounts of Th and U. It can be concluded that the concentration
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of Th and U in the water is < 0.005 ppb for AECL water and < 0.015 ppb for
Ontario Hydro water.
sample was larger.

The difference in the limits arose because the AECL

A Th content of 0.005 ppb is assumed in the conceptual

design.

Thorium and Uranium in Acrylic
One sample of acrylic was supplied1 for neutron activation analysis.
The measurement indicated a surprisingly high thorium content of 2 ppb, too
high to be used in the D20 detector (see below).

The sample had been dyed and

polished by the supplier and it is possible that this may have introduced
thorium into the sample.

Samples of undyed acrylic and of the various in-

gredients used to make the acrylic will be assayed to determine the source of
this thorium which must be removed.
Th in neutron activation.

Highly refined organic materials show no

The double 8-decay experiment at Irvine has reported

using mylar samples in a TPC system22 with Th content of < 10~6 ppb. Thus
we are confident that much cleaner acrylic can be manufactured.
Both the heavy water and the acrylic assays must be done with
greater sensitivity.

It has been demonstrated at NBS that a sensitivity of

5x10~6 ppb can be achieved23 for U and a similar sensitivity should be possible2" for Th. The use of neutron activation with very low background
countina, of accelerator mass spectroscopv and of liquid chroma25
toqraohy

for this trace analvsis are being investigated.

Tritium in water
About two t h i r d s of AECL's stockpile of heavy water has been upgraded
by e l e c t r o l y s i s at the Chalk River Nuclear Laboratory (CRNL) and has a 3H
content > 300 uCi kg" 1 .

There a r e several possible mechanisms by which t h i s

a c t i v i t y could generate l i g h t in the water, such as t h e decay of 3He excited
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states, bremsstrahlung, or scintillation in the water.

This background problem

was studied by placing tritiated water above a phototube and measuring the
optical activity.

The measurements are reported in detail in Appendix B. It

was found that some light is produced and that lower activity water must be
used.

Heavy water produced by the distillation process has a 3H content of

< 0.05 pCi kg"1 at which level the light output gives a background count rate
two orders of magnitude lower than the tube dark noise. Water of this purity
would be entirely satisfactory for the experiment and is produced by Ontario
Hydro for CANDU reactors in Ontario.

The concentration of 3H content does not

affect reactor operation and the exchange of Ontario Hydro D20 'with 1000
tonnes of the AECL stockpile is under negotiation.
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III.6.

Background Rates in the Conceptual Design
The two main experiments which we wish to carry out, the measurement

of the solar neutrino spectrum and the search for neutrino oscillations, have
rather different backgrounds and are treated separately below.
background for the supernova search is extremely small.

The inherent

The background as-

sociated with the proton decay measurement has been discussed in section II.
For all of these experiments the cosmic ray muon flux will give a negligible
background.

Neutrons from the rock or phototubes also do not give a signifi-

cant background because of their very short path in the shielding material
(typically 3 cm).
Backgrounds for the Charged Current Events
To see the v_, spectrum from 8 B via thg charged current inverse 6
reaction, it is acceptable to set the detector threshold for the resulting
electrons at 7 MeV. At this level high-energy gamma rays are the only significant background.

As discussed in section III.5, the external gamma ray flux above

7 MeV is about 200 m"2 day"1.

The concrete and light water provide sufficient

attenuation that only 23 day"1 pass the plane of the PMT tube faces.
Spontaneous fission in the glass of the PMT's will produce 6 day"1 above 7 MeV
heading towards the heavy water.

Thus the tubes "see" 29 events per day.

Only 0.3 of these will be in the heavy water and cannot be rejected by event
reconstruction.

In addition, about 53 of the events in the light water active

shield will be reconstructed to be within the D20 fiducial volume.
total background rate is 5% of 29

+

0.3 - 1.75 per day.

Thus the

Spontaneous fission

of U ,at a concentration of 5 ppt, in the heavy water would give .02 events
per day.

As indicated below, our present measurements on the thorium content

of acrylic imply that 1200 neutrons per day might be produced in the heavy
water by photodisintegration.

If better material cannot be used, this would

produce a significant background since the neutrons can be captured giving
about 100 6.25 MeV gamma rays.

Similarly 0.005 ppb Th in the D20 would give
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400 6.25 MeV Y rays.

Because of the finite resolution of the detector, about

1.1? of these will give signals above 7 MeV.

With this magnitude of background

the neutrino oscillations search could not be done and we would poison the
heavy water with boron to remove these neutrons. As shown in section ill.H,
the addition of 30 ppm of

IO

B in the form of H 3 B0 3 does not seriously degrade

light transmission in the water. This would give two orders of magnitude
reduction in the neutron flux and reduce this background rate to 0.1 events
per day.

Backgrounds for the Neutral Current Events
In order to detect the neutral current events we must detect tho 6.25
MeV (n,d) capture gamma rays.

As discussed in section III.3 these give rise

to light equivalent to that from electrons in the range 5 to 6 MeV. The important sources of background are gamma rays of 5 to 7 MeV, which produce 5 to 6
MeV electrons and gamma rays of more than 2.2 MeV which can photodisintegrate
the deuteron mimicking the neutral current events.

Also, because the energies

are lower, phototube noise becomes more important.
The predicted external gamma flux (Table A.*O between 5 and 7 MeV is
200 m~2 d~'.

This region is difficult to measure due to internal radio-

activity in the Nal detector but the measurement (Table A.I) suggests a
flux of 360 m~2d~l.

We assume this higher figure.

the phototubes entering the sensitive volume.
a further 19 events.

Of these, «6 per day pass

Fission in the phototubes adds

About 1 gamma ray reaches the heavy water and about 3

interacting in the H 2 0 will not be rejected by reconstruction.

Half of these

signals wiil come within the 5 to 6 MeV window giving a total background fron
external 5 to 7 MeV gamma rays of 2 per day.
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The most serious background comes from the photodisintegration of the
deuteron followed by capture of the neutron by another deuteron to give a 6.25
MeV gamma ray.
detail.

A particular example serves to illustrate the problem in

The Th gamma ray at 2.614 MeV has a photodisintegration cross section

of 1.4 mb and a cross section for Compton scattering of 130 mb.

With 2 deute-

rons and 10 electrons per D 2 0, one such gamma out of 500 will produce a
neutron.

In 99.85* heavy water, neutron capture by 2 H and by lH occur at

equal rates. Thus one 6.25 MeV gamma will be produced by one thousand 2.6 MeV
gammas ignoring leakage of neutrons from the heavy water tank.

A significant

source of Th gamma rays is the PMTs, due to their proximity to the D 2 0.

These

give 10" 2.6 MeV gamma rays per day in the direction of the heavy water.

The

high thorium content of the rock gives a 2.6 MeV gamma ray flux of 1.8 xiO9 m~ 2 d~ l ,
The shielding calculations predict that 812 gamma rays from the phototubes and
260 from the rock and concrete survive to hit the heavy water and create 2
free neutrons per day.

The thorium in the acrylic (2 ppb) would produce a

further 1200 neutrons per day at the present measured concentration.

However,

we are confident that much lower uranium and thorium concentrations in the
acrylic should be achievable. The concentration of Th in the D 2 0 must also be
kept very low.

A concentration of 0.01 ppt produces 2 neutrons per day.

It

is planned to check the D 2 0 at this level and it will have to be monitored
during the underground experiments.

Since the diffusion length of neutrons in

reactor grade D 2 0 is about one meter, backgrounds from neutrons external to
the D 2 0 will be concentrated near the acrylic.
sources of background in the conceptual design.

Table III.4 summarizes the
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Table III.4
Sources of Background in the Conceptual Design
Source

Rate for

Rate for

neutral current

charged current

cosmic rays

<<.O1 per day

<<.O3 per day

external gamma rays
reaching heavy water
fission gamma rays from PMTs
reaching heavy water
gamma rays not rejected

0.3 per day

0.2 per day

|

0.2 per day

0.1 per day

I
•
V

after reconstruction

m

(a) from external sources

1 per day

1 per day

(b) from tubes

7 per day

0.3 per day

0.2 per day

0.1 per day

free neutrons from photodisintegration

total background

3 per day

2 per day

*
not including backgrounds from water or acrylic; a Th concentration of
20 ppt in the acrylic or 0.01 ppt in the D 2 0 would produce a background rate
of 1 per day.

•

•
"

I
I
•
•

I
I
I
I
I
I
I
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Photomultiplier Noise
With a large number of phototubes there will be triggers ciue entirely
to noise.

The rate of such triggers is given by

R(n)

" (n-T)Tt

where k«Nrt
N is the number of phototubes (2400)
r is the phototube noise rate
t is the time resolution
n is the number of tubes required for a trigger
A trigger requirement of 18 tubes (which corresponds to 3.6 MeV), a tube noise
rate of 20 kHz (at 20°C), and a resolving time of 80 ns (required to allow for
light propagation time in the detector) gives 2x106 random triggers per r^y.
However, as the rock temperature is 40°C it will be necessary to chill the
water since the phototube noise would otherwise be intolerable.

Keeping the

water at 10°C reduces the average tube noise rate 2 * to 10 kHz, whicn gives a
trigger rate of 60 per day.
analysed.

At this rate, all triggers can be recorded and

The reconstruction for a valid event further reduces the noise

trigger rate to a value of much less than one per day.

Table III.5 indicates

how the trigger threshold varies with phototube coverage while requiring that
the random rate not exceed 60 per day.

These rates, together with the need

for energy resolution, dictate a minimum HC% coverage.

Table III.5
Energy Thresholds for Less Than 60 Triggers per Day
Photocathode
coverage

Minimum number
of tubes

Energy threshold
of hardware trigger

102

11
14
18
23

7.5
5.1
3.6
2.7

2CJ

nos
60S

MeV
MeV
MeV
MeV
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III.7.

Sensitivity of the Conceptual Design
Since the "B neutrino flux from the sun may be lower than the limit

established by the

S7

C£/ S7 Ar experiment, we address in this section the lower

limits on the flux detectable with the proposed D20 detector.

Ultimately,

these limits depend on how far the backgrounds can be reduced and whether
adequate methods can be implemented for identifying and subtracting the remaining backgrounds.
Backgrounds from external gamma rays can be reduced by defining a
smaller fiducial volume.

For example, requiring events to be at least 1 m

inside the walls of the acrylic tank reduces this background by an order of
magnitude while reducing the neutrino event rate by only a factor of two.
Similarly, the signal to background ratio for the charged current (v ,d)
reaction is improved by about a factor of eight by increasing the energy
threshold by 1 MeV (from 7 MeV to 8 MeV).
The (v ,e) events can be distinguished from background by their
strong directional characteristics.

Similarly the charged current (v ,d)

events can be identified by their directional pattern and spectral shape. In
this latter case we would make an independent measurement of the background by
filling the acrylic tank with light water.
most difficult to identify.

The neutral current events are the

Here we anticipate reducing the threshold energy

during the light water fill (for example by putting in wavelength shifters to
improve the light detection as was done in experiment3 E31 at LAMPF) so that
the external gamma ray flux above 2.2 MeV can be accurately determined.
These considerations lead to estimates (summarized in table III.6) of
the minimum 8 B flux that could be observed with confidence (3o) in a period of
6 months running with D20 in the acrylic tank after running for a similar
period with H 2 0.
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Table III.6
•B Flux Sensitivity of the D20 Detector
(providing a 3o measurement in 6 months)
Measurement

No Background

With Backgrounds
(ernes'1)

(v ,d) CC rate

2.

x 10"

4.5 x 10-

(v ,d) direction

4.

x 10s

5.

x 10s

(v,d) NC rate

6.

x 10*

6.

x 10 5 *

(v ,e) direction
e

2.

x 10s

5.

x 10s

Not including backgrounds from the acrylic tank or water.

If the detection threshold is raised to 8 MeV the (vg,d) charged
current events, without directional information, are reduced by 15* but the
background is reduced to 0.2 per day.

A v

flux of 1.5x10" cm~2s"1 would

produce 30 events. The background would be 36 events. The statistical error
in the measurement is 10 so the measurement would be at the 3o level. To
verify that the sun is the neutrino source for these (v ,d) charged current
events the directional information must be used.

The forward and backward

quadrants (with respect to the sun's direction) contain 19? and 31 % of the
(v ,d) CC events. The background in each quadrant is 0.05 events per day.
To see a difference between the signals in these quadrants with a 3o confidence
level in six months requires a 5x10s cm~2s~1 electron neutrino flux.
Events from the (v,d) neutral current reaction can only be detected
if backgrounds from the acrylic and D20 are low and the Th content of
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the Dj,0 is monitored.

Assuming a background of 3 events per day then 100

real events in six months give a 3o measurement.

A neutrino flux of

6x105 cm~2s~1 produces 100 events in reactor grade D20 in six months. The
major concern in this measurement is the accuracy with which the background
can be determined.
Finally (v ,e) events are contained within angles less than 35 degrees.
The threshold cannot be increased above 7 MeV because the elastic scattering
rate drops rapidly with increasing energy, but reducing the fiducial volume by
a factor of two improves the signal to background ratio.

The solid angle

restriction and reduced fiducial volume each reduce the background by an order
of magnitude to 0.02 per day.

A flux of 5x10s cm"2s~1 would give 16 elastic

scattering events which combined with 3.6 background events in six months
gives a 3a measurement.
The No Background column in Table III.6 is included to indicate
the ultimate sensitivity of the D20 detector and is possible, in principle,
if all sources of background could be eliminated.
This simple analysis is presented to indicate roughly the achievable
8

B flux sensitivity.

In practice, a fit to all the data in the full energy-

position-angle space would be carried out to extract the best estimate of flux
and direction.
From the above discussion the v

flux from 'B can be well determined

even if it is 50 times lower than the upper limit of 2x106 cm~2s~1 established
by Davis.

If the acrylic and water can be made sufficiently clean, the

neutrino oscillation measurement can be made with a total *B neutrino flux
one order of magnitude lower than the standard solar model prediction.
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III.8.

Availability of Heavy Water
The detector is dependent on the availability of 1000 tonnes of D20

with a low tritium content which can be borrowed and returned at the
conclusion of the D20 experiment.

Atomic Energy of Canada Ltd. at present has

a stockpile of D20 which is intended for future sales of CANDU reactors.

This

has a higher tritium content than desirable for our experiment although it is
negligible for reactor purposes. Ontario Hydro produces D20 for its reactor
construction program with very low tritium content and negotiations are in
progress to arrange an exchange of 1000 tonnes of Ontario Hydro D20 for AECL
D 2 0.

The costs associated with this exchange are being estimated.
The loan of D20 will be contingent on many factors.

The safety of

the D20 against loss or downgrading will have to be assured and any design
of containment vessel approved.

The costs of shipping, handling and insurance

of the D20 will have to be considered.

The sale of CANDU reactors could

require the return of the D20 to AECL.

The present lead time and reactor

construction schedules would mean that at least 2 years of running time could
be assured if our detector became operational in 1988. Detailed conditions
for the loan have yet to be established.
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Section

IV.1.

IV.

Site of the Laboratory

Introduction
There are a number of factors that determine the location

of the proposed neutrino detector.

It should be placed in an operating mine

which will provide the many auxiliary services needed and, since the lifetime
of the observatory could be as great as 20 years, the mine must have a good,
long-term financial future.

Even in such a mine the long-term support of a

particular ore-depleted location is somewhat unusual and must be considered
in site selection.

As detailed in section III, the large fiducial volume

required to detect solar neutrinos and the large amount of low activity
shielding required to reduce the radioactive background to acceptable levels
means that a cavity about 20 m in diameter must be built to house the observatory.
Since penetrating muons can initiate reactions in the detector or its environs
and lead to signals that can mimic the neutrino-induced signals, the
detector should be deep enough to reduce these events to a few per day.
The requirements of both a large and deep cavity are to some extent conflicting
since the engineering difficulties of constructing large cavities increase
with depth.
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IV.2.

The Creighton Mine
The Creighton mine was chosen as the most promising location for an

underground laboratory and for the proposed D20 detector.

This selection

was primarily based on a consideration of the mine's depth and accessibility.
It also has modern mining technology, long life expectancy and a strongly
supportive management.
The Creighton mine is one of 16 mines in the Sudbury nickel irruptive
operated by the International Nickel Company (INCO), and is located in the
township of Creighton, 15 km to the west of the city of Sudbury.

It has been

in operation since 1901 . The near vertical nature of the ore deposits and the
high ore content have made it economic to mine the nickel and copper deposits
at appreciable depths.

A deep access shaft was sunk to 7137' in the late

1960's to enable the rich ore body to be mined.
tinuous mine shaft in the western hemisphere.

This is the deepest con-

The sinking of this 6 m dia-

meter shaft in hard granitic rock was widely considered in mining engineering
circles as a major technological advance.

Drifts (tunnels) every 200' (61 m.)

from a depth of 3800' to 7000* were made to mine the ore body.

Some explora-

tory drifts were made to provide drilling sites to probe details of the ore
body at greater depths. A vertical section of the mine is shown in Figure
IV.1.

The drifts are extensive and there are a number of potential sites for

the underground laboratory remote from the active mining areas.

In the

figure, the area to the right of the sloping ore body, the hanging wall, is
almost pure norite while the area to the left of the ore, the footwall, is a
mixture of gabbro, granite and diorite.
The Creighton mine has a geothermal gradient of 1°C per 55 n.
rock temperature at the 7000' level is 42°C.

The

Adequate cooling at these depths

is provided by a 6.4 m diameter ventilation shaft (Nr.

11) (see Figure IV.1).
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The bulk of the fresh air is drawn down from the surface through a large mass
of broken rock in the open pit and is exhausted through the Nr. 11 shaft, at a
flow rate of 40,000 m 3 min"1.

The ventilation system can be arranged to

ensure ambient temperatures of 20°C in all ventilated areas.
From a hydrological point of view there is an absence of ground water
in the mine although some water, introduced in connection with the mining
process, does exist at some locations.
The Creighton mine is the richest and largest of the INCO mines and
employs the most modern technologically advanced mining methods,

it produces

close to 10,000 tonnes of ore per day, the greatest amount of which is hoisted
to the surface from below 6000'.

The Nr. 9 shaft is the passageway for two

15 tonnes capacity ore skips, all the services such as power, water, and
communications, and a high velocity (600 m min"1) hoist with two cages
capable of transporting 19 tonnes of equipment (or 88 men). Each cage has
internal dimensions of 3.8 m long, 1.5 m wide, and 2.1 m high.
INCO LIMITED is the non-communist world's leading producer of nickel
and nickel alloys and a substantial producer of copper and various otner
metals.

It employs more than 22,000 people in 20 countries, and its net sales

in 1984 amounted to close to $2 billion (Canadian).
The Sudbury ar--a is a diverse community of 158,000 inhabitants. It
is easily accessible by air from Toronto, Ottawa, and Montreal.

It is

situated on the Trans Canada highway, and on the Canadian National and
Canadian Pacific railways.
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IV.3^ Selection of Underground Site for the Neutrino Laboratory
The laboratory has to be sited at a depth of at least 1500 m (5000')
to reduce the cosmic ray background to an acceptable level.

The background

studies discussed in section III indicate that the most suitable location for
the laboratory is in the norite in a 20 m diameter cavity.

(If, for any reason,

it had to be located in the footwall rocks an additional 2 m of shielding would
have to be added to the cavity specified in the conceptual design.) The site
should be located so as to produce minimum perturbation on the mining
operations of the Creighton mine.

Based on experience at 1MB the ventilation

at the site has to be sufficient to dissipate 150-200 kW of power produced in
the laboratory.

In addition to the main cavity, auxiliary space for electro-

nics, computer, monitoring equipment, and water filtration and refrigeration
plants is required.

It is likely that these could all be placed in the drifts

used to access the cavity.
The laboratory could conceivably last 20 years.

The long term future

of the mine over the next few decades involves mining ore at and below the
6600' level.

Levels above this, where the ore body has been actively mined

for some 20 years, will progressively be left dormant and maintenance will be
withdrawn.

INCO's plans are to push downwards from the 7000' level using a

ramp (similar to that at the left side of the open pit, near Nr. 3 shaft, in
figure IV.1) to mine some 12 million tonnes of high grade ore that are known
to exist in the dipping ore body below the 7000' level.

The 7000' level will

be the staging post for this activity and traffic at this level will be congested, particularly since the ore crusher is situated at this level.
Conveyors pass the crushed ore up to the 6600' level whence it is passed down
to be loaded into skips for hoisting to the surface.
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INCO management have suggested that a site for the laboratory be
selected at either the 6600", 6800', or 7000' levels since these levels
will be properly serviced and maintained for the practical lifetime of the
laboratory.

While there does exist an exploration drift out into the

norite on the 6600' level, current thinking at INCO suggests that,
taking into account the long term future of mining operations at Creighton,
the optimum solution would be to site the detector at the end of a new
200 m drift cut into the norite on the 6800' level.

A schematic plan is

shown in figure IV.2.
The 200 m drift will place the detector well away from other mine
excavations and well past the shear zones found near the contact region.

Test

drilling to depths of 10,000' show that the ore body dips to the east so it is
most unlikely that the site would ever be undermined as it is well off to the
west end of the ore body.

Construction of a cavity of this magnitude is a

major engineering undertaking and new methods of excavation may have to be
employed.

The detailed engineering work cannot be done until the rock

properties at the site are known.

This will require driving the access drift.

The excavation would be instrumented with an array of active stress
monitors which could be coupled into our data acquisition and communications
system.

The long term monitoring of this large, deep excavation would be a

valuable contribution to the science of rock mechanics.
The proposed site at 6800' suggested by INCO would meet all of our
requirements. The level would be maintained and actively used by INCO but
we would be far enough away that mining operations will not interfere with
the stability of the cavity.

The great depth will benefit our experiment

and may be important for future underground experiments.
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Section V.

Design Study Phase II

The feasibility of using a 1000 tonne D 2 0 detector to study e B
solar neutrinos has been established and the physics objectives reviewed.
The proposed conceptual design will have a counting rate of - 10 d"1 and
a sufficiently low background to provide a definitive measurement of the
electron neutrino flux at the earth with a sensitivity two orders of magnitude
better than the previous radiochemical measurement.

It will also give

directional and energy information to establish whether or not these neutrinos
come from the sun and have the expected energy spectrum.

The use of neutrino

disintegration of the deuteron makes the detector sensitive to all types of
neutrinos.

Thus the D 2 0 detector can test the standard solar model

independent of electron neutrino oscillations and also make a sensitive search
for neutrino oscillations.
The main tasks of phase II of the project will be to establish conditions for the loan of the heavy water and to carry out detailed engineering
studies so that a properly costed proposal can be put forward.

Our rough

estimates of the capital costs for the detector are given in Table V.I. Differences from the previous estimates reflect changes in the conceptual design.
These changes include the addition of an acrylic tank to contain the heavy
water, a refrigeration plant for the light water and an increase in the number
of phototubes. The table does not include any D 2 0 insurance costs which can
only be established after the loan conditions are detailed.

The laboratory

construction costs are excluded because an estimate can not be made without
further studies by INCC. The construction is unlikely to cost less than
$3M(Canadian).
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Table V.1
Detector Capital Cost Estimates
$M (Can.)
2U00, 20" diam. photomultiplier tubes
(402 photocathode coverage of detector wall)

3.5

Electronics and computers

1.1

Water containment tank, refrigeration and

1.3

purification systems
Acrylic tank for heavy water

1.3

Shipping and handling of heavy water and safety systems

1.0

The main areas for further engineering studies are:
1. Underground cavity and laboratory.

The design requires a very large

cavity which represents a considerable engineering challenge. Stress analysis
calculations indicate that the excavation would be stable but these calculations
need to be tested by measurements on existing cavities. The rock properties
and stresses at the proposed site would then have to be measured so that
a proper design for the laboratory and a safe method of excavation can be
determined.
2. Water containment and processing.

The design of the inner acrylic tank

and its support, the outer steel tank and the light and heavy water purification
and chilling systems must be completed. In addition to the normal engineering
studies, a source of very low activity acrylic must be found and a method
of monitoring and removing uranium and thorium from the water must be established.
All of these systems must be acceptable to the owners of the heavy water.
3. Electronics and computers. The electronics design will be based on
existing Cerenkov detectors but improvements in cost or performance
may be possible with more modern technology.

I
I
I
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The most critical item determining the time scale for the project is
the construction of the laboratory and will depend on the engineering problems

|

encountered.

A reasonable estimate for the time scale is 2-3 years after

completion of design by INCO. All other components can be purchased and
tested on that time scale. There will be approximately 6 months to 1 year of
assembly underground after the laboratory is excavated before the first
measurements with a light water fill can be started.
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Appendix A

Background Measurements in the Creighton mine

Introduction
There are two objectives of the investigation of radioactive background
in the mine.

Firstly it is desirable to find the site with the lowest

radioactivity within the mine. Secondly the absolute level of activity must be
measured to determine the amount of shielding required.

The most serious

background for the heavy water experiment is high energy gamma rays coming from
fission of uranium or from neutron capture following (a,n) reactions.
Three independent and complementary measurements of the background
were carried out. The most direct method measured the gamma rays using Mai
and BGO detectors.

However these measurements were carried out at low counting

rates and gamma rays from radioactive decay and neutron capture within the
detector, which give a rate comparable to those from the mine, are not easily
determined.

Since the high-energy gamma ray flux is closely relatec to the

neutron flux, the latter was measured with a large volume BF3 neutron counter.
However, a prediction of the gamma flux from the neutron results is uncertain
because the neutron measurements were strongly influenced by the environment
in which they were made.

Finally, since the source of the background is

uranium and thorium in the rocks, rock samples from various locations were
assayed.

These measurements have the disadvantage that a large degree of

scatter is possible because of the inhomogeneous nature of much of the rock
but they allow an independent check on the other data and permit measurements
at locations in the mine currently inaccessible to gamma ray or neutron measurements.
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The ore body at Creighton mine lies between two different rock types.
The hanging wall rock is fairly pure norite with only occasional dykes of
footwall rocks. The footwall rock is gabbro heavily mixed with various types
of granite and diorite. Surface measurements showed the norite to be much
lower in uranium and thorium than the footwall rock.

Below 5000' most of the

mine drifts are in the footwall rock but exploratory drifts have been made into
the norite at 5400' and at 6600'. The 6600' drift is now filled with pump
slimes but some drill core samples were found from this area.

The 5^00' drift

is still open and extensive measurements were possible at that level.

For

comparison, a disused drift in the footwall rock at 5600' was studied and some
rock samples from a site near the mine shaft at 6600' and 7C00' were assayed.
Gamma ray Measurements
The gamma flux at the "4600 ft" drilling station in the norite at the
5400' level was measured with BGO and Nal detectors.

In making these measure-

ments it was necessary to correct for possible radioactivity within the detectors and for gamma rays from neutron capture in the detectors. Most of the
data were taken with a 10.0 cm x 12.5 cm Nal crystal.

Data of lower statistical

accuracy, obtained with a 7.5 cm x 7.5 cm BGO detector, were found to be compatible with the Nal results.

Pulses from the detectors were processed with

standard NIM electronics and routed into a pulse height analyser based on an
Apple computer and into a Norland analyser.

The unshielded Nal spectrum

obtained at the H60C drilling station is shown in figure A.I.
The Nal results are presented in Table A.I. Run 5 recorded at the
5600' level was performed six months before the others.

It is clear that in

the U - 6 MeV range the spectra are dominated by internal activity.

Above 8

MeV the statistics are too poor to make comparisons and only an upper limit to

EY(MeV)

6
3

8

1.461
X 20,000

U

2.615

100
Channel Number

200

Figure A.I.
Unshielded Nal gamma ray spectrum recorded In
the norlte at 5400 ft. level. Peaks are labelled by their
energies In MeV.
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the flux oould be set. The thorium (2.615 MeV)and potassium (1.461 MeV) gamma
rays are about twice as intense in the footwall rock as in the norite but the
high energy flux is the same in both locations. This is discussed further
below.

The flux of gamma rays in the norite is listed in the final column in

Table A.1 and was deduced from the measured rates tabulated in the previous
columns which include gamma rays from neutron capture in the detector and from
activity internal to the detector.

Table A.1
Gamma ray Measurements in the Creighton Mine
Energy
(MeV)

run 1

run 2

counts per hour
run 3

run 4

run 5

flux in norite
(Y m- 2 d-' )

1.461

(6U5)k

(4 .5±.5)k

(2.0±0.4)k

(54±4)k

(179±20)k

5.6x10*

2.615

(13±Dk

(1 • 3 ± . D k

(0.8±.1)k

(12±1)k

(22±2)k

1.8x109

4.1-5

3.3±.2

2 .5±.2

2.4±.2

3±.2

6.1±.3

510±200

5-5.6

2.0±.2

2 .0±.2

1.9±.2

1.7±. 2

4.0±.2

100±200

5.6-7

1.3O±.O9

0 .80±.09

0.92+.10

0.80± .11

•1.6±.3

260±120

>7

.50+.07

•3O±.O6

.31±.O6

.42± .09

• 7+.1

18O±9O

>8

.035+.02

.06±.03

•06±.03

.07 + .04

.O8+.O3

<20

run 1) unshielded counters. 166 hours collection time.
run 2) Nal detector shielded with 2" of clean lead. 90 hours collection
time,
run 3) Nal detector shielded with 4" of clean lead. 92 hours collection
time,
run 4) Nal detector shielded with boron loaded plastic to stop neutrons.
70 hours collection time,
run 5) Unshielded Nal detector in the footwall rock at 5600'. 64 hours
collection time.
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Neutron Measurements
The neutron flux was measured using a type BP28 Chalk River neutron
Counter.
190.8 cm.

It had an internal diameter of 11.85 cm and an effective length of
The filling gas was BF3 (965

l0

B) at a pressure of 20 cm Hg at 22°C.

It had thin (0.08 cm) stainless steel walls which were estimated to produce 4
counts per minute from alpha emitters.

The detector was mounted inside a

polythene tube of 2 cm wall thickness. This provided some moderation of the
fast neutrons and protected the thin counter walls. Pulses from the detector
were amplified and shaped using an ORTEC 450 amplifier set for 12 ysec time
constants and then accumulated in an ND60 analyser.

At the end of each run the

data were recorded manually and are tabulated in Table A.2.
Although the measurements could be made in a few hours, the extent of
the survey was limited by the fact that mains power is not generally available
in the mine but had to be installed at each site.

This was both time

consuming and expensive. The first site surveyed (run 6 in Table A.2) was the
46001 drilling station, deep in the hanging wall rock at the 5100' level where
the Nal runs 1-4 were recorded.

The drilling station is about 3 m wide, 4.5 m

deep and has a ceiling which slopes up to a height of about 11 m at the drift
end of the cavity.

Much of the rock at the bottom of the station was bare but

there were large beams supporting a wooden structure above the detector.
Roughly half of the solid angle seen by the detector was bare rock.

The

detector, suspended from the wooden structure by rubber rings, was about 1 m
above the floor.
Measurements were also made in the footwall rock at the 5600' level
near a point where Y-ray measurements were made last summer (Run 5 in Table
A.I).

The drift was mapped as having well-defined areas of granite and gabbro

rock types but inspection of the drift walls suggested a very mixed rock
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throughout.

Initially two locations were chosen for measurements;

one 3 m

south of the 5100' station where the rock is mostly grey granite (run 7 in
Table A.2) and one 4.5 m north of the 5200' station where the rock is mapped
as gabbro (run 8 ) . A narrow (1 m) strip of red granite rock was noticed midway
between the 5100* and 5200' stations.
location.

For runs 7 and 8 the detector rested on a flatcar which had a wooden

base about 15 cm thick.
rock.

Data for run 9 were collected at this

For run 9 the detector was placed next to the red

There was no wood other than the flat car near the detector in this drift.
A typical spectrum obtained with the BF_ detector using a weak

(750 n s"1) RaBe source in the mine is shown in figure A.2. At very low pulse
height a peak due to gamma rays and noise is observed.
feature is the large peak at channel 58 due to the

10

The next dominant

B (n,a) reaction.

A weak

peak from this reaction is also seen at channel 70. Above channel 70 there is
a flat background extending to channel 150. A run with the source removed
showed the same background level so it was assumed to be due to the alpha
emission from the detector walls. Assuming that the background spectrum is
independent of energy, the total observed rate is 2.5 alphas per minute. The
lower plot of figure A.2 shows the data from a 21 hour run in th-j norite.
Qualitatively the spectrum is the same as seen with the source but tne peak
to-background ratio is much smaller.

However, the main peak is easily

identified and its intensity can be measured accurately.
Since the main peak from the

I0

B(n,a) reaction was the only

feature clearly visible, only this peak was used in the analysis.

Data taken

with the neutron source show that 79* of all the neutron events in tht detector
appear in this peak so a correction of this magnitude was applied.

For each

run the alpha background was determined by averaging the counts between channels 80 and 100. The surface area of the detector was 0.935 m2.

It was as-
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Spectra obtained with the neutron detector using

a weak source, and at a location in the norite. The peak from
thermal neutron capture is clearly
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where the lowest neutron flux was recorded.
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sumed in obtaining the measured rate that most of the neutrons were thermalised
in the rock, that the polythene moderator surrounding the detector absorbed 50"
of the incident neutrons and that the detector was black to thermal neutrons.
The results are as follows:

Table A.2
Neutron Fluxes in the Creighton Mine

Run

Location

Peak
counts

Time

(sec)

Measured
Rate
n m~ 2 d a y '

Deduced
Flux
n m~2 d a y '

6

5100* level norite

471

73544

1500

3,000

7

5600' grey granite

112

3369

7800

16,000

8

5600 • gabbro

140

3214

10,000

20,000

9

5600' red granite

180

2901

14,000

28,000

The data obtained with this system are very clean and there is little
uncertainty in the analysis of the spectra.

It is rather difficult, however,

to assess the attenuation of the neutron flux by the wood at the measuring
sites.

At least one half of the solid angle observed by the detector contained

bare rock so a conservative estimate of the flux is deduced by doubling
the measured rate.

Rock Sample Assays
Rock samples were collected from four main areas cf the mine.

The

samples were shipped to Ottawa where they were prepared and then analysed by
AECL using delayed neutron counting and neutron activation techniques to
determine the uranium and thorium content respectively.

The results are shown

in Table A.3. Norite samples 1 to 5 were from points 25' apart on a drill core
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taken at the 6600' level. Samples 6 to 16 were from locations 200' apart in
the norite at the 5^00' level with samples 9 and 11 from a narrow strip of
quartz and a felsic dyke of footwall material about 60 cm wide.

Samples 17 to

23 were from an area near the no.9 shaft at the 6600' level in the footwall
rock.

This area was considered a potential detector site.

Two samples were

taken from the 7000' level and a few typical samples of the footwall rock at
the 5600' level at the sites of three of the neutron measurements were collected.
The data show that the norite samples are very uniform, having about
1.2 ppm of uranium and 5.3 ppm thorium.

The footwall rocks are much more

variable, having regions of very high uranium and thorium concentrations.

If

the detector were located in the footwall an extensive test drilling programme
would be necessary to get an accurate indication of the radioactive background.
The activity seems to be rather localized,

e.g., samples 26 and 27 were chipped

from the same piece of rock but had very different concentrations of uranium
and thorium.
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Table A.3
Uranium and Thorium Assays of Various Rock Samples
Sample

Location

uranium
ppm

thorium

ppm

Hanging wall rocks
1
2

3
4
5
6
7

8
9
10
11

12
13
14 •

15
16

6600' norite core

75'
100*
ft
125'
II
150'
II
175'
5^00' 6200 drift 13 xcut norite
IT
4000 DDS norite
ft
4200 DDS
"
II
4200 DDS quartz
II
4400 DDS norite
II
felsic dyke at 4400 DDS
II
4600 DDS norite
11
4800
"
II
5000
"
It
5200
"
II
5400
»
f|

..2
.1
.1
•3

.7
.3
.0

6.4
5.2
4.6
2.9
7.4
3.5
7.6

.2

6.3

<().1

<1
7.5
94
5.7
5.4
5.3
2.6

1 .1
11 .1
1.0
1.1

C).7
1.1
1.0

3.7

Footwall rocks

17
18
19
20
21

22

23
24
25
26
27
28
29
30

6600' sheared granodiorite
it
metagabbro
ii
biotite schist
IT
grey granite
it
grey granite
»
meta gabbro
H
granodiorite
Sudbury Breccia
7000'
II
diorite
Creighton granite
5600'
it
Creighton granite
it
white granite
it
red granite in gabbro
II
red granite in gabbro

1 .2
1.5
1.2
2 .0

3.3
1 .2
3• 3
6.0
0 .8

2.6
25.7
15• 3
2 .6
2 .0

2.1

4.1

6.3
6.0
47.
5.1
4333.
5.3
5.9
67.
36.
20.

23-
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Comparison of the Three Measurements
For a source of strength S(r,e,<f>) disintegrations per unit time
per unit volume, producing radiation which is attenuated with distance
as

E~p2 f ( r ) » t n e flux leaving an element of surface dA at the wall is
2ir

IT/2

flux -

I

de

J

d*

J d r .-—j f ( r ) cos 6 dA S(r,e,<il)r2

sin 6

If S is uniform throughout a semi-infinite volume this can be simplified to

flux « -£- ^ f(r)dr
4

0

For fast neutrons, f(r) is given by exp(-r2 /H T ) where T is the Fermi age.
For thermal neutrons diffusing away from a source, f(r) is exp(-r/L).

Values

of T and L for rock are not available but tabulated values for concrete are
T • 100 cm2 and L - 77 cm.1

The source strength for production of neutrons

by (a,n) reactions in granite has been calculated2 to be 0.65 n (ppm Th)~ l gm"1
year"1

and 1.H n (ppm U ) ~ l gm"1 year"1. Using these numbers we predict a flux

of 12,000 thermal and 2,800 fast neutrons m~2

day"1 for 1.2 ppm U and 5.3 ppm

Th. Fission neutrons add about 2% to these numbers. The calculated flux is
about U times that deduced from our measurements.

The values used for T and L

are those for concrete and are probably too large considering the known iron
and rare earth content of the norite.

In the calculations below we used the

deduced neutron flux (Table A.2) not the calculated values.
The high energy gamma ray flux due to neutron capture can be calculated and is listed in table A.U. In the table column 2 is the % abundance in
norite3 of the indicated molecule, column 3 is that abundance tines the neutron
cross section (in barns) and the remaining columns are gamma rays per hundred
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neutron captures in norite (obtained from column 2 and thermal neutron capture
gamma ray compilations").

From the totals the gamma ray flux in the mine can

be calculated using the above formula and assuming a constant production rate
in norite.

In fact, since the gamma ray attenuation length (about ~\U cm) is

much smaller than the neutron attenuation length (about 77 cm), the production
rate should be reduced by a factor of 2 to allow for the fact that no neutrons
would enter the rock from the detector direction.

This has not been done in

the analysis so it would correspond more closely to the conditions under which
we measured the gamma ray flux.

It can be seen from table A.4 that the

spectrum is dominated by neutron capture in iron.

The contribution to these

totals from fission gamma rays is less than 1? below 10 MeV and about 10S
above 10 MeV.

I
I
I
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Table A. 4
|

I
I
I
I
I
I

Predicted gamma ray background due to neutron capture in norite
molecule

er

f>

a.%
5-6

gamma rays per 100 neuti
6-7
7-8
8-9

SiO 2

55

8.8

1.7

2.5

1.6

A1 2 O 3

18

8.3

0 .8

0 .6

3.0

8

4,.1

21 .7

0..3

9 .4

Fe203

1..8

FeO

5.5 1 4 .3

CaO

7.2

3.1

0 .81

2,.8

MgO

5.5

0,.35

0,.04

0..03

Na 2 O

2.4

2,.5

0,.04

0.,14

K20

1.6

0..7

H20

1. 3

0,.8

TiC

0.7

<•,0

P20s

0. 16

S

0.2

0. 36

0.15

0.C1

0.01

0.0C2

1.5

0.042

.14
0

0.2

0..05

0.,08

5.8

0.,1

0..06

0.02

0.02

0.01

0.,1

0.12

0.001

C.,01

0.02

0.01

0.004

Totals

12

16

27

0.7

Calculated y
flux from neutron
capture

74

105

177

4.9

11

0.32
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These results are consistent with the measured gamma-ray flux
reported in Table A.1 and help to explain why the high energy gamma-ray flux
is not lower in the norite than in the footwall.

In the footwall the thorium

is concentrated in the granite at a much higher concentration than in the
norite but the iron concentration in granite is three to four times lower than
it is in norite. Therefore while the average thorium concentration and therefore the neutron flux is higher in the footwall, the high-energy gamma-ray
flux does not increase proportionally.
The thorium and potassium content of the rock may be estimated from
the measured gamma-ray lines. An analysis similar to that above gives 1*
potassium and 5 ppm thorium.

The thorium content is in good agreement with

the assay results but the potassium is smaller than the average value for
Sudbury norite (1.6?).
The consistency between the three independent measurements of the
background gives confidence that the background from the rock is understood.
The norite is not as good as sites such as the Gran Sasso tunnel in Italy where
the limestone has about one tenth the thorium and uranium content but it is
similar to the gabbro which lines about one half of the Homestake mine site.

I
I
I
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Appendix B

_

Photons from and Safety of Tritiated D 2 0

I

The bulk of AECL's stockpiled D 2 0 has been contaminated by 3H
during the electrolysis upgrading process at CRNL.

The D 2 0 produced by the

|

G.S. process at the Maritime plants is upgraded by the distillation process at

_

these plants and shipped to CRNL for final upgrading by electrolysis.

•

final upgrading could be done by distillation, as is done by Ontario Hydro,

I

but in the interest of plant efficiency, AECL has chosen to do the final
upgrading at CRNL.

|

The

The distilled D 2 0 has a 3 H content below 0.05 uCi kg"1

(virgin D 2 0) whereas the D 2 0 from electrolysis has a 3 H content < 1 mCi kg"1
(typically 300 y C i k g " 1 ) .

This is colloquially called low-trit. D 2 C.

The CRNL plant contaminates the virgin D 2 0 from the Haritimes
because the plant itself is contaminated with 3 H. This low level contamination occurs because the plant is also used to upgrade D 2 O that has been
downgraded in CANDU reactors 3

D 2 0 which contains significant quantities of

H due to the neutron capture in deuterium.

It will be shown below that the

low-trit. D 2 0 is unsuitable for the neutrino detector whereas the virgin
0 2 0 is suitable.
Photons from Tritiated D 2 0
Measurements have been made at' CRNL1 of the light output of tritiated
D 2 0.

Samples of tritiated D 2 0 with 3 H concentrations from 1.8 to 16 Ci kg"1

were examined with an RCA 8850 phototube and the number of photoelectrons
(p.e.) emitted by the photocathode were measured.

Figure B.1 is a photograph

showing the phototube and the vials which contained various samples. Tr.e
phototube has a high-gain GaP first dynode emitting surface which facilitates
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Fig. Bl
Photograph of RCA 8850 phototube in its housing which contains a
diode. Also shown are various vials containing either tritiated D2O,
tritiated liquid scintillator or nothing.

Fig. B2 Analysed pulse height spectra from the phototube. The right hand
spectrum is of the dark current. The left hand spectrum is from a vial
containing 5 uCi of tritium.
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single photocathode electron counting.

The right hand photograph in figure

B.2 shows the analyzed dark current from the tube. The peak is due to single
photocathode electrons, a claim verified by runs with a pulsed diode emitting
yellow light (figure B.1) and a sample of tritiated liquid scintillator which
was also used for calibration purposes. The left hand photograph in figure
B.2 shows the spectrum from a 5 uCi sample of tritiated D20 recorded with the
same live time as the dark current spectrum.

The measurements indicate that

tritiated D20 emits enough photons into H-n sr to produce 3.3 p.e. s"1 uCi"1
in the photocathode material.
The 50 cm diameter hemispherical phototubes proposed for the solar
neutrino detector exhibit a dark current2 of 20,000 p.e. s"1.

A proposed

experimental configuration with U0% phototube coverage consists of 2000 of
these tubes surrounding 1 ktonne of D 2 0.

In such a configuration a tritium

contamination of 30 yCi kg"1 will give an additional background of 20,0C0
p.e. s"' per phototube.
Such a large increase in phototube noise would increase the rate of
random coincidences for events defined by a given number of phototube hits
by five orders of magnitude (see figure B.3). Figure 8.3 shows the accidental
event rate per day (R ) as a function of the number of tubes in coincidence
(n) for different phototube noise rates (r). The "Learned" formula is used
R - kne"k/[(n - 1)!t]
n
where k » Nrt
N is the total number of phototubes (2000)
t is the time resolution (SO ns).
Ideally tube noise should be as low as possible but realistically an increase
of up to 7,000 counts s"1 per tube could be tolerated.
S

H contamination should not be greater than 10 uCi kg"1.

This suggests that the
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A literature search for other measurements of non-Cerenkov light
from water was informative.

The most relevant paper is by Czapski and Katakis3

who looked at the light emission from tritiated H 2 0. They examined the origin
of the light emitted by varying the height of the solution, the concentration
of 3H and the effect of various glass filters. They also investigated the
spectral distribution and the influence of solvents as quenchers.

They con-

cluded that the non-Cerenkov light observed was due to the 3K and from the
water, that the spectral distribution was broad and that quenchers were ineffective.

They concluded that the light may originate from bremsstrahlung or

from excited He* formed in the 3H decay.

They quote G » 1C~5 (G is photons per

100 eV deposited) with no details on how they get this C from their
photomultiplier measurements.

The average energy of the 3H beta particle is

5.6 keV, giving 56x1O~s photons per disintegration.

If one assumes a photocathode

quantum efficiency of 16? then 3.3 p.e. s~JuCi~' is predicted from tha result of
Czapski and Katakis - the same value as measured with tritiated D20 at CRNL.
Much of the other literature on non-Cerenkov light from H20 and
D20 is inconsistent and less relevant.

A recent reference" discusses emission

from ice and refers to earlier work either on ice, which because of trapped
radicals in the ice should emit more light than liquid water, or on nonCerenkov light when the water has been excited with high energy pulsed irradiation which requires the experimenters to separate the Cerenkov and nonCerenkov light. The conclusions from these reports are (a) In all cases ice
has a G > 10"" photons per 100 eV, (b) Several water measurements give very
high G values suggesting either impurities or an irradiation technique not
relevant to our application.
In conclusion, while the beta particle emittec in 3K decay has too
low an energy to produce Cerenkov light it nevertheless produces light which
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increases the phototube signal; a signal which contributes to the random
events in the proposed experiment.

The bulk of the D20 stockpiled by AECL

is low trit. D20 (3H • 300 pCi kg"1) and is unsuitable by almost two orders of
magnitude.

The virgin Da0 (*H < 0.05 yCi kg"') produced by the distillation

process only is suitable by more than two orders of magnitude.
Safety of Tritiated D20
Tritium is a radioactive substance and must be handled appropriately.
It is required that drinking water have a 3K content below 1 uCi kg"1 and.it is
recommended that it be below C.I yCi kg"1.
radioactive hazard.

Clearly the virgin D20 is not a

Even the low-trit. D20 which must be directly labelled

as radioactive during transportation can hardly be considered a significant
radiation hazard.

It has been estimated that an oral dose of 10 I of D20

is lethal because the 2H replaces enough 'H atoms in the body to cause
metabolic disfunction whereas ten liters of low-trit. D20 will cause a whole
body radioactive dose of 300 mrem (equivalent to about 10 medical X-rays).
The D20 proposed for this experiment is a health hazard only if it is drunk.
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Appendix C

Transmission of Light in D20 and H20

Experimental Method
The attenuation coefficients for H 2 0 and D20 were determined1 by
measuring the attenuation of a collimated monochromatic light beam passing
through a water cell approximately 50 cm long.

The experimental set-up is

shown in figure C.I. The water cell has a diameter of 12.5 cm and the fused
quartz windows are 5 mm thick.

The water cell is mounted on a carriage so

that it can be moved into or out of the light beam which has a diameter of
approximately 25 mm and is produced by a source consisting of a 500 watt
mercury arc lamp used in conjunction with a high efficiency monochromator.
After passing through the water cell, the beam enters a 25 cm diameter integrating sphere having an entrance port diameter of about 55 mm.

The detector

is a UV-enhanced silicon diode, placed at the rear of the sphere.

Thus, the

signal measured by the silicon diode is proportional to the total beam power
entering the sphere and is not sensitive to beam displacement or deformation
introduced by the cell.

The angle subtended by the detector is about 1C° with

respect to the center of the cell and excludes most of the scattered light.
A beam splitter is placed between the water cell and the monochromator to tap a constant fraction of the incident beam.

This reflected beam

(the monitor beam) also enters an integrating sphere and is measured by a
UV-enhanced silicon diode at the rear of the sphere. The signal is proportional to the total power in the bean go ins through the water cell (thtdirect beam).

The signals from both silicon diodes are fed to operational

amplifiers, then to integrating digital voltmeters.

The latter use a 10
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second integration period and are triggered simultaneously when making a
measurement.

The long integration period and simultaneous measurement of the

monitor and direct beams greatly reduces the effect of source instabilities on
the reliability of the attenuation measurements.
The transmittance of the water cell is given by

T • —- -M

h

where I

and I

T

represent the direct beam signals, measured with the cell

in and out of the beam respectively, and M

and M

are the corresponding

monitor beam signals. The cell windows are deliberately tilted by about 5
degrees with respect to the incident beam to avoid inter-reflection errors.
If we denote by t Q and t

the transmittances of the quartz-air and the quartz

water interfaces respectively, by t. the internal transmittance of one quartz
window, and by a the absorption coefficient of water, we have

T
1

- lt2
Q

t2 lt2 e e'aL
w A

where L is the length of the water cell.

aL

..£n(

1

•

Thus,

Vo

f 2 *'
t

Q

w "A

The factor (1_M /I M_) is measured experimentally, whereas the values
To o T
of t* and t2 are calculated from the known refractive indices n and
w
w
w
n of quartz and water:
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Q-1 " I\ nn * !i

fc

vi

Q

In evaluating a, we made the following assumptions:
(1) the absorption by the quartz windows is negligible above 300 nm (i.e.,

(2) the light beam has a normal incidence on the windows of the cell
(3) the difference in refractive index between light and heavy water is
negligible
(1) the scattering by the water is included in a.
The validity of these assumptions will be discussed below.

Water Samples
Preparation of ultra-pure water is of crucial importance and great
care was taken in obtaining a source of the purest H 2 0. The D 2 0 was
supplied through the auspices of AECL at Chalk River.
The samples of H 2 0 were prepared in three stages. Tap water was fea
into a Sybron Barnstead Nanopure II deionizer (4 module) to produce Type 1
Reagent Grade water. The deionized water was then fed through a Sybron
Barnstead Crganicpure (D 3600 series) system to remove organic contaminants
and finally through a two-stage distillation system made out of pure fused
silica. The resultant water was stored in pristine quartz vessels and was fed
by gravity through Tygon tubing into the transmission cell.
sealed with a glass stopcock.
and air was kept to a minimum.

The cell was then

At each stage the contact between the sample
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The D20 sample was prepared by the vacuum distillation process at the
Maritime plants of AECL. The 10.6 kg sample of D20 was removed from a
stainless steel drum (Nr. 4935) on March 21, 1985. This drum was one of
about **5 shipped to CRNL from Nova Scotia in January 1976. The water's
characteristics at that time, which are typical of good quality AECL D 2 0,
were:
D20

99.76?

Conductivity

1.3 microsiemens

Organic Impurities

1.1 mg/kg

Opacity

0.1 N.T.U.

Tritium content

< 0.5 yCi/kg

The drum did not have more than 5 litres of air trapped inside and
was stored for 9 years at CRNL.

On December 1, 1984 the drum was opened to

remove a 20 kg sample and at that time a ph value of 7.6 was measured.

The

conductivity, tritium content and purity were similar to those measured in
1975.

The drum was opened three more times and a total of 40 kg of D20

removed before the sample used in the present measurements was taken out. The
10.6 kg D2O sample was shipped to the NRCC in polyethelyene bottles and was
fed into the transmission cell in the same way as the H 2 0.

Results
The results of the measurements for light water and heavy water are
given in Table C.1, together with the correction factors K » 1/t*t2t*.
The wavelengths correspond to the various lines of the mercury vapour spectrum.
We have also done a series of measurements on the empty cell in crder to check
the validity of our calculated values of t Q (above 3C0 nm) and in order to
calculate a value for t. at 25t nm.
A
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Table C.1
Light Attenuation Coefficient (10~2 m"1) in K20 and D20

A(nm)

578
546
436
106
366
313

H20

9.2+0.7
5.8+0.7
1.3±0.7
1 .1±0.7
1.^±0.7
1.1+0.7
15.2±4.2

D20

1.1+0.7
1.2±0.7
2.4±0.7
2.6+0.7
3.7±0.7
8.9±0.7
32.3+^.7

K

1.0780
1.0783
1.0803
1.0812
1.0827
1.0855
1.1149

The results for H 2 0 and D20 are plotted in figures C.2 and C.3 respectively.

In figure C.2 the filled circles with error bars represent the pre-

sent data for H 2 0. The data from other experiments are given for comparison.
The dashed curves denote the data of Sullivan" which exists in the ranges 450
to 400 nm, and 790 to 580 nm.

The heavy solid curves denote attenuation

coefficients measured by Tarn and Patels using an optoacoustic technique. The
two crosses represent determinations by Hass and Davisson3 at 488 n.T, and 541 .5
nm using an adiabatic laser calorimetric technique.

The circles in the UV

joined by a light line represent the data of Quickenden and Irvin2 where every
fifth data point is plotted.
In figure C 3 the circles represent the present data for D 2 0. Tne
data from three other works are also given for comparison.

The curve in the

UV denotes the data of Larzul et als where the published data has been converted to exponential attenuation coefficients for the purposes of comparison.
The dashed curve from 400 to 700 nm represents the data of Sullivan".

The

solid curve in the If? denotes the attenuation coefficients measured by Tarn and
Patels using an optoacoustical technique.
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Figure C.2. Experimental attenuation coefficients for light
water as a function of frequency.
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Figure C.3. Experimental attenuation coefficients for heavy
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Error Analysis
Neglecting any error in L, the effect on a of errors in K and T is
given by

1

/ ,AK, a , £ T , 2

The uncertainty in the transmittance, T, can be estimated from the repeatability of the measurements.

We estimate this uncertainty to be ±0.3* with the

exception of the measurement at 25^ nm.

This excludes any systematic errors

which could be caused by inter-reflections between the cell windows or
between the sphere entrance port and the water cell exit window.

However, we

have determined these errors to be negligible by making measurements on the
empty water cell in the same geometry as for the watei—filled cell and observing good agreement (better than 0.1*) between the calculated and measured
values of t .
The correction factor K has three components. The contribution of
the quartz-air transmittance, t Q , is the most important and is approximately
7".

The quartz-water transmittance, t , correction is only O.H%. Tne

internal transmittance of the quartz windows, t , is essentially unity above
300 nm.

Therefore, the uncertainty in t

uncertainties in either t

has much more importance than the

or t . Because of this, we have checked the vali-

dity of the calculated values of t Q by measuring the transmittance of the
empty water cell.

The values of t

obtained this way differed by less than

0.1? from the calculated values. This also confirms that the assumption of
normal incidence on the cell windows causes negligible error even though the
actual angle of incidence on the cell windows was approximately 5 degrees.
Further corroboration is obtained by a calculation of the Fresnel reflection
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coefficients.

These calculations show that even for completely polarized

light (the worst case), the transmittano? at 5° differs from that at normal
incidence by less than 0.1?.

We measured the degree of polarization of the

light beam and it never exceeded 20%. This would cause a completely negligible difference in transmittance values between 5° incidence and normal
incidence.
In calculating the transmittances of the quartz-water interfaces, we
have assumed the same refractive index for light and heavy water.

Since the

actual difference is less than 0.1, the error introduced by this assumption is
less than .QH$.
The internal transmittance, t,, of 5 mm of quartz is unity with
negligible error above 300 nm.
empty water cell.
calculate t

This was confirmed by the measurements on the

At 25*1 nm, the measurements on the empty cell were used to

and so deduce the required correction factor K.

Bas3d on the above considerations, we estimate the uncertainty in the
correction factor K to be ±.2J.

Therefore, our estimate of the uncertainty in

the measured "absorption" coefficient a for either light or heavy water is
Aa • ±0.7 x 10~2 m'1

which is reflected in the errors quoted for the attenuation coefficients in
Table C.1. At 25^ nm the uncertainty is around ^ x 10~2 m~', due to a larger
scatter in the measurement of the transmittance.

It should be stressed that

the values of a should be interpreted as attenuation coefficients rather than
absorption coefficients, which would be less than or equal to the values
measured.
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Discussion
The main philosophy in studying H2C was to demonstrate that the
values obtained for o were in good agreement with other acknowledged works
so that we would have confidence in the correctness of our measuring techniques and in the values of o for D a 0.

In figure C.2, it can be seen that in

the broad absorption minimum in the visible region of the spectrum the values
of o correspond to an attenuation length of > MO m.

In the red region of the

spectrum the present data agree well with those of Tam ana Patels, Hass and
Davisson3, and Sullivan1*. The portion of Sullivan's data in the blue region
is a factor of *t larger than our data.
increase again.

In the UV region, tne values of a

Our values at 313 and 251 nm are up to a factor of 2 worse

than those of Quickenden and Irvin2, who took extraordinary precautions in tne
preparation of their water samples.

The present data agree well with the data

of Morel and Prieur7, and with the survey of Smith and Baker8.

In fact, our

data for H 2 0 are at the lower bound of values of a from previous experiments.
This is encouraging since all conceivable mechanisms tend to produce an
increase in a, i.e., shorter attenuation lengths.
In figure C.3, the present data for D20 are compared with the data of
Larzul et al s , Sullivan", and Tam and Patel5.

It is evident that the present

attenuation coefficients are smaller than those previously published.

Their

D20 samples probably contained impurities not in the present D20 samples. In
the region of wavelength of interest for the D20 Cerenkov detector the attenuation length is > 30 m in the D20 supplied by AECL and results in a negligible reduction in the predicted phototube signals.
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