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To my parents

Observation by means of the eyes and ears and all the other senses is entirely
deceptive and philosophy urges the soul to refrain from using them unless it is
necessary to do so, and encourages it to collect and concentrate itself by itself,
trusting nothing but its own independent judgement upon objects considered in
themselves, and attributing no truth to anything which it views indirectly as being
subject to variation, because such objects are sensible and visible, but what the
soul itself sees ts intelligible and invisible.

Plato. Phaedo.
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Abstract

The Sudbury Neutrino Observatory, a heavy water Cerenkov solar neutrino detector un-
der construction in Canada, should afford a high-statistics measurement of the v, component
of the solar neutrino flux. It will in addition have neutral current sensitivity and so could
resolve the long-standing Solar Neutrino Problem. Backgrounds to both the charged and
neutral current reactions arise from trace radioactive contaminants in the materials of the
detector. The most stringent purity requirements are those imposed on the central heavy
water detecting element: its Thorium and Radium content must not exceed 1 disintegration
per day per ton.

The required concentrations are below the levels accessible to direct counting methods, so
that pre-concentration onto a solid phase sorbent is necessary. Manganese Dioxide, MnO,, is
known to act as a sorbent for a number of radioisotopes, notably Radium, under a wide range
of conditions. Measurements were therefore performed which established the performance
of packed bed absorbing columns with respect to Thorium and Radium sorption. Limits
were also obtained on the equilibrium constant for Radium sorption, which determines the
ultimate purity obtainable if MnO; were used for purification rather than assay of the water.
Radium was found to be rapidly extracted at pH>2. A marked transition in the sorption
behaviour of Thorium was found near pH4, attributable to its known tendency to hydrolyse
in non-acid solutions.

A novel method of measuring adsorbed ?28Th and ??4Ra activity was developed. 22°Rn,
emanating from the MnO; surface, was carried with a gas stream into a large-volume gas
proportional counter where its alpha decay was observed in coincidence with that of its
short-lived daughter ?'6Po, although background levels in the device were too high for use
in SNO. The efficiency with which 22°Rn is de-emanated was also determined, together with
its variation with gas flow rate through the MnO, sample.

b um——

ii

T

o AT




Acknowledgements

I would like to express my thanks to some of the many people who offered their help and
advice in this enterprise. Neil Tanner, Dave Wark, David Sinclair and Edward Hooper all
freely volunteered their valuable time and considerable experience and I must thank them
for their efforts in preventing some of the more absurd errors I would otherwise have made
(although, needless to say, I claim sole responsibility for those which remain).

Barrie Knox volunteered a great amount of much-appreciated advice, technical help and
insight which has undoubtedly shaped the way in which the work evolved. To him are
due my thanks, in addition, for many conversations, often late in the evening, when my
understanding of the mysteries of Thorium chemistry, such as it is, was shaped.

I am also much indebted to my father for his patient, not to say long-suffering, and
generous support, and to Joanna, for being very much better than I deserve.

Finally, and most especially, I must express my gratitude to Peter Trent. Without his

patient encouragement, support, good humour and constructive criticism, this work would
never have been completed.

I am indebted to the Science and Engineering Research Council for their support over
3 years of this project.

Andrew Ferraris

Magdalen College
February 1992

il




Contents .

1 Solar neutrino astronomy 1
1.1 Standard solarmodels . . . . .. ... ... . ... ... . 1
1.1.1 Definition . . . . . .. .. 3
1.1.2 Input parameters for SSM calculations . . . . . .. ... ... ... .. 4
1.1.3 Calculational Procedure . . . . ... ... ... ... ... ........ 7
1.2 Neutrino interaction cross-sections . . . . . ... ... ... ... ....... 9
1.2.1 The electron scattering cross-section . . . ... ... .......... 10
1.3 Existing solar neutrino detectors . . . .. . ... ... ... ... . ...... 11
1.3.1 The Homestake 37Cl detector . . . . . ... .. ... ... ....... 11
1.3.2 The Kamiokande IT detector . . .. ... ... ... .......... 13
1.3.3 The SAGE Gaexperiment. . . . . . .. .. .. ... 14
1.4 Proposed solutions to the solar neutrino problem . . . .. ... ... ... .. 16
1.4.1 Non-standard solarmodels . . ... ... .. ... ........... 17
1.4.2 Neutrinooscillations . . . . . . ... ... ... ... .. ... ... 20
2 The Sudbury Neutrino Observatory 27
2.1 An outline description of the detector . . . . . . ... ... ... ....... 27
2.2 Neutrino detection in SNO . . . . .. ... ... 29
2.2.1 Neutrino interactions in heavy water . . . . ... .. .. ... ..... 29
2.2.2 Detection of fastelectrons . . . . .. ... ... oL L. 31
2.2.3 Detection of freeneutrons . . . ... ... ... 32
2.3 Detector backgrounds . . . . .. ... ... 34
2.3.1 Cosmogenic backgrounds . . . ... ... ... .. ... .. ... ... 34
2.3.2 Radiogenic backgrounds . . . . ... ... .. L L. 34
2.3.3 Theinfluence of radiogenic backgrounds on detector design and operation 37
2.4 Backgrounds due to activity in heavy and light water. . . . . . ... ... . . 42
2.4.1 The SNO water handling system . . ... ... ... .. ........ 42
2.4.2 Detailed consideration of backgrounds in SNO due to activity in the
light water . . . . .. .. . .. 43
2.5 Theassayof SNO water . . . . . ... ... ... . ... ... . ... ... 48
2.5.1 Assay of the Thorium chain . . . . . ... ... ... .. ........ 48
2.5.2 Assay of the Uranium chain . . . . ... ... ... .......... % 54

iy

3

R T,




3 Sorption and assay of dissolved radioisotopes 55

3.1 Jonsinsolution . . ... ... ... ... ... 55
3.1.1 Solvation . ... ... .. ... 55
3.1.2 Hydrolysis. . . . . .. .. . 56
3.1.3 Complexation and selectivity . . .. ... ... ... .. ..... ... 57
3.1.4 The solution chemistry of Thorium . . . . ... ... .. ........ 58
3.2 Solid phase sorbents e 60
3.2.1 Inorganic sorbents for radioactive elements . . .. ... ... ... .. 61
3.2.2 The Radium sorption properties of Manganese Dioxide . . . . . .. .. 64
3.2.3 Manganese Dioxide on acrylicbeads . .. ... ............. 65
3.3 Thorium monitoring in SNO by ?°Rn counting . . . . ... .......... 69
3.3.1 22°Rn counting in a gas proportional chamber . . . . .. ... ... .. 69
3.3.2 220Rn de-emanation from a Manganese Dioxide surface. . . . . .. .. 71
34 Programmeof work . . ... .. ... ... 72
4 Experimental apparatus: Performance and Analysis 73
4.1 First generation Cylindrical Proportional Chamber . . . . . .. .. .. .. .. 73
4.1.1 Description of the apparatus . . ... ... ... ............ 73
4.1.2 Performance of the chamber and results obtained . . . . . .. ... .. 76
4.2 Second generation Cylindrical Proportional Chamber . . . . . . ... ... .. g7
4.2.1 Description of the apparatus . . .. ... ... ... .......... 87
4.2.2 Experimental procedures . .. ... ... ... .. ... ... ..... 101
4.2.3 Performanceof the CPC2 . . . . .. ... ... ... ... ..... 106
4.3 Lead-shielded Ge(Li) gamma-ray detector . . . . ... ... .......... 119
4.3.1 Energy calibration and efficiency . . ... ... ... .. ... ..... 120
4.3.2 Backgroundlevels. . . .. ... ... ... ... ... ... 121
4.3.3 The source geometries used with the Ge(Li) gamma-ray detector, and
the determination of their relative counting efficiencies. . .. ... .. 123
4.4 Dataanalysis . . . . . ... e e 124
4.4.1 CPC data analysis procedure . . .. ... ... ... .......... 124
4.4.2 Determination of the isotopic loadings of active sources . .. ... .. 134
4.5 Ge(Li)/CPC efficiency cross-calibration . .. .. ................ 137
5 Investigations into Manganese Dioxide as a sorbent for SNO 139
5.1 The de-emanation of ?2°Rn from small MnO, samples . . . .. ........ 139
5.1.1 Experimental . . . . . .. ... ... 140
5.1.2 Resultsand analysis . . . ... ... ... ... ... ... ... .. 142
5.1.3 Detailed discussion . . . . ... ... ... L 144
5.1.4 The Appearance Experiment . . . . ... ... ... .. ........ 147
5.2 The kinetics of Thorium and Radium adsorption onto Manganese Dioxide . . 149
5.2.1 Procedure . . . . . ... e 151 1
5.2.2 Preparation of 228Th-spiked solutions . . . .. ... .. ....... § 152 ~




5.2.3 Analysis . . . .. L
5.2.4 Results and Interpretation

5.2.5 Information from filtrates . . . ... ... ... .. ... ........
5.2.6 Summary . .. ...,

5.3 Auxiliary experiments . . . . .. ... ...
5.3.1  AUXY . . o
532 AUX2 ... .. JP
5.3.3 AUXS3 . . e
5.34 AUX4

5.4 Equilibrium constants for Thorium and Radium sorption
5.4.1 Radium equilibration experiments

5.4.2 Thorium equilibration experiments

The operation of SNO and treatment of radiogenic backgrounds

6.1 Prospects for the use of MnO; in SNO background measurements . . . . . . .
6.1.1 Radon de-emanation from MnO, . . . . . . . . ... ... ... ....
6.1.2 The kinetics of Thorium and Radium sorption onto MnO,
6.1.3 Equilibria of the sorption reactions . . . . . ... ... .........
6.1.4 Other properties of MnOy-loaded beads
6.1.5 The use of MnOy-loaded beads in SNO

6.2 The experimental programme for SNO . . . . . . ... ... ... .......

6.3 The monitoring of radiogenic backgrounds in SNO
6.3.1 Self-monitoring by reconstruction
6.3.2 Waterflowpattern . . . . ... ... ... ... ... L.
6.3.3 External monitoring of Radium and Thorium . . . ... ... ... ..
6.3.4 Extraction of radioisotopes from the inlet stream

............

Collected results of FLOW trials
Al Rawactivitydata. . . . ... ... ... ...
A.2 Fitted initial Thorium and Radium activities

vi

NUCLEAR
S-Sty
PHYSICS

e




Chapter 1

Solar neutrino astronomy

1.1 Standard solar models

It has long been accepted that fusion of light nuclei is the only process capable of sustaining
the sun’s energy output for its known lifetime. According to the models outlined in his
section, the sun’s energy output derives from ‘hydrogen burning’ according to the overall
reaction:

4p — *He + 2e* + 2v, + 26.73MeV (1.1)

This reaction does not occur directly, since the interaction probability of four particles
is very small, but rather through a sequence of reactions known as the proton-proton chain.
Other mechanisms also exist which achieve the same result, notably the ‘CNO’ cycle. Rolfs
and Rodney [3] give an excellent account of the possible cycles of hydrogen burning —
essentially, a set of interlocking cycles exists in which successively higher-Z nuclei act as
catalysts for the reaction (1.1): the CNO cycle is simply the lowest in Z of this series.
Because of the successively higher Coulomb barriers to be overcome, each cycle ‘turns on’
at successively higher temperatures and the CNO cycle, according to the ‘Standard Solar
Model’ (SSM — defined below), contributes only about 1.6% of the sun’s energy. At much
higher densities and temperatures (T =100-200x10°K, p = 102-10°g.cm~2), a massive star
can undergo helium burning, an entirely separate method of energy generation to hydrogen
burning. For sufficiently massive stars, stable heavy-ion burning phases can occur. However,
with the exception of the CNO cycle, methods of energy generation beyond the p-p chain
are thought to be unimportant in the sun [4, 5, 6]

The reactions of the p-p chain are summarised in the well-known diagram in Figure 1.1
which shows the reactions, their branching ratios and the origins of solar neutrinos. The
branching ratios shown, it should be noted, are those predicted by the solar models outlined
in this section, and are dependent on temperature and nuclear abundances within the sun.

The primary reaction in the chain is the p+ p reaction, a weak process whose cross-section
is calculable. There follows the rapid addition of a proton to the deuteron and, for the most
part, the subsequent reaction g

H

3He + 3He — *He + 2p




p+p— 2 H+et +v.

99.77%

p+e +p— *H+v,

.0.23%

H4+p — 3He + 7

84.92% 15.08%

SHe +3He — o+ 2p

~107°%

SHe+p — a+et + v,

SHe + @ — "Be + v

15.07%

"Be+ e~ — "Li+ v+ ve

|

Li+p-—oa+a

0.01%

"Be+p— 8B+ 7

8B — 2a+et + 1,

Figure 1.1: The Proton-Proton chain.
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Figure 1.2: Solar neutrino spectrum according to the SSM. Continuum fluxes are in units of
em~2s71MeV~! and line spectra in em~2s~!, both at 1AU.

— the most common termination of the chain. Aside from the minor ‘hep’ (3He-p) branch,
the other possibility leads to the creation of "Be and thence to the important (for existing
solar neutrino detectors) 8B neutrinos. It may be seen that these neutrinos arise from a very
rare branch of the chain.

The predicted neutrino spectrum resulting from SSM’s is shown in Figure 1.2 (from
Bahcall and Ulrich [8]), which also includes CNO neutrinos. This neutrino spectrum, together
with the absolute predicted fluxes, constitute the central prediction of Standard Solar Models
of relevance to the present work. Neutrino detectors are intended to obtain information
about different aspects of the true neutrino spectrum, so that it may be compared with this
prediction. It must be noted that the spectrum alone does not predict the rate of neutrino
events observable in a given detector: this prediction requires also a knowledge of neutrino
interaction cross-sections and is quite a separate problem from stellar modelling.

1.1.1 Definition

A solar model consists of a specification, at each point within the sun, of the state variables
which describe the solar material. These variables include pressure, temperature, density and
composition. The calculation of these parameters is the subject of this section. From such a
model may be derived predictions of solar properties such as total luminosity, radius, acoustic
oscillation spectrum and neutrino spectrum. A valid solar model is thus constrained by
observations of these quantities and by a number of other empirical constraints. A ‘Standard
Solar Model’ (SSM) is defined to be such a model computed using the best available data
for its input, without invoking any hitherto unknown physics. However, since the data are
known only te limited accuracy, the SSM is not unique: different models can result from
different sets of input parameters, each consistent with experiment. i{

:
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The SSM’s to be discussed in this section are those of Bahcall and Ulrich (see [8] and
other references below).

1.1.2 Input parameters for SSM calculations

The main parameters which are entered into the calculation of a SSM are listed below.

¢

Nuclear abundances. The three numbers which characterise the abundances of the various
nuclear species present in the sun are the mass fractions of hydrogen, of helium and of all
heavier elements, conventionally denoted X, Y and Z respectively. Clearly X +Y + 7 =
1. The ratio Z/X is an important input parameter to SSM’s as it, or rather the
individual elemental abundances, determine in large part the radiative opacity of the
solar material. The heavy element abundances used by Bahcall and Ulrich (8] are those
of Grenvesse [9]. This study and that of Aller [10] are in close agreement.

Radiative Opacity. Energy transport within the sun can in principle occur by either of
the two mechanisms of photon diffusion (radiation) and bulk convection. Whether a

g

region of the sun is stable or not to convection depends of course on the conditions
which prevail in that region. In practice, SSM’s assume that the bulk of the sun
is quiescent and that the transport mechanism is radiative throughout, apart from a
convective envelope comprising a small fraction of the sun’s mass. For a plasma in local
thermodynamic equilibrium with a radiation spectrum close to that of a black body,
the diffusion approximation is appropriate and the material may be characterised by
the ‘Rosseland mean opacity’. The calculation of opacity is thus critical for the SSM

R 7 <O 8T R B

as it determines the temperature and density profile of the sun.

The calculations of the opacity from the composition of the solar material are complex
and require large computer codes. They are fully treated by Huebner [13] who details
the sequence of calculations necessary for the determination of an opacity. The method
is first to establish the structure of the ions (given T), then to calculate the resulting
contributions to absorption from bound-bound and bound-free processes and from free-
free processes (inverse Bremsstrahlung) and from scattering. The Los Alamos Opacity
Library codes were used by Bahcall & Ulrich to evaluate the opacity for the Grenvesse
mixture; the results are listed in Table III of Bahcall & Ulrich’s paper for the range of
temperatures and densities appropriate to SSM’s.

The equation of state The equation of state (ie. relation between P, T and p) used for the
solar plasma (see Rakavy & Shaviv [11] or Schwarzchild [12]) is essentially the ideal gas
formula. This is applicable even at densities of order 102g.cm™3 because at the relevant
temperatures, of order 107K, the solar material is fully ionised. Thus the corrections
due to the finite volume of gas particles are not significant since the particles are of
nuclear, not atomic, dimensions. It is modified by adding the radiation pressure to the
dominant thermal pressure and by small corrections due to electron degeneracy and to
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screening according to the Debye-Hiickel formalism [107]!. The resulting equation is

of the form: ) koT
= —aT* 4 P~
P-3aT +HM(1+D) (1.2)
where g is the mean molecular weight measured in proton masses, M:
1 3 1
¢ —=2X+-Y+ -7 .
P + 2 + 2 (1.3)

The constant D arises from the above corrections and a is the Stefan-Boltzmann con-
stant.

Nuclear reaction data The rate of energy generation in the sun is determined by the
reaction rates of the nuclear species present in the sun, te. the cross-sections for the
interactions, and by the Q-values for those interactions, less the energy radiated in the
form of neutrinos. The energy generation rate is obtained by summing over relevant
interactions. While the Q-value is an experimentally accessible quantity, p-p fusion
in the sun occurs at thermal energies of a few keV, far below the Coulomb barrier
in light elements (but well above kT). Thus the estimation of the low-energy cross-
sections is difficult from laboratory data obtained at energies not lower than about ;
1MeV. An extensive treatment of the experimental techniques and theory needed to %
arrive at the required cross-sections is given by Rolfs & Rodney [3]. Parker [14] presents
an exhaustive treatment of cross-section data and concludes that the relevant cross-
sections are sufficiently well understood.

The procedure which allows the extrapolation is to express the cross-section in a form
in which the Gamow factor has been separated out:

S(E)

o(FE)= —E—e'z’"’ (1.4)
where 7 7002
e

- 1

The function S varies slowly with energy as £ — 0 below energies of order 1MeV,
except in the case of low-energy resonances. The rate of reaction between two given
nuclear species is given by an integration over energy of the product Pr(v)o(E) x v,
which contains the product of the Boltzmann and Gamow factors. The result is that
a narrow energy window centred about a value Eq (typically between 6 and 10 keV)
arises in which the two exponentials are both small but their product is a maximum:
this therefore defines the energy range over which the reaction occurs with significant
frequency, and thus specifies the energies at which it is necessary to know S(E). This
function is determined by extrapolation to energy Egy from laboratory data. Details of

!Debye-Hiickel theory calculates the Coulomb energy density in a gas of charged particles, and from this
a ‘Coulomb pressure’, in the limit that this energy is much less than thermal energies, by calculatix%g the
polarising effect on the gas of an individual charge. .
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how the integration may be performed by expansion of S about Egy in powers of the
small quantity kT'/3Ey are given by Bahcall [16]. A full discussion of the nuclear data,
and uncertainties, may be found in Bahcall et al. [15]. Bahcall & Ulrich [8] present an
update which collates the best current values for the low energy cross-section factors
for the reactions of relevance for the p-p chain. This latter paper also emphasises that
the low energy cross-section factor S(E = 0) for the "Be-p reaction is still the largest
source of uncertainty in SSM predictions of the high-energy solar neutrino flux.

Solar age The age of the sun is presently believed to be about 4.55 x 10%yr. This estimate
derives from known meteoric ages which cluster closely around this value [17]. The
time needed for the formation of the sun and of meteorites is not well known, but
thought not to be long on this scale.

Further constraints

1. The sun is in hydrostatic equilibrium. The results of SSM’s predict that the sun is
in fact expanding very slowly, but the approximation is clearly excellent as the main
sequence of stellar evolution is observed to be stable and long-lived for solar-type stars.

2. The surface composition is known. Aller [10] gives an account of how the composition
of the solar photosphere is obtained from spectroscopic measurements. An atmosphere
model is set up which specifies the effective temperature, gravitational acceleration and
composition. Together with laboratory-measured transition probabilities, it allows
the calculation of the optical depths appropriate for the observed lines and hence
a prediction of their intensity. The composition is varied to obtain agreement with
experiment.

Additional assumptions contained in SSM’s

Uniform composition at zero time The sun is assumed to have entered the main se-
quence as a so-called ‘zero-age main sequence’ star of homogeneous composition. The
assumption of homogeneity is an important one as it is equivalent to assuming that the
pre-main-sequence sun was convectively mixed. No relevant nuclear transformations
are regarded as having taken place during the short pre-main-sequence phase.

The initial homogeneous composition is taken as being identical to the present observed
surface composition, the justification being that the convectively mixed surface layers
are too cool for nuclear transformations to occur and have not mixed with the convec-
tively stable core. The surface abundances of certain species (Lithium, Beryllium, *He)
impose limits on the temperature of solar layers with which the surface is connected
by mixing processes (see Schatzman [111]), and eliminate extensive mixing of surface
layers with the solar core. It follows that no processes occur to change the surface
composition, hence the importance of studying it as a guide to the initial homogeneous

composition. !
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Convectively mixed envelope It is assumed that the solar core, stable to convection,
is surrounded by an ‘envelope’ layer where the dominant heat transport mechanism
is convective. Schwarzchild [12] derives a condition for a medium to be stable to
convection.

1.1.3 Calculational Procedure

¢

Summary

The calculation of a SSM involves in fact the calculation of an evolutionary sequence of solar
models, beginning at t = 0 with a sun of known mass Mg and known composition, together
with the equation of state, nuclear data etc. With two other guessed parameters as input
to the calculation, the state variables P and T are then uniquely determined for the whole
star, and hence the density p from the equation of state. This allows the calculation of
nuclear reaction rates, and the composition of the next model in the sequence is therefore
determined by allowing the reactions to occur for a time step of perhaps 5 x 108yr. With the
new composition, a new model at the advanced age is computed. This process is repeated
until the known age of the sun is attained, and the model luminosity and radius compared
with solar values. The two initially guessed parameters are then iterated and the whole
procedure repeated until agreement with observation is obtained.

Calculation of a solar model

The differential equations which determine the stellar structure for a quasi-static star are
(see Schwarzchild [12] for a clear treatment):

‘i—f = -”C:ZM (1.6)
% = 47rr2p (1.7)
-Z—f = 4rr’pe (1.8)
o 19)

where M is the mass included within radius 7, € is the energy generation rate per unit mass,
K is the opacity and L the luminosity at radius r. Equation 1.6 is the equation of hydrostatic
equilibrium and 1.9 the equation for radiative energy transport. We also have:

P = P(pT,X,Y) (1.10)
k = k(p,T,X,Y) (1.11)
e = €¢p,T,X,Y) (1.12)

for the equation of state, the opacity and the rate of energy generation. Finally we have
boundary conditions at two boundaries:

|
r=0: M=0,L=0 (1.13)
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r=Rg: T=0,P=kT* (1.14)

Substituting the three relations 1.10-1.12 into the differential equations 1.6-1.9 yields
four D.E.’s in the variables T, P, L, M as functions of r with four boundary conditions. It is
clear that the problem is well-specified and has a unique solution. It follows that a star of
given Mg, X,Y has exactly one equilibrium configuration. In practice, the approach is to use
Equation (1.7) to transform the ather three D.E.’s into a form where M is the independent
variable. It is thus necessary to integrate from M = 0 (centre) to M = Mg (surface). The
boundary conditions now take the form:

M=0: L=0,r=0 (1.15)
M=My: T=0,P=kT* (1.16)

However, on integrating from the centre outwards, one encounters an instability due to the
appearance of T in the denominator of Equation (1.9), te. a very small change in the central
temperature causes a large change in the conditions in the envelope. A similar problem
occurs on integrating from the surface inwards, due to the factor =2 in Equation (1.6).
The approach used is thus to perform integrations both inwards and outwards and to match
the solutions at an appropriate boundary within the star. Bahcall’s calculations use fourth
order Runge-Kutta integration and match the solutions around 0.2My. For the inward
integration, the boundary condition provides starting values for T, P but not L, R; whereas
for the outward integration the converse is true. The trick is, for each integration, to let
the unspecified dependent variables at each boundary take trial values, or rather a whole
set of trial values, and follow through the integrations for each set. Thus rather than just
one solution being followed from the centre outward and from the edge inward, families of
trial solutions are evaluated. The true solutions are required to satisfy at the boundary
T;=T, P,=P,, L = L,, R; = R,, where the subscripts obviously refer to the inner and
outer solutions. This provides four conditions which fix R and L at the surface, P and T at
the centre. This completes the solution of a solar model given a set of input parameters as
specified above.

Time evolution

Having calculated the zero-age homogeneous main sequence model (for a given set of in-
put parameters), it is then possible to use the temperature-density profile of the star thus
obtained to calculate, in each concentric mass shell, the rates of each nuclear reaction of
interest. These are then multiplied by a time step, typically 5 x 108yr. and the new, non-
uniform, composition determined. A succession of further models is then calculated using
reaction rates interpolated between the previous and new models. The detailed procedure
used to integrate the nuclear abundance equations is given by Bahcall [15].

A succession of models is then calculated, the composition of each being determined from
the previous model. The parameters T, P, L are determined for each model, as is its radius
Rg. The end-product of the sequence is a model of age equal to the solar age — the riadius
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and luminosity of the model are compared with the accurately-measured astronomical data.
The aim is an agreement between calculation and experiment to within 1 part in 104, In
order to achieve this, however, it is necessary to have chosen appropriate values of the two
parameters which were guessed at the inception of the evolutionary sequence.

These two parameters, mentioned in passing above, are, in Bahcall’s models, the initial
homogeneous hydrogen mass fraction, X, and an entropy-like variable S which determines
the constant k, which appears in Equation (1.14), and describes the conditions in the solar
convective envelope (see [15]). The first of these variables fixes the primordial helium abun-
dance since Z/X is an input parameter and X +Y + Z = 1. Equation (1.14) follows from
stating that the energy transport is entirely convective in the envelope and thus that the tem-
perature gradient is the adiabatic temperature gradient (see [12]), with v = C,,/C, = 2 for
a completely ionised gas. The relation is thus only applicable to temperatures above about
50,000K where H and He are completely ionised. Bahcall et. al. [15] detail the treatment of
the cooler solar atmosphere zone, which is taken to comprise 1073 Mg.

With the aid of empirical equations, the parameters X and S are adjusted so as to move
the final, fully evolved, model towards the observed solar parameters Rz and Lg. The
entire sequence of calculations, commencing with a zero-age main sequence model having
the adjusted parameters, is then re-calculated and the procedure iterated until satisfactory
agreement is reached, typically after just a few iterations. (Roxburgh, however (18, 19] has
pointed out that this procedure amounts to fitting two parameters to two observations, and
is thus poorly constrained.) This completes the calculation of a SSM.

1.2 Neutrino interaction cross-sections

Before an event rate in a detector can be used to infer a neutrino flux, the interaction cross
section for neutrinos in the detecting material must be known at the energy of interest, or the
detector calibrated by exposure to neutrino sources such as > Cr or ®*Zn. The determination
of neutrino interaction cross-sections for all detectors of interest is extensively dealt with by
Bahcall [16] and Bahcall & Ulrich 8], and the uncertainties analysed.

Three main classes of interaction are possible:

Absorption: v +ZA — e +(Z+4 (1.17)
v — e scattering: v+e — V' +e (1.18)
Neutral current: v+ZA — v/ +724’ (1.19)

The first interaction is the basis of radiochemical detectors such as 37Cl, "Ga and '°In
and includes the inverse beta decay reaction to be used in SNO for determination of the
neutrino energy spectrum. The second allows the construction of water Cherenkov detectors:
Kamiokande, IMB and SNO. The third interaction, in which a neutral current interaction
leaves the nucleus in an excited state, is the general case of the deuteron disintegration
reaction to be observed in SNO. (It may be seen, therefore, that SNO is sensitive to all three
classes of possible neutrino interaction). The main efforts have been made in the directipn of
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determining the cross section, as a function of energy, for reactions of type Equation (1.17).

A fourth class of reaction exists, in which a neutrino undergoes coherent scattering off a

nucleus, with the result that a recoiling nucleus of a few keV energy is produced: the cross-

section for such an interaction is enhanced over the single-particle case by a factor of order

N2, N the number of nucleons. This reaction is only detectable in cryogenic detectors.
The general expression for absc:rption cross-sections is given by Bahcall as [16]:

o o« (G3(1)* + Gi(0)*)P.W. F(Z,W.) (1.20)

which involves the weak interaction matrix elements — (1), the Fermi matrix element, and
(o), the Gamow-Teller matrix element. P, and W, are respectively the electron’s momentum
and energy and F(Z,W,) is the Fermi function appropriate to the daughter nucleus. Bahcall,
however, shows that the cross-section can be re-cast in the more convenient form

1 2I'+1 <wepeF(Z, WE)>

= t.
o = (const.) X Fop 2l 41

Tra (1.21)
where the ft,/, value contains the weak interaction matrix elements appropriate to a beta
decay transition linking the final and initial nuclear states (having spins I’ and I respectively)
of the neutrino absorption process (w, and p. are here the electron’s energy and momentum
expressed in units of m.c? and m.c respectively). The advantage of using this form is that
the phase space factor f is relatively easily calculable and t;,; is a measured parameter of a
beta decay. The ft;/; value can thus, in the case of ground-state to ground-state transitions,
be determined from beta decay experiments.

For transitions to excited states, this is not possible and the only favourable (7e. calcu-
lable) case is when the transition rate is dominated (as with 37Cl and *°Ar) by a (superal-
lowed) transition to an analogue excited state in the daughter atom. For other cases, often
of relevance for the measurement of the high-energy neutrino flux (®B and hep neutrinos),
transition probabilities to excited states must be estimated from (p,n) reaction data: there
is evidence [31] that the ratio of cross-sections for (p,n) transitions between a pair of states is
approximately equal to the ratio of the squared weak interaction matrix elements. Thus one
can in principle obtain absolute cross-sections for transitions to excited states by normalising
to a well-known analogue state transition or to a transition accessible to beta-decay experi-
ments. However, relatively little data is available and it applies only to low mass nuclei — a
large extrapolation is needed to use the method for high-mass isotopes such as "'Ga, ®*'Br,
%Mo, 115In, 295T]. In view of these complications, Bahcall adopts a factor of 2 uncertainty
in matrix elements which must be determined solely from (p,n) data.

1.2.1 The electron scattering cross-section

The expression for the cross-section for v — e scattering is given by t'Hooft [30] as:

do  2Gim?
do - 2001 (63 + GR(1 - T/g)* = GLGR(m.T/4P) S
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where ]
GL = i§ +sin®(8w) (+ for v,, — for v,)

and GRr = sin?(fw) = 0.2300 £ 0.0020 [33], T is the recoil energy of the electron in electron
mass units and g the incoming neutrino energy.

Neutrinos of a given initial energy g are capable of giving rise to recoil electrons of energies
from zero to a maximum value T,nq,. Electron scattering experiments invariably detect only
electrons above an energy threshold T),;, and so to obtain the total event rate induced by
a neutrino spectrum, it is necessary to integrate the above cross-section, weighted by the
anticipated neutrino spectrum, between T,;, and T,,o-. The results of such a calculation
for 8B neutrinos are tabulated by Bahcall [16] for various values of Tp,;y,.

In the absence of resonant oscillations between neutrino flavours (see Section 1.4.2), the
spectral shape will be undistorted and will depend only on the nuclear physics processes
occurring in the sun; in this case a comparison of experiment and calculation gives the rate
of neutrino production directly. (In the case of SNO, spectral distortion shows up in the
absorption, or inverse beta decay, reaction, for which the electron recoil is essentially mono-
energetic for a mono-energetic neutrino beam). Since the v — e scattering cross-section has
an analytic expression, there is little uncertainty in its magnitude. Bahcall & Ulrich (8] give
event rates for reasonable thresholds, including absorption and v — e scattering for 1kt D,0.

One may also determine the differential cross-section for the production of an electron
of kinetic energy T': this may be obtained by integrating the above expression for do/dT,
weighted by the normalised neutrino spectrum, between energies g, the minimum neutrino
energy capable of giving rise to a scattered electron of energy T, and gynqz, the end point of
the neutrino spectrum. It follows that the observed electrons of energy T ‘sample’ a band
of the neutrino spectrum, rendering v — e scattering a less-than-useful tool for determining
the spectral shape. v — e scattering does, however, afford information not accessible via an
absorption reaction: the recoil direction of the electron is kinematically constrained to lie
within a cone whose axis is the incoming neutrino direction. A measurement of the electron’s
direction (such as may be performed in water Cherenkov detectors) thus gives an indication
of the direction of the neutrino flux.

The electron scattering cross-section for muon neutrinos at the energies of interest to
the solar neutrino problem is less by a factor of about 6 to 7, approximately independent
of energy. This is due to the presence of a charged current process contributing to v. — e
scattering which does not contribute to v, — e scattering — the latter process occurs only
via a neutral current process which is flavour-independent to high accuracy.

1.3 Existing solar neutrino detectors

1.3.1 The Homestake 3’Cl detector

The 37Cl experiment consists of 615 tons of tetrachloroethene, CCly, in a tank 4850ft under-
ground (4100 mwe) in the Homestake Gold Mine in Lead, South Dakota. The active iso{ope
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is 24.23% of natural chlorine which captures neutrinos according to the reaction:
Ve +37Cl — 3"Ar + e~ (1.23)
The capture rate in the detector according to the SSM has been predicted [8] as

7.9(1+ 0.33) SNU
1.5(1 £ 0.33) 37Ar atoms per day "(1.24)

where
1 SNU = 1 event per 1036 target atoms per day

and is a useful unit for intercomparison of neutrino detecting materials, rather than complete
detectors, since it includes no consideration of detector size and counting efficiency or detector
backgrounds.

Although the threshold for this reaction is 0.814MeV and it is thus sensitive to all solar
neutrino sources except p-p, the dominant contribution to this rate comes from B neutri-
nos, which are energetic enough to excite the analogue state in 3”Ar, with the next largest
contribution deriving from “Be neutrinos.

The production of radioactive 3" Ar, which has a half-life of 35 days to electron capture,
the inverse of the above reaction, is determined by extraction from the tank of the 37Ar,
along with added 38Ar carrier, by a purge with He gas. The extracted Argon is then isolated
and purified of radioactive Krypton, Xenon and Tritium before injection, with a few percent
added methane, into a small proportional chamber. The Auger electrons produced after
electron capture can be counted over a period of months. The method of identification of
37Ar decays based on rise time as well as pulse height information is described, which was
introduced in 1970 and marks the beginning of the recently-published data sets.

The definitive description of the detector is given by Davis et al. [21], including details
of the procedure for Argon extraction, tests which demonstrate that the efficiency of the
extraction is at least 95%, and investigations of the possible formation of C-Cl-Ar complexes
by the free 37Ar* ion before neutralisation: these would trap the 37Ar in the tank without
showing up as an inefficiency in the extraction of carrier 38Ar. The main test which has not
been performed on the 37Cl detector is direct calibration by exposure to a neutrino source,
65Zn for example.

Background processes in the chlorine experiment are all initiated by high-energy muons.
The principal reaction is 37Cl(p,n)3”Ar where the protons derive from (n,p) reactions on 33Cl
or (v,p) reactions on any nuclide. There is also a contribution from cosmic-ray-produced
muon- and electron-neutrinos. Backgrounds due to cosmic-ray muons have been assessed
by two different methods, using 37Cl directly and by using 3°K. The first is reported by
Wolfendale et al. [20] and by Davis et al. [21]. Three 6800 litre tanks of tetrachloroethene
were exposed at relatively shallow levels in the Homestake mine and the 37Ar extracted in
the normal manner. The production rate was extrapolated to the 4100 mwe level of the solar
neutrino detector using a formula which states that any nuclear event rate which derives #{om
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fast muons should vary with depth as N(h)(E)%7 where N (k) is the flux and (E) the mean
energy at depth h.

An experiment using 3°K to measure the cosmic-ray-muon-induced background is re-
ported by Fireman et. al. [24]. 37Ar production rates were again measured using a helium
purge. The much higher event rates per unit mass (by a factor of about 100) in potassium
compared to chlorine meant that this experiment could be run at greater depths than the
chlorine trials, indeed runs were performed at the 4850ft level of the neutrino detector. Fur-
thermore, solar neutrinos are energetically forbidden from contributing to the rates in the
potassium experiment. The processes contributing to 3”Ar production in 39K are:

n+P¥K — 2n4+p+3Ar

Any reaction producing secondary neutrons therefore contributes to the event rate. The
rates observed at shallow depths with 3°K were normalised to those observed with 37Cl: the
variation with depth was in good agreement with the above formula. The studies with Cl
and K lead to the presently-quoted background rates of 0.08 + 0.03 3”Ar atoms per day.

The average 3" Ar production rate over the period 1970 to 1988 is given by Davis et al. [23]
as:

2.33£0.25 SNU (1o error)
0.438 £ 0.047 37Ar atoms per day
Data/SSM = 0.30

with a production rate approaching twice this value during the period 1986-1988.

1.3.2 The Kamiokande II detector

A water Cherenkov detector has been operated in the Kamioka mine in Japan since July
1983. The first phase of operation, Kamiokande I, was as a high-threshold nucleon decay
experiment: this phase is not discussed here. The upgraded Kamiokande II experiment is
briefly described here: a detailed description of the detector is given by Soo Bong Kim [22].

The detector is 1000m underground (2700mwe) and contains 3000 tons of light water in
a cylindrical tank 15.6m in diameter by 16m high. The water is divided into two optically
separate parts: an inner cylinder containing 2140 tons monitored by 948 phototubes and a
1m thick outer layer monitored by 123 tubes as a cosmic ray veto. The requirement to shield
against backgrounds similar to those of relevance to SNO (see Chapter 2 herein) results in
the solar neutrino signal being taken only from a central fiducial volume of 680 tons.

The phototubes are R1449X 20" diameter Hamamatsu tubes which have no single pho-
toelectron response and a transit time spread of 14ns. Those monitoring the inner water
volume are arranged on the walls of a cylinder 14.4m in diameter by 13.1m high. Pulse
height and timing information is recorded for each tube. The detector’s trigger threshold
has decreased with time as backgrounds have been reduced and is reported by Totsuka [32]
to be currently around 5MeV. %
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Energy calibration of the detector was achieved by exposure to gamma-rays from a
Ni(n,y) source, and is known to better than 3%. Gamma-rays from the same source were
used for evaluating the angular resolution with which it was possible to reconstruct events,
and good agreement with Monte-Carlo studies was obtained.

Observation of solar neutrinos by the K-II detector was first reported by Hirata et al. [72].
On the basis of low-background data taken from January 1987 to April 1990, 1040 live
detector days, the Kamiokande detector has made a measurement of the 8B solar neutrino
flux. The analysis procedure makes a number of cuts in the data which suppress background
sufficiently so that the signal is visible.

1. Large signals in the anticoincidence shield are rejected so that only contained events
are studied.

2. Vertex reconstruction is followed by a fiducial cut to the central 680 tons.

3. A ‘spallation cut’ is imposed to reject events due to cosmic-ray-muon-induced beta
emitters with lifetimes from about 20ms—5s by examining the proximity of the event
to a preceding muon.

4. Events in the outer region of the fiducial volume are rejected if they point inward, away
from the PMT cylinder.

These cuts imposed, the fitted directions of electron tracks show a pronounced peak,
pointing away from the sun, superposed on an isotropic background. The experimental
peak is fitted to an a peak of width given by the angular distribution expected of scattered
electrons folded with the detector angular resolution; events in the peak then represent the
signal. Totsuka reports a flux relative to the SSM of

K-1I

oM - 0.46 + 0.05(stat.) £ 0.06(syst.) (1.25)

for electrons of measured energies above 7.5MeV (590 days) and 9.3MeV (450 days). Data
analysed using two different threshold energies are rendered comparable by normalising to
the appropriate SSM prediction.

1.3.3 The SAGE "'Ga experiment

Of existing neutrino detectors, only experiments using "' Ga as a neutrino absorber can detect
the abundant low-energy pp neutrinos. It will be seen in a later section that information
concerning these neutrinos is complementary to that gained by detecting the 8B and other
high-energy components of the solar neutrino flux.
The reaction
ve+ 'Ga — €™ + "'Ge (1.26)

has a threshold energy of 0.2332MeV and is thus suitable for detecting the pp neutrinos,
whose energies lie below 0.42MeV. The largest single contribution to the predicted capthre
:
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rate of 132722 SNU [8], comes from pp neutrinos (54%), but the reaction is clearly sensitive
to solar neutrinos from all reactions of the p-p chain. The dominant uncertainty in the
prediction derives from transitions to excited states in ! Ge, whose matrix elements must be
determined by (p,n) studies. Bahcall et al. [25] have derived a minimum rate in a Gallium
experiment of 80 SNU, based on a ‘minimum’ model which assumes that only pp and pep
neutrinos are generated in the sun and that the sun is in energy equilibrium. This is a
minimum model in that it relies only on the fundamental idea that pp fusion powers the sun,
and derives fluxes based on considerations of energy balance alone. If Gallium experiments
measure fewer than 80 SNU, this would strongly indicate that the neutrinos are altered in
transit from sun to earth.

There are two existing Gallium experiments, in Italy and the USSR. GALLEX — in
the Gran Sasso underground laboratory — consists of 30 tons of Gallium as 8.13M GaCl;
solution (see Kirsten [27]), whereas SAGE (Soviet-American Gallium Experiment) plans
to use eventually 60 tons (currently taking data with 30 tons) of molten metallic Gallium.
Only the SAGE experiment will be described in any detail here, since it has already reported
preliminary results. Much of the Germanium extraction and counting procedure is common
to the two experiments.

The SAGE detector is located in a purpose-built laboratory beneath Mount Andyrchi
in the Northern Caucasus, which furnishes a shielding of 4700mwe. The 30 tons Gallium
currently in use are contained in PTFE-lined reactors of 2m3 volume which are heated so
that the Gallium is kept molten (m.p. 29.8°C), and continuously stirred.

The length of a run during which "' Ge, which constitutes the signal in this experiment, is
accumulated in the Gallium is typically about 4 weeks, and is dictated by the 7!Ge half-life.
At the beginning of this period, ~ 120u¢ natural Germanium is added to the Gallium as
a carrier and as a tracer whose measurable extraction efficiency is used to determine that
of " Ge. At the end of a run, dilute HCl is added to the reactors and the Ga/HCl mixture
emulsified by stirring. On allowing the emulsion to separate, Germanium is retained in the
aqueous phase, and is drawn off from the reactors, the separate extracts being then com-
bined. The dilute solution is then concentrated by vacuum distillation, and brought up to
9N concentration by addition of further HCl. An Argon purge transfers the Germanium,
as GeCly gas, into 1l water. Solvent extraction into CCly followed by back-extraction into
water further reduces the volume of material in which the Germanium is contained?. Finally,
a small volume of the gas Germane, GeHy is evolved by addition of Sodium Borohydride,
and this, with a measured quantity of Xenon, is transferred into a miniature quartz propor-
tional counter, where it is retained for 2-3 months. The Germanium extraction efficiency is
determined by atomic absorption spectroscopy and finally verified by measurement of the
volume of synthesised Germane.

"1Ge decays by electron capture (the inverse of reaction 1.26) with a half-life of 11.4 days.
The only signature of electron capture by 7 Ge is the Auger electron emission of the resulting

2GeCly is soluble in water at pH7, but not at low pH: this allows an Argon purge to remove it from strong
acid and allows its partition constant between aqueous and organic phases to be controlled by comrolli?g the
pH of the aqueous phase. '
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"1Ga atom. Auger electrons following K and L capture (of 10.4keV and 1.2keV energies
respectively) are thus detected by the jonisation which they deposit in the counter. Pulses
from the counter are passed to an ADC and are also differentiated, allowing their pulse
height and rise time to be determined.

Since the expected number of detectable ! Ge decays is only four, taking account of the
counting and extraction efficiencigs, detector backgrounds must clearly be kept to around
1 month™!. The dominant source of background is fast electrons traversing the counter, origi-
nating from natural radioactivity — cosmic rays are not significant. The required background
suppression is achieved by fabricating the counter of ultra-pure materials and inserting it into
a cavity within a Nal crystal, itself surrounded by a large passive shield. The crystal serves
as an anti-coincidence shield and vetoes events associated with external activity. Further
background rejection is obtained by imposing pulse height and rise time cuts on the data —
an extended ionisation track corresponding to an electron crossing the counter gives a slower
pulse than does the point-like energy deposit resulting from an Auger electron. The position
of the window around the 10.4keV K peak in pulse-height/risetime space is determined by
individually calibrating the counters using an >*Fe source of 5.9keV X-rays. The position of
the energy window is determined by scaling linearly with energy and its width with VE. The
position and width of the risetime window is taken to be identical for the K peak and >°Fe.
Including neutron-irradiated Germanium in a counter confirmed this procedure’s validity.

Backgrounds to the "'Ge signal include production by secondary protons initiating the
reaction "'Ga(p,n), the protons deriving from external neutrons, cosmic ray muons and
internal radioactivity. These backgrounds have been estimated at not more than 0.025
atoms per day per 30 tons Gallium, to be compared with a signal of 1.17 atoms/day (see
Bahcall [16] or Abazov et al. [26]). Another background arises from long-lived cosmogenic
68Ge produced while the Gallium was on the surface: it decays by electron capture and is
thus completely indistinguishable in the proportional counter from "'Ge. This background
source could only be removed by repeated extractions.

The "'Ge content of a counter was determined by maximum-likelihood fitting of the data
to a 11.4d decay plus a constant background. Abazov et al. report a best fit to their data
from four extractions of 0 SNU with 68% and 95% confidence limits of 72 SNU and 138 SNU
respectively, not allowing for a possible difference between the extraction efficiencies of carrier
Germanium and "Ge. The experiment awaits calibration with a > Cr neutrino source.

1.4 Proposed solutions to the solar neutrino problem

Two main classes of solution to the Solar Neutrino Problem have been proposed. The first
comprises the Non-Standard Solar Models which alter the measured neutrino flux by some
modification of the assumptions which underlie the SSM. Most of these models lower the
core temperature of the sun by a small amount which, because of the great temperature
sensitivity if the ®8B flux predictions (~ T*® according to Bahcall and Ulrich [8}), is sufficient
to lower that flux by the required factor. Although these models postulate modiﬁcatiogls to
the simplest-possible assumptions of the SSM, such changes are within the framework of the
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standard model of electroweak interactions.

By contrast the second class of proposed solutions to the SNP introduces physics beyond
the standard model to account for the observed deficit of detectable neutrinos. The most
popular model postulates that v, emitted by the sun are converted to another flavour state
in transit, and are then undetectable in radiochemical detectors and induce a greatly reduced
response in Cherenkov detectors., Hypothetical Weakly Interacting Massive Particles have
also been proposed as a means of lowering the solar core temperature by introducing another
energy transport mechanism. In order to be effective, however, there are strict requirements
on their mass and cross-sections for scattering and annihilation. They are not discussed
further here. Bahcall [16] gives an overview of proposed solutions to the SNP.

1.4.1 Non-standard solar models

Many modifications to the SSM have been proposed since it became apparent that the
37Cl experiment yielded values which were significantly lower than predicted. Since the
experiment is primarily sensitive to 8B neutrinos, most of these models aim at reducing
this flux, the commonest method being to lower the central temperature of the sun whilst
maintaining the luminosity. This approach works because the 8B flux is strongly temperature
dependent via the Coulomb barrier controlling the reaction

"Be+p— 8B +7 (1.27)
which is followed promptly by:

8B — 8Be" +et 41,

8Be — 20
Bahcall & Ulrich [8] estimate that:
$(°B) o T¢°

(T. the central temperature) on the basis of 1000 SSM’s constructed by allowing five of
the most uncertain input parameters to take random values normally distributed according
to their estimated uncertainties. Although this result can be taken as meaning that the
prediction of the 8B flux is very sensitive to central temperature, and is thus correspondingly
unreliable, it also follows that a measurement of the flux ¢(®B) determines this temperature
to better than 1%, and thus constitutes a uniquely accurate probe of conditions in the solar
core.

Non-Standard Solar Models (NSSM’s) have been recently reviewed by, for example, Bah-
call [16] and Newman [37]. Some of the main possibilities are outlined below.

Rapid core rotation. Were the solar core to be rotating very much more rapidly than
the surface (which has a 27 day period), an extra term would be introduced into the
equation of hydrostatic equilibrium:

20(r)Q%(r)z ‘
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The result of this would be to decrease the load on thermal pressure and thus lower the
core temperature T, for the same total pressure. Bahcall shows that for a 1% effect, the
core angular velocity would have to be 1000 times greater than that at the surface. The
consistency of this requirement with the current limit on solar oblateness (< 2 x 107°)
has not been investigated. However, from helioseismological measurements, no evidence
has to date been found which indicates that omega is a function of r down to about
0.3Ry (34, 35, 36). Indeed, the constancy of § is surprising, requiring a transport
mechanism for angular momentum in the convectively stable core, since a mechanism
is known by which the solar wind can brake the sun’s rotation.

Strong core magnetic field. The function of a strong magnetic field confined to the solar
core is much the same as that of core rotation. An extra term for the magnetic
pressure is added to the hydrostatic equilibrium equation which allows a decrease in
core temperature for the same pressure. Such fields have been investigated theoretically
and are found to have decay times much less than the age of the sun, therefore requiring
some unspecified mechanism to maintain them.

Accretion. A key assumption upon which solar interior opacity calculations are based is

that the (unobservable) interior heavy-element composition is identical with that at the 1
(observable) surface, taken to be the primordial composition. This assumption clearly = g
breaks down if some accretion of the interstellar medium has occurred onto the solar ¢

surface. At present there is not thought to be enough material available for accretion
unless the sun has, at some time in its history, passed through a dense cloud. If heavy
elements have been accreted onto the surface, this would imply an over-estimate of
the interior opacity with a consequent lowering of the central temperature. Newman
concludes that the probability of sufficient accretion having occurred is in the region

of 5%.

:

Initial homogeneity. A further key assumption required for setting up the initial condi-
tions for the SSM is that the sun was initially homogeneous. This clearly requires
the existence of a well-mixed pre-main-sequence phase in stellar evolution, presum-
ably of relatively short duration. The subject of stellar collapse from a diffuse cloud
has been treated in detail by Winkler and Newman [41, 42, 43], who critically review
previous treatments of the problem, emphasising computational difficulties and the
dependence of the results on the chosen initial conditions. They present a full hydro-
dynamic treatment for the simplified case of the collapse of a non-rotating, spherically
symmetric, slightly Jeans-unstable cloud. (The Jeans condition for stability is that the
gravitational and thermal energy of the cloud be equal).

In their model, Winkler and Newman show that convection is not important until a
late stage in the collapse, but cut off their treatment slightly before the star reaches
a zero-age main-sequence state, when nuclear burning and convection are expected to
complicate matters. The time-scale for the collapse is a few times 10° years. I% is
clear that angular momentum must be considered in a real case, and that spherical
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symmetry is almost certainly broken — the shape of the solar system strongly suggests
a disk structure and accretion disks are known to be associated with T-tauri stars.
These modifications, however, would introduce many more parameters into the model.

In summary, it seems that no reliable model of the pre-main sequence phase exists, and
it is far from clear whether or not a star must necessarily pass through a convectively
mixed state. ‘

Mixing in the core. SSM’s show that, with time, core temperature increases as hydrogen
is depleted there (and thus, in the absence of any compensating effect, the p-p rate
decreases). A suggested mechanism for lowering of the core temperature is thus that
the core is mixed with material from the outer layers, which is richer in hydrogen.
Bahcall, Bahcall and Ulrich [40] have shown that mixing must have been extensive in
order to obtain agreement with the 37Cl experiment. There are a number of ob jections
to the mixing hypothesis:

1. Mixing of hydrogen-rich gas into the core would undoubtedly lengthen the lifetime
of stars if it were universal. This is undesirable since the ages of stars in the oldest
globular clusters are apparently already as great as that of the universe. The
fraction of mixed material thus cannot be large without a contradiction, which }
seems to rule out the extensive mixing scenario required by Bahcall, Bahcall and ' g
Ulrich.

2. Mixing a star requires an energy input to counter the gradient of mean molecular
weight built up by hydrogen burning to helium: to transport hydrogen into the
core requires that heavier helium be displaced from the bottom of the gravitational
potential well. Spruit [39] concludes that the supply of rotational energy to achieve
this throughout the core does not now exist in the sun and never has existed. He %
also notes that a thin region at the base of the convective zone may be thus mixed, .
and that this can account for the lithium depletion seen in the sun and other stars.

Dilke and Gough [38] have demonstrated that the 3He gradient built up by nuclear
burning could induce an instability of the core to low-order g-modes, with the

3 B o

possibility of mixing of the core at these times; the mixing process would itself

then smooth out the gradient and the instability condition would not then be
fulfilled until the gradients had built up once more. The consequence of this
would be large, periodic variations in solar luminosity with associated excursions
of the B neutrino flux. Although Dilke and Gough suggested this mechanism
as a cause of terrestrial ice ages, there is no hard evidence for such luminosity

i)

excursions. Even a small damping, moreover, would stabilise the core to this
perturbation. f

Non-Maxwellian statistics. Newman points out that it is not demonstrated that the two-
body Maxwell-Boltzmann velocity distribution is correct in the presence of long-range
Coulomb forces. Since the nuclear reaction rates depend entirely upon particles in the
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extreme tail of the distribution (see discussion in Section 1.1), a small distortion could
conceivably alter the rates significantly. Conversely, that plasma effects do distort the
M-B tail has also not been shown.

1.4.2 Neutrino oscillations

The possibility that the weak intéraction neutrino eigenstates might not be identical with
the mass eigenstates was first raised by Pontecorvo [44] in a study of lepton number non-
conservation possibilities. He postulated processes such as v. = p, and v = ¥ which
would result in a decrease in observable solar neutrinos at the earth’s surface. Gribov and
Pontecorvo [45] pointed out that these transitions led to neutrino oscillations in transit
between their points of production and detection, in analogy to the neutral Kaon system, ze.
that the probability that a particle created as v, will be observed as v, varies sinusoidally
with source-detector distance, in the case that the mass eigenstates are not degenerate.

Vacuum oscillations

We can in general express the flavour eigenstates as a linear superposition of the mass
eigenstates. In the two-neutrino case usually discussed the expression takes the form of a
rotation matrix containing one parameter 6:

ve \ _ cosf siné 2
(VI>_<—sin0 cos())(w) (1.28)

where the second neutrino ‘flavour’ above, v,, may be identified with v,, v, or a linear
combination of the two. In the mass representation the Schrodinger equation takes the form

.0 12 _ E, 0 13! ¢
-GG

where E; and F, are the energies of the two mass states of masses m; and mg, having
equal momentum. (Units such that A = ¢ = 1 are used throughout). Under the change of
representation given by Equation (1.28), it is easily shown that the Hamiltonian matrix is
transformed so that the time evolution of the flavour states is given by

iﬁ Ve \ _ Am? [ —cos26 sin26 Ve (1.30)
ot \ v, | 4E sin20 cos 26 vy ’
where E = (E; + E3)/2 and Am? = m} — m2.

This gives rise to ‘vacuum oscillations’ in the case Am? # 0, 6 # 0, and the probability
of observing as v, a neutrino created as v, at t = 0 is, by elimination from Equation (1.30),

Am?
|(Vel|ve)e|* = sin? 26 cos? ( 4;’; t) (1.31)

and it can be seen that the amplitude of the oscillations depends on the vacuum mixing angle
6. Vacuum oscillations cannot therefore cause a large reduction in flux unless the mgxing
angle is large. '
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The argument of the oscillatory term may be re-expressed in terms of a vacuum oscillation

length

AT E
Ly =
V= Am?
and the oscillatory behaviour of the electron neutrino flux may thus be written
. R
cos? (1—) (1.32)
Ly

where R is the distance travelled by the neutrino in time t. Ly is thus the distance over which
the two mass states evolve a phase difference of 7 due to their different time dependance.

Bahcall & Frautschi [46] evaluated the possibilities for vacuum oscillations as a solution
to the known deficiency of solar neutrinos observed by Davis. They demonstrated that it is
important to average over the energy spectrum of the emitted neutrinos (the 8B spectrum)
in order to obtain the effect of vacuum oscillations on the observed flux, and concluded
that an effect large enough to explain the 37Cl result was only obtained for a finely-tuned
value of Am2, and that for most values of Am? the maximum possible effect is a factor of
2 reduction in the flux, which occurs for maximum mixing (sin?26 = 1). In comparison
with the Cabibbo angle observed in the quark sector, sin? ¢ = 0.05, the amount of mixing
required for vacuum oscillations substantially to reduce the solar neutrino flux is large, and
even then the probable (ie. non-fine-tuned) flux reduction is insufficient to explain the known
deficiency.

Matter oscillations — the MSW effect

Wolfenstein [47) first pointed out, among other mechanisms, that standard weak interactions
may modify neutrinos’ oscillation properties in the presence of matter. This occurs because
electron neutrinos possess a charged-current interaction with electrons, via W+ exchange,
which muon and tau neutrinos do not. All types possess the neutral current v — e scattering
interaction, but since this is flavour-independent to high accuracy it has no effect on v, = v,
oscillations.

Addition of the Wolfenstein term \/§Gpnt|u6>(uel to the mass matrix and omission of
the diagonal neutral current terms yields, in the flavour representation,

2.2 ve \ _ Am? —COS2G+A4—£7\/§GF7IC sin 26 Ve (1.33)
ot\ v, | 4E sin 26 cos 26 Vg '
and it may be shown that the new mass matrix may be re-expressed in the form
ﬂ —cos 20y sin20py
2 sin QHM COos 20M
where
tan 26 .
tan20p = o1 (1434)

Gn.E
l—:‘};—k;—;secQG
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tan 26

= ————— 1.35
1—%‘5sec20 (1.35)
2
L. = \G/;W (1.36)
(4
2\ 2 2
A = (A;En:‘) {(cos29—-§%\/§Gne) +sin220} (1.37)

Neutrinos oscillate in this case with an oscillation length Ls (corresponding to Ly in Equa-
tion (1.32)) given by
L Ly\? ™
12, = L3 {1 -2 cos 26 + (——V—) (1.38)
L, L.
It can thus be seen that the presence of matter gives rise to an effective mixing angle 6,
and further that mixing is resonant (ie. 6, = m/4) for a critical electron density given by

V2Am? cos 26
Ne,res =
' 4GF

at which density Lps = Ly /sin26.

This resonance only exists for Am? > 0 = my > m;. If 6 is small, this amounts to the
condition that v, be lighter than the neutrino (v, v,) with which it is mixed. That this reso-
nance exists V sin? 26 raises the possibility that matter oscillations — the Mikheyev Smirnov
Wolfenstein or MSW effect — may occur within the sun for a wide range of parameters
(sin? 26, Am?), thus avoiding the necessity for fine tuning these parameters.

Although the above discussion has been applicable mainly to the two-neutrino case (ie.
in the approximation that the third neutrino flavour is weakly mixed with the first two),
the ideas apply equally in the more complex three-neutrino case, which has been studied
by Kuo and Pantaleone [106]. The mixing matrix in that case contains 4 parameters —
three angles and a phase — and is analogous with the KM matrix in the quark sector. They
demonstrate that only 2 parameters, both mixing angles, affect the oscillation and that the
masses enter as m? — m? and m3 — m? ie. in Am? combinations as before. Although the
oscillation behaviour is in general more complex, separate resonances are predicted in the

(1.39)

limiting cases of small mixing angles or large Am?.

MSW effects on predicted neutrino fluxes

Rosen and Gelb [48] numerically integrated Equation (1.33) taking into account the SSM
predictions concerning regions of the sun in which neutrinos are produced and the variable
density (and hence variable n.) within the sun. They note that there are two limiting cases
for MSW oscillations in the sun, which depend on the parameters sin?26, Am? and the
density gradient of the solar material. These limits give rise to distinct parts of a contour of
constant flux on a sin? 26 — Am? plot.

It is a well known result of time-dependent perturbation theory (see Davydov [50} for
example) that a sufficiently slowly-varying perturbation causes no transitions between stlates
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of a discrete spectrum. As a neutrino travels through the sun it encounters a density gradient
dn./dr which affects the local mass eigenvalues: a sufficiently slowly-varying density does
not cause transitions between the mass eigenstates. This limit is said to be adiabatic and
occurs when the scale height of the solar density distribution, defined by

hal - __l__dne _ dlnn,
d n, dr dr
is long compared to Lps. The converse case corresponds to the sudden approximation in
perturbation theory, according to which a perturbation is complete in a time short compared
to a characteristic frequency of the system — in this case there is a large probability of
transitions between mass eigenstates.

Bahcall [16] presents an informative, illustrative MS diagram (a contour of constant flux
reduction in a sin?26 — Am? plane) for the 37Cl result, ~ 2 SNU. This is reproduced in
Figure 1.3. The horizontal and vertical lines are solutions in the adiabatic approximation
— te. that the probability of transitions between mass eigenstates is negligible. The former
is the resonance condition: for Am? ~ 10~%eV'? neutrinos of energy E>7MeV pass through

resonance (that is, the central solar density is sufficiently high to allow this to occur). Its
upper boundary (in sin?26) is fixed by the increasing v, component of v, into which the
v eigenstate is converted, and its lower boundary by the limits of validity of the adiabatic
approximation. The vertical line is the large-sin? 26, small-Am? solution in which all energies
which contribute to the capture rate are converted — te. all relevant neutrinos are produced
above their resonant density — and v, survival is entirely due to the v, component of vy,
thus Pr(v.) = sin?26. The diagonal line is the non-adiabatic contribution and is given by
(see Rosen and Gelb [48])

log,o(sin? 28) + log,o(Am?) ~ —7.5 (1.40)

and represents the restoration of v, due to transitions after complete conversion.

Rosen and Gelb show that the spectra in the adiabatic and non-adiabatic cases are very
different. In the case of the horizontal line of Figure 1.3, the higher-energy neutrinos are
suppressed and it follows that the 7' Ga experiment would be expected to yield a result equal
to its SSM prediction. In the non-adiabatic case, all energies are suppressed, but especially
low and intermediate energies, implying a very low rate for the Gallium experiment. The
vertical line solution in Figure 1.3 gives an energy-independent suppression. The fact that the
spectra are different in these three cases constitutes an important experimental diagnostic.

The experimental determination of MSW parameters

The MSW effect is capable of changing both the magnitude of the v, flux at the earth
and also its energy spectrum. Radiochemical detectors(3”Cl and "?Ga) are sensitive only to
the integrated flux (weighted by their energy-dependent neutrino absorbtion cross-sections)
above their respective thresholds, and so yield little spectral information. Electron scattering
experiments (Kamiokande-II) provide spectral information, but with limited statistics :j}»nd
only for the high-energy end of the neutrino spectrum. '
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Figure 1.3: Dlustrative equal rate contour for the 37Cl experiment
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Bahcall, Rosen and Gelb [49] have surveyed the effects of a wide range of MSW parameters
on observable electron recoil spectra above a 5MeV threshold. They calculate that although
oscillations can reduce the total electron scattering cross-section by as much as a factor of
5 due to the lower scattering cross-section of the muon neutrino relative to the electron
neutrino, the spectral shapes resulting from plausible MSW parameters will not deviate by
more than 20% from each other, and that the difference is maximum at the lowest energies.
It follows that achieving low detection thresholds and good energy resolution is essential if
electron scattering is to be used as a diagnostic for MSW solutions to the Solar Neutrino
Problem. No analysis of Kamiokande data has been performed which attempts to deduce
MSW parameters from the observed energy spectrum: v — e scattering smears the energy
response of the detector since a range of incident neutrino energies can give rise to a scattered
electron of given energy, and furthermore the statistical accuracy of the available Kamiokande
data appears too poor.

The fact that the energy-dependent neutrino absorbtion cross-sections oq45( E) of ra-
diochemical detectors are different, and in particular that their detection thresholds are
different, implies that their results, when combined, may form an MSW diagnostic. In par-
ticular, the 7?Ga capture rate is dominated by pp and "Be neutrinos (E < 0.42MeV and lines
at 0.384MeV and 0.862MeV respectively) and that of the 3’Cl experiment by ®B neutrinos
(E = 6.71MeV). Taken together, the Chlorine and Gallium results will thus distinguish
between MSW solutions which suppress high- and low-energy neutrinos differently.

An MSW plot showing regions of the sin? 26 — Am? plane consistent with the Homestake
and Kamiokande results is given by Totsuka [32] and reproduced in Figure 1.4. It shows
that, if the ratio of the fluxes detected by each experiment is taken at face value, then the
adiabatic solution is nearly excluded. When sufficient statistics are available from Gallium
neutrino detectors, they will afford a further diagnostic for MSW parameters.
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Figure 1.4: Regions of MSW parameter space allowed by Homestake and Kamiokande-II
data.
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Chapter 2 .

The Sudbury Neutrino
Observatory

2.1 An outline description of the detector

The Sudbury Neutrino Observatory is under construction at the 2070m (6800ft) level of the
Creighton nickel mine, operated by INCO Limited, near Sudbury, Ontario. It is a water
Cerenkov detector whose detecting element is 1000 tons of heavy water, D,0O, monitored by
approximately 10,000 photomultipliers. The use of 1kt heavy water as a detecting element
was proposed by Chen in 1984 [1, 2] but heavy water had been considered as early as 1966 by
Kelly and Uberall [54]. The detector is intended to be sensitive not only to electron neutrinos
but also to muon and tau neutrinos, and in this way will distinguish unambiguously between
those solutions of the SNP which lower the neutrino flux and those which involve neutrino
oscillations. The neutral current detection of v, is unique to this experiment.

Figure 2.1 shows in cross-section the present design for the detector [55, 56]. The main
features of the design are summarised below.

1. The cavity is roughly barrel-shaped with a maximum diameter of 22m and height of
approximately 30m. It is lined with a stainless steel containment vessel. Thermal
insulation is included behind the liner since the rock temperature at the 6800ft level is
41°C and the water will be cooled to limit noise in the photomultipliers. A gas-tight
steel deck structure supports the heavy water containment sphere and retains an inert
gas blanket over the detector. Only filtered air will be allowed into the detector cavity,
which will in effect be a clean area so as to minimise contamination with radioisotopes.

2. The central detecting element, 1kt of 99.92% pure D,0 (remainder H,0), is contained
in a sphere of radius 6m. Acrylic (ie. polymethyl methacrylate or ‘perspex’) has been
chosen for the construction of the sphere because of the optical properties of this
material and the low levels of radioactive contamination which may be achieved in it.
Since the Cherenkov spectrum varies as 1/A?, ultra-violet transparency of the acrylic

sphere is essential, and largely dictated the choice of material. The vessel is to ‘be
i
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Figure 2.1: A schematic of the Sudbury Neutrino Observatory.
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suspended from the steel deck by Kevlar ropes, and its thickness in its various parts
has been chosen to enable the sphere to resist buckling.

3. Outside the acrylic sphere there will be at least 5m thickness of light water, approxi-
mately 7kt.

4. At a radial distance of 2.5m from the acrylic vessel, photomultiplier tubes (PMT’s)
are mounted on a support structure of stainless steel. The PMT’s will be 10” diameter
hemispherical-envelope tubes manufactured by Hamamatsu Photonics, having bialkali
KCsSb photocathodes and be sufficient in number to achieve 30% projected photocath-
ode coverage of the sphere. The effective coverage of the tubes will be enhanced by a
factor of around 2 by the fitting of ‘concentrators’ - curved reflecting surfaces designed
to accept light from within the heavy water and reject it from the light water, with
a consequent improvement in signal-to-background and vetoing of cross-talk between
tubes. Behind the PMT sphere is an opaque screen which prevents light entering the
PMT sphere from without, and which offers a high impedance to radial water flow
across the PMT sphere.

5. Each PMT will be instrumented by a preamplifier and discriminator. The discriminator
outputs will be used to generate a system trigger which could be anywhere in the
range from 20 to 200 channels firing in a 150ns interval, depending on the detector
backgrounds. The analogue preamp pulse will also be used to time the PMT hit, and
will be digitised to determine the charge deposition. Each PMT will thus produce
timing and pulse height information, to be used in event reconstruction. More detail
on data acquisition may be found in [56].

6. The heavy and light water in the detector will both be continuously cycled through a
purification apparatus to keep down the levels of contaminants. Since water purification
and monitoring are the major subject of this work, the SNO water system will be
described in more detail in Section 2.4.

2.2 Neutrino detection in SNO

The heavy water in SNO will serve both as the neutrino absorber and as the detector for the
reaction products. In all cases, the end product of a neutrino interaction is the production
of Cerenkov photons which will be detectable by the PMT array. The method of production
of fast electrons is, however, different for each reaction mechanism.

2.2.1 Neutrino interactions in heavy water
There are three principal reactions possible for solar neutrinos in heavy water: they are —

Neutrino-electron scattering ‘
v:+e — v+ e i‘Z.l)
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The electron scattering (ES) reaction is in principle sensitive to all three flavours of
neutrino, but in practice at solar neutrino energies, the cross-section to electron neu-
trinos is between six and seven times greater than to muon or tau neutrinos (since the
v, reaction can proceed via a CC or NC diagram whilst the v, and v; only participate
in NC reactions with e™). In practice, therefore, this reaction is sensitive to v.. The
reaction gives a poor determination of the incoming neutrino energy spectrum because
a monoenergetic beam is capable of giving rise to a range of differing electron recoil
energies. Although the v — e scattering cross-section is an order of magnitude smaller
than that of the absorbtion process (Equation (2.2) below), the recoil electron is kine-
matically constrained to travel in a forward cone with respect to the incoming neutrino
direction, and this forward peaking can be used to separate the v — e scattering signal
from the absorbtion reaction. The reaction thus affords evidence that the flux derives
from the sun — this has been seen in the Kamiokande II detector. The estimated rate
of detectable ES events in SNO is 1.0 x 103kt~1yr~! for a 5MeV threshold, full SSM
flux and no oscillations [16].

Absorbtion, or inverse beta decay
ve+d—p+p+e @Q=-1.44 MeV (2.2)

This charged current (CC) reaction, which has no equivalent for a neutrino flux inci-
dent on a light water detector, is sensitive only to electron neutrinos, but gives rise
to an electron which carries essentially the full energy of the incoming neutrino less
the threshold energy (given by Kelly and Uberall [54]) and thus supplies spectral in-
formation for the v, flux. The angular distribution of the product electron is given by
[1 — 1/3cos(f.)], implying a two-to-one backward-to-forward asymmetry with respect \
to the direction of the sun.

The cross-section of the absorbtion reaction has been accurately calculated by Nozawa
et al. [29] and is tabulated in Bahcall & Ulrich’s Table IX. The average cross-section as
a function of minimum accepted electron recoil energy is obtained by Bahcall & Ulrich
(Table VIII) for 8B and hep neutrinos, using the cross-sections of Nozawa et al. This
quantity is required for a measurement of total flux above threshold, disregarding any
spectral information.

The high cross-section for this interaction relative to v —e scattering constitutes a major
advantage of the SNO detector over conventional (light) water Cerenkov detectors.
Under the same assumptions as above, the anticipated rate is 1.2 x 10%kt=Tyr=1.

Neutral current disintegration
vi+d— v, +p+n Q=-2226%0.003 MeV (2.3)

The Q-value for this neutral current (NC) reaction has been determined by Mobley and
Laubenstein [59]. This reaction is unique to SNO and is flavour-independent, providing
a measurement of the total neutrino flux above threshold, independent of oscillatibns.
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Therefore, although this reaction affords no spectral information and no directional
information (both are lost in the processes of neutron thermalisation and capture) it
enables SNO to distinguish between oscillations and a faulty SSM as solutions of the
SNP. It is the principal reason for doing the experiment.

A state-of-art calculation of the cross-section for the neutral current reaction is pre-
sented by Bahcall et al. [28}. The calculation includes the effects of forbidden correc-
tions and meson exchange currents. They average the cross-section over the ®B and
hep neutrino spectra to obtain:

(o(°B))
(o(hep))

0.41(1£0.1)107*2 em? (2.4)
1.15(1 £ 0.1)10742 ¢m? (2.5)

I

The error estimate derives from consideration of a number of different approximations
and plausible sets of nuclear parameters, and is not therefore a statistical error. They
also obtain the result r = 0(NC)/o(CC) as a function of neutrino energy to an error of
0.5%, te. that quantity is much more nearly model independent and its measurement
constitutes a test for flavour oscillations. For the SNO detector, they derive a NC event
rate of:

4.5(1 4 0.38)10%kt = yr~1

where the error is dominated by the uncertainty in the predicted 8B neutrino flux in
SSM’s. The prediction takes no account of the detection efficiency in SNO for the
reaction.

2.2.2 Detection of fast electrons

The first two neutrino interactions above give rise to a fast electron as their detectable
product. The detection of fast electrons in SNO relies on the production of Cerenkov ra-
diation, with the heavy water therefore functioning both as the neutrino target and as the
detecting (ie. radiating) medium. Production of Cerenkov photons proceeds according to
the expression

dN a 1
zi= (7w (2.6)
The photons are propagated normal to the surface of the well-known ‘Cherenkov cone’ whose
half-angle is given by cos(6) = 1/(8n) (=~ 41° in heavy water for highly relativistic electrons)
and whose axis is the instantaneous direction of travel of the radiating electron. The thresh-
old kinetic energy below which Cerenkov light is not produced by electrons in heavy water
is 0.262MeV, the refractive index of heavy water being 1.333.

The resulting pattern of radiated photons is greatly complicated by multiple Coulomb
scattering of the electron, which limits the angular resolution of the detector to about 25°
according to Monte Carlo studies [55]. The spectral distribution can be seen from Equa-
tion (2.6) to be flat in frequency, which implies the well-known 1/A? wavelength dependence:
this fact gives rise to stringent requirements on the UV transmission properties of heaV}i and
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light water, acrylic and PMT glass so as to maximise the available signal. In addition, PMT’s
are required which have good sensitivity at short wavelengths — bialkali photocathodes have
the required properties in this respect. The photons radiated by a fast electron propagate
to the PMT array where a fraction is detected.

The total number of radiated photons is approximately proportional to the electron’s path
length, and thus to its energy. Abqut 350 photons per c¢m are radiated in the spectral range
300 to 650nm to which the PMT’s are sensitive. Hence the total number of photomultipliers
hit serves as an energy measurement for the electron, assuming that multiple hits on a single
tube may be neglected. Approximate energy calibration can be done by Monte Carlo, using
measurements of the phototubes’ overall efficiency and a description of the stopping of low-
energy electrons in water. An experimental energy calibration will clearly be necessary in
addition.

The electron energy can thus be obtained from the number of hit PMT’s. The PMT’s
to be used in the detector, however, have a TTS! of approximately 2.5 nanoseconds, which
allows accurate timing of the arrival of a photon. An event reconstruction algorithm will
thus allow the origin of the photons to be localised to about 0.5m. This done, the electron’s
initial direction may be estimated as the line connecting the vertex to the centroid of the hit
pattern on the spherical array of tubes. The energy, direction and position of the electron
may thus be determined: no further information is available.

2.2.3 Detection of free neutrons

The production of a free neutron is the only signature of the important neutral current
reaction. The detection method must clearly involve capture of the neutron onto some
nucleus with consequent production of detectable gamma rays.The default option at the
time of writing is the addition of NaCl to the heavy water, but other chlorine compounds
and the inclusion of neutron detectors in the heavy water volume are under consideration.

Distributed neutron detection

Pure heavy water Deuterium has a capture cross-section for thermal neutrons of 0.5mb
(hence its use as a moderator in power reactors) and in the absence of any additive in the
D20, Monte Carlo studies {55, 56] indicate that only 1/4 of neutrons generated within the
heavy water will be captured on deuterium, 1/4 will be captured on the 0.15% light wa-
ter contamination in the heavy water (with the production of a sub-threshold 2.223MeV
gamma-ray) and the remainder will leak into the light water to be captured onto protons.
A monoenergetic 6.25MeV gamma-ray is generated by capture on deuterium, which is de-
tectable because of the Cerenkov radiation of Compton scattered electrons.

! A photon incident on a photocathode gives rise to a photoelectron, which in turn gives rise to a delayed
pulse at the anode, having propagated an avalanche down a series of dynodes. The mean time between
the photon’s arrival and the production of the pulse is known as the Transit Time, and the FWHM of this
quantity as the Transit Time Spread (TTS). It is this latter quantity which determines how accura.tel)g the

arrival time of a photon can be known. !
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Sodium Chloride The addition of 0.25% (2500kg) NaCl into the heavy water would
introduce 3°Cl, which has a capture cross-section of 43 barns, and would modify the neutron
transport properties of the heavy water so as to contain 83% of the neutrons generated there.
This reaction has a Q-value of 8.6MeV and gives rise to a gamma-ray above 6MeV with a
probability of 60% [57] which may be detected via a Compton scattering process.

The NC response (an 8.6MeV, energy deposition, with losses arising from the Cerenkov
threshold) lies well within the energy range of the CC and ES reactions; the smearing of the
capture gamma-ray’s energy by the processes of Compton scattering and Cerenkov radiation
implies that the NC signal cannot be distinguished from the CC signal, except inasmuch as
the NC signal is isotropic (when averaged over many events), and the CC signal which has a
2:1 backward: forward asymmetry with respect to the solar direction. However, it is intended
to operate the detector for a year without the additive, followed by a year’s operation with
the additive, thus allowing an estimation of the NC signal by subtraction of the two event
rates.

Other chlorine-rich compounds are under consideration as distributed neutron detectors.
Chloral Hydrate is a possible candidate.

Discrete neutron detectors

The principal objeétion to use of distributed neutron detection in SNO is that the NC
signal would only be distinguishable from the CC signal by subtraction of low-statistics
measurements. Apart from the uncertainties involved in such a subtraction, it does not
allow the possibility of searching separately for short-term variations in the CC or NC event
rate. Such variations could be seasonal or associated with sunspot numbers.

A clear, real-time separation of the CC and NC signals is clearly desirable. This could be
achieved by using localised, discrete neutron detectors containing small amounts of a nuclide
having a large capture cross-section for thermal neutrons. A suitable choice is currently
thought to be 3He which undergoes the reaction

3He(n,p)*H Q@ = 0.77 MeV (2.7)

with a cross-section o, = 5327b. The inclusion of 3He-filled proportional counters within the
heavy water is under investigation. It is proposed to arrange strings of 1m long by 2.54cm
o.d. cylindrical counters, filled with 3He at 3 atm. pressure, on a 1m grid. The array is
designed to achieve a capture efficiency of 25% for neutrons produced in the D,0: that such
alow efficiency can produce an equally accurate determination of the NC signal is due to the
fact that no subtraction of the CC signal is required [61]. The strings of counters would be
buoyant and would thus have to be restrained from the lower surface of the acrylic sphere.
A serious problem inherent in this proposal concerns the levels of radioactive contami-
nants likely to be present in the materials of the counters, since any source of ionisation may
give rise to an event in such a counter. It is intended for the array of counters to contribute
a background event rate not exceeding 0.1 events per day, cf. the calculation of Bahcall et
al. [28] which predicts 4.5 x 10° NC events per kiloton-year for the full SSM flux (=~ 1'2.!1'1).
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2.3 Detector backgrounds

The assessment of backgrounds in SNO, or any other solar neutrino experiment, is of critical
importance as it is manifestly impossible to switch off the signal. In the preceding section
the signals expected from neutrino events were discussed, and a process contributing to
background is therefore one which gives rise to either a fast electron or a free neutron in (or
near) the heavy water, or mimics' the signals due to such events.

Backgrounds in the SNO detector derive from two distinct causes. The more important
by far is the decay of radioisotopes in the detector and in the surrounding rock, which will be
dealt with in detail in this section. A secondary cause is the incidence of cosmic-ray particles
on the detector, but this latter is relatively unimportant in the SNO detector because of its
depth below ground.

2.3.1 Cosmogenic backgrounds

The experience gained from Kamiokande II has shown what sort of events can be produced
by cosmic-ray muons incident on a water Cherenkov detector: the background derives in this
case from the production of high-energy (< 15MeV endpoint) beta-emitters from spallation
of 10, such as ®B, 2B and 12N, which produce Cherenkov-radiating electrons in the central
volume. However, the muon intensity at the SNO detector is a factor of ~ 200 lower than
at the Kamiokande detector, implying that only about 1.5 muons per day will give rise to
a spallation event above threshold [55]. This very low rate renders them easy to veto from
the coincidence of a muon signal followed by a beta-decay event (ie. Cherenkov radiation
which successfully reconstructs into the central volume) within the relatively long half-lives
(1/100s < ty/, < 1s) of the above nuclides.

Background events also arise from cosmic-ray-derived neutrinos, created in the upper
atmosphere. The fluxes of atmospheric v, and v, have been calculated by Gaisser and
Stanev [62] for neutrino energies down to 10MeV and the resulting background in the Home-
stake detector shown to be about 3 orders of magnitude lower than the observed event rate.
Atmospheric neutrinos are not therefore a significant background.

2.3.2 Radiogenic backgrounds

The energies characteristic of radioactive decay coincide, inevitably, with those characteristic
of solar neutrinos and it is essentially this fact which allows radioactivity in or near the
detector to mimic events due to neutrinos. It will be shown that radioactive decay is capable
of giving rise to fast electrons or free neutrons in the central volume of the detector, or to
PMT hit patterns which reconstruct as genuine events. The major sources of radioactivity in
the detector are the inevitable trace quantities of isotopes in the natural decay chains headed
by 232Th and 238U (and to a lesser extent 2357), together with 4°K and a contribution from
fission of 238U. These trace contaminants are present at some level in all materials.

The process by which electrons above threshold (expected to be around 5MeV) may
be produced is the Compton scattering of high energy gamma-rays. No gamma deca§'s of
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sufficient energy to produce electrons above threshold exist in the natural decay chains and
thus the sources of such gammas are neutron capture (neutrons derive from (a,n) reactions)
and fission. Low-energy gammas are copiously produced by the natural decay chains and
are capable of scattering electrons in the light or heavy water and generating a Cherenkov
background which may be above threshold if a coincidence between two decays occurs within
the resolving time. The finite energy resolution of the detector may also result in a sub-
threshold prompt beta-gamma coincidence being recorded as an event above threshold.

A serious background to the NC measurement arises from the photodisintegration of the
deuteron by gammas of energy greater than 2.223MeV, which occur in both the Thorium and
Uranium chains. Since the full SSM predicts 12 neutrons per day due to neutrino events, it is
intended that the photodisintegration rate be kept below 1 neutron per day, which imposes
the most stringent limits on the water purity.

Radioactivity from the rock

The sources of high-energy gammas (ie. greater than ~ 3MeV, the highest energy occurring
in the natural decay chains) from the rock surrounding the detector are spontaneous fission
of 238U, neutron capture and (a, py) reactions on the whole range of elements which make
up the rock and the stainless steel liner: the neutrons derive from (a,n) reactions and the
alphas from the natural decay chains. The rock also produces neutron fluxes due to the (ayn)
reactions and fission: these neutrons may capture on detector materials with the production
of gamma-rays.

Measurements have been carried out in the mine to determine the neutron and gamma
ray fluxes due to activity in the various rock types [55, Annex 10]. These data have in
turn been used to determine the shielding requirements for the detector and to estimate
the residual gamma and neutron fluxes into the detector [55, Annex 9]. The rocks in the
Creighton mine divide into two types: above the steeply sloping ore body, in the ‘hanging
wall’, the rock is a uniform Norite, whereas below it the ‘footwall’ rocks are varied, being
mainly Gabbro with inclusions of various types of granite and diorite. The measurements
indicate the the Norite is lower in 232Th (3.3ppm), 23U (1.2ppm) and °K (0.012% of natural
potassium) by a factor of about 2, the footwall rocks being very variable. The Norite also
gave a neutron flux of 3000 nm=2d~1, a factor of 5 lower than from the footwall rocks. These
measurements, and the fractured structure of the footwall rock, lead to the natural choice of
the Norite as the host rock for the detector.

Neutrons entering the detector are rapidly captured in the outer light water layer after
travelling only ~ 20cm [55, Annex 1]: they generate a harmless 2.223MeV gamma-ray.
High-energy gammas are more of a problem since they have a much longer range in water.
However, Monte Carlo calculations [56, 55, Annex 9] indicate that the measured gamma-ray
flux from the rock will give rise to backgrounds in the D;0 at least one order of magnitude
below the expected CC signal above a 5MeV threshold. They give rise to a negligible NC
background. It is also intended to attenuate the neutron flux from the rock by addition
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of Boron to the filler? between the (inevitably uneven) cavity wall and the stainless steel
containment tank; this will reduce the flux of high-energy gammas due to neutron capture
on the stainless steel and on the low-activity concrete which lines the waist of the cavity.

Radioisotopes in the detector

Gammas from heavy water ‘High purity of the heavy water is dictated by the fact
that in both the 2*2Th and 23U decay chains gammas are produced which have energies
above 2.223MeV, the binding energy of the deuteron. If these gammas are produced in the
heavy water, then it is clear that some will photodisintegrate a deuteron before falling below
this threshold (by Compton scattering). The photodisintegration of the deuteron, with the
production of a free neutron, exactly mimics the only signature of a NC event, irrespective
of the method used to detect the neutrons. This process thus forms an indistinguishable
background to the NC disintegration process and must be reduced to a level small compared
to the expected NC signal, and monitored in order to verify that such levels have indeed
been achieved.

By considering the branching ratios to gammas of energies above threshold, it may be
shown [55] that 1nd~! is produced by a 232Th concentration in the heavy water of 3.7 x
10~15g/g or by 4.5 x 10~14g/g 238y (assuming secular equilibrium in the chains). These
concentrations correspond to 1.3ddt in the Thorium chain or 48.4ddt in the Uranium chain
(1ddt is 1 disintegration per day per ton and is the natural unit for these activities).

Gammas from light water The light water may also contain traces of Thorium and
Uranium, is in close proximity to the heavy water (the attenuation coefficient for 2.6MeV
gammas in water has been determined as 4.96m~! [55, Annex 9]) and may thus contribute
to the disintegration of the deuteron. It has been calculated [55] that 0.13 x 10~12¢/g 232Th
or 1 x 1072g/g #3U in the light water will produce 1nd~1 in the heavy water. The limits
thus imposed on the light water purity are clearly much less stringent than in the case of the
heavy water. These levels of contamination, however, give rise to significant backgrounds to
the CC process and it is intended to maintain the light water purity at the same levels as
that of the heavy water.

Gammas from PMT’s The glass of the PMT’s will be the largest contributor of Uranium
and Thorium in the detector, and is situated close to the heavy water. For this reason,
glass of extremely low Uranium and Thorium concentrations (20ppb) has been identified
by the collaboration and will be used to fabricate the PMT envelopes. The contribution to

backgrounds from beta-gamma events in the PMT’s is not thought to be significant above a
threshold of 4MeV [56].

220% of natural Boron is '°B which has a cross-section of 38375 to thermal neutron capture via the reaction
1°B(n, a)"Li
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Gammas from the stainless steel structure Neutrons produced by (e, m) reactions
in the PMT’s may capture on the PMT support structure (although they will have been
attenuated by passing through light water). Because of the high capture cross-section of iron
(= 2.6b) relative to Aluminium (0.231b) [51], Aluminium would be the preferred material for
construction of the PMT support were it not for the electrolytic corrosion which would result
from the presence of the stainless:steel liner. The low-activity PMT glass allows stainless
steel to be used for the PMT support without unacceptable capture backgrounds.

Radioactivity in the acrylic After the heavy water itself, the most serious source of
background events is trace Uranium and Thorium in the acrylic vessel. Gammas and neu-
trons produced there are not shielded from the heavy water and so the radio-purity of the
acrylic is a critical item. Mass spectroscopy, neutron activation and alpha counting methods
have all been used [56] to determine the levels of contamination in acrylic and sensitiv-
ity at the pg/g level has been achieved. It has also been reported that the Uranium and
Thorium concentrations of the acrylic are non-uniform. Concentrations of 1.9 x 10~ 12g/g
232Th and 3.6 x 10712g/g 238U in the acrylic have been shown not to contribute too large a
background [56].

2.3.3 The influence of radiogenic backgrounds on detector design and op-
eration

The concentric design of the SNO detector is strongly influenced by the need to minimise
radiogenic backgrounds. The requirement to shield the heavy water from gamma-rays from
the rock sets the minimum size of the cavity, so that a 5m water shield can be included.
Although water is clearly not the best material for attenuation of gamma rays, a light water
shield was chosen for SNO as it has the advantage that it is possible to purify it to levels
probably not attainable with any other material. It is also necessary as a support for the
D20, since the buoyancy resulting from its similar density enables a much lighter, thinner
container to be used than would otherwise be possible, with consequent improvements in
optical transmission and total included activity. Water is also cheap and, being a liquid,
easily installed. Low-activity concrete has been included in the design around the waist
of the cavity where the boundary of the D,0 volume is closest to the cavity walls, and is
exposed to the highest gamma-ray flux.

The positioning of the PMT sphere is also dictated by the radioactivity in the glass
envelopes. A distance of 2.5m from the front face of the tubes to the acrylic sphere has been
chosen to provide sufficient attenuation of gammas originating from this source. The use of
very-low-activity glass, as opposed to a conventional glass, reduces the PMT backgrounds
from a dominant effect to an effect comparable to those due to the heavy water, light water
and acrylic [56].

The choice of acrylic as the material from which to construct the heavy water containment
sphere was dictated by the requirements for structural strength, UV transparency and ragio-

purity. Since the heavy water may not be shielded from activity in the acrylic, this activity
]
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must be controlled by choosing sufficiently clean material, and the levels of activity must be
independently measured so that these backgrounds can be estimated.

Given that the detector is constructed of the cleanest available materials, most of the
remaining backgrounds are subject to vetoing by event reconstruction [56]. Figure 2.2 shows
the reconstructed radii of Monte-Carlo-simulated beta-gamma events in the PMT glass and
Figure 2.3 shows the same quaptity for events originating in the heavy water, light water
and acrylic.

The accuracy of event reconstruction, that is the extent of the distribution in space of the
reconstructed positions of events occurring at a point, is critical to rejection of backgrounds.
The distance scale which characterises this distribution is expected to vary with the TTS
of the tubes and the square root of the number of hit tubes. The advantage of achieving
high reconstruction accuracy is clearly that background events due to activity outside the
D20 will not generally be reconstructed within it. If too many external events are being
falsely reconstructed into the D,0, a fiducial cut may be imposed on the data requiring
the reconstructed vertex to be within a sphere smaller than the acrylic vessel. In this case,
a better reconstruction accuracy implies a smaller loss of fiducial volume. This may be
particularly important if the acrylic is dirty or other external backgrounds (PMT’s, rock)
are higher than anticipated.

A further criterion of acceptability of an event is its energy. It is known that the energies
of radiogenic background events are not much higher than 3MeV, whereas the detector
threshold will be around 5MeV. A background arises, therefore, from low-energy events
reconstructing to higher energies due to the tail of the energy resolution of the detector.
The energy resolution is determined by the number of detected photons from the event,
the fractional uncertainty in the mean value of this quantity being estimated by 1/v/N, thus
maximising N for a given electron energy maximises the energy resolution of the device. This
consideration demonstrates that energy resolution is important for background rejection as
well as obviously desirable for measuring the spectral distribution of the radiating electrons.
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Figure 2.2: Reconstructed radii of simulated events above 2.0MeV and 2.5MeV due to activ-

ity in the PMT glass. The position of the acrylic sphere (7 = 6m) is marked by the vertical
line at the top of each frame.
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Good vetoing of backgrounds thus requires both accurate vertex reconstruction and good
energy resolution. These are achieved by maximising the amount of information carried in
the PMT hits which result from an event, which is in turn achieved by maximising their
number and the accuracy with which they are located in space and time. Maximising the
number of hits due to a given event is clearly achieved by maximising the probability that
a radiated photon is detected by 3 PMT: this requires long optical attenuation lengths in
heavy and light water and as great an effective photocathode area as possible. The first of
these objectives is automatically achieved by purification of the water [55] and the second by
choosing large-area photomultipliers and fitting them with concentrators which increase their
effective area at the expense of their angular acceptance. The timing accuracy of a PMT
firing is limited by the TTS of the tube: the vertex reconstruction accuracy is expected to be
linear in this parameter. The improvement in vertex reconstruction which has been obtained
since tubes of TTS < 3ns became available is a factor of about 2 [56]. The location in space of
a hit is made poorer by choosing large tubes, but this is inevitable from budgetary constraints
(an array of tens of thousands of small, fast tubes would be prohibitively expensive).

A secondary advantage of installing reflectors on the tubes is that, as mentioned in
Section 2.1, they narrow the angular response of a tube. The principal free parameter in
the design of a concentrator for a given tube is a cutoff angle: photons incident on the
(cylindrically symmetric) PMT/Concentrator combination at polar angles (measured from
the axis of symmetry) greater than this cutoff angle have a greatly reduced probability of
hitting the photocathode. The result is that, for an appropriate choice of design, the tube
may be made much less sensitive to the light water than to the heavy water, with consequent
rejection of gamma backgrounds from the PMT’s, light water and other external sources.
This occurs because an event originating there generates many fewer hits than an event of
equal energy in the central volume: thus it either does not trigger the detector (because
too few tubes fire) or appears below threshold. A final advantage of reflectors, which could
equally be achieved with blinkers, is that the PMT’s are shielded from cross-talk ie. activity
in one tube which generates Cherenkov or other light there does not trigger adjacent tubes,
with a consequent reduction in the number of spurious coincidences between tubes.

The above discussion demonstrates that events (ie. radiating electrons, however pro-
duced) occurring beyond the heavy water may be vetoed by accurate event reconstruction.
Furthermore, events occurring close to the edges of the D,0O due to activity in the acrylic or
H,0 may be rejected by a fiducial cut: the elimination, if possible, of the necessity for such
a cut is the object of efforts to obtain clean light water and acrylic. The same considerations
do not apply to radiogenic background events in the heavy water.

Radiogenic backgrounds originating in the heavy water may clearly not be reduced by
shielding. Furthermore, since they are approximately homogeneously distributed throughout
the heavy water, and neutrino events are necessarily homogeneously distributed, the signal-
to-noise ratio is not changed by imposing a fiducial cut. The contribution to CC background
due to high-energy beta-gamma events in the heavy water could in principle be reduced by
accurate energy resolution, but this is in fact fixed by the type and number of PMT’s tqﬁ be
installed. '
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The NC background due to photodisintegration of the deuteron by high-energy gammas
from the decay of members of the 232Th and 233U chains in the heavy water may not be
vetoed at all: the production of free neutrons, homogeneously distributed at their point of
origin, is the only signature of a NC event and affords no means of distinguishing genuine
from background events.

t

2.4 Backgrounds due to activity in heavy and light water

In Section 2.3.2 it was stated that the target purity levels for the heavy and light water in
the SNO detector are 1.3ddt in the 222Th chain and 48.4ddt in the 238U chain. In this section
the purification of water to these levels is briefly discussed and the subsequent monitoring
of the activities is fully discussed.

2.4.1 The SNO water handling system

Both the heavy and light water in SNO will continuously be cycled from the cavity through
a purification apparatus and back into the cavity in order to maintain their ionic purity and
optical (UV) transparency. The purification apparatus is described in [56] but its details
and performance are beyond the scope of this discussion. The only parameter of immediate
relevance is the throughput of the polisher stage, to be used for cycling the water, which is
150 litres per minute.

The necessity for continuous cycling arises from the solvent properties of water: a sample
of ultra-pure water, if left to stand in a container, begins immediately to degrade in purity
because of its well-known property of being an aggressive solvent, ie. it will leach material
from all surfaces with which it comes into contact. Since all materials contain radioisotopes
at some level, this constitutes a mechanismm whereby purified SNO water may become con-
taminated. Materials in the cavity expected to leach activity in this way include the PMT
glass, liner, PMT support structure and concentrators. An additional factor forcing contin-
uous cycling is biological activity: microorganisms, notably Caulobacters, show the ability
to survive and multiply under a wide range of conditions, including pure-water systems [66].
If contamination of the SNO water with dissolved ions were allowed to increase, conditions
might become more favourable for the growth of a wider variety of non-photosynthetic or-
ganisms, some species being intolerant of high salt concentrations. Biological growth in SNO
is most undesirable because of the increased scattering and absorbtion of light which would
result, with obvious consequences for event reconstruction.

The water purification cycles for the light and heavy water will necessarily be separate
since contamination of heavy with light water would be costly to reverse. The heavy water
cycle is the simpler since the conditions to which this water is exposed are simple, ie. it
contacts no detector component except the acrylic sphere and the plastic pipework to and
from the purifier. It is expected that little activity will be leached from these plastic surfaces
(since they will be selected to be low in contaminants and are very insoluble) and thus the

purity of the heavy water should not prove a problem unless the purifier is not capablé of
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eliminating to the required levels the elements in the Thorium and Uranium chains. (No
manufacturer publishes data concerning the removal of actinides from water to 107 1%g/g
levels). The situation with respect to the light water is very much more complex. The light
water comes into contact with glass and stainless steel (and other materials), both of which
are expected to leach or dissolve to some extent in water (the dissolution of glass has recently
been demonstrated by Trent [65]) and both of which contain levels of Thorium and Uranium
orders of magnitude higher than those in acrylic (~ 40ppb for PMT glass compared with
~ 1ppt for acrylic). The light water will thus continually be loaded with isotopes from these
chains.

It should be noted that leaching of radioisotopes into the light water is only a background
problem if the material is transported by the flow towards the heavy water: the total amount
of activity in the detector is not changed by the leaching process; only its distribution
is changed and this only increases backgrounds if the material moves towards the D;0,
otherwise it has little effect. A strategy for minimising the effect of leaching into the light
water will thus be implemented irrespective of the contamination levels achieved by the
purifier. Freshly purified light water will be injected into the cavity near the outer surface of
the acrylic vessel and the outlets for the flow arranged such that the streamlines are as nearly
radial as possible. This ensures that the light water closest to the acrylic sphere, to which
the detector is clearly most sensitive as a source of background, has been freshly purified
and is thus as clean as possible. The intended radial flow should ensure that any material
leached from any surface, such as the PMT glass, is carried away from the heavy water and
is thus made less dangerous, e. it then makes a smaller contribution to background.

A radial light water flow pattern is clearly an idealisation: in practice it will be com-
plicated considerably by convection and by the presence of the PMT sphere, its support
structure and cabling. The heat flux into the detector from the rock has been estimated
as 10kW with an additional 2kW contribution from the PMT bases [56]. A computer sim-
ulation of the water flow pattern in the detector resulting from these heat loads has been
performed, with the result that large-scale convective movements outside the PMT sphere
seem unavoidable, but that inward water movements within it may be avoided if it offers
sufficiently high impedance to water flow [64].

2.4.2 Detailed consideration of backgrounds in SNO due to activity in the
light water

This discussion focuses on those decays in the Thorium and Uranium chains capable of giving
rise to backgrounds in the detector - either to the CC or NC signal. The decays which give
rise to backgrounds are the same for each signal and are the (few) high-Q beta decays in the
chains. In the CC case, these decays give rise to a background because of the finite energy
resolution of the detector: the reduction of these activities acts to reduce the energy threshold
above which the CC reaction will be detectable above background, with a consequent increase
in signal rate. In the NC case, the background process is photodisintegration of the deuterpn
by gamma rays exceeding 2.223MeV in energy. The effect of reducing these activitiestis
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proportionately to reduce the background to this signal.

Since, as mentioned previously, it is impossible to determine the background rate in a
solar neutrino detector by performing a ‘source off’ measurement, its determination by inde-
pendent experiments is crucial to the success of the SNO experiment. A full calculation of
the background rates induced by radioactive decay requires a knowledge of the distribution
throughout the detector of all relevant radioisotopes. Such a calculation would use this infor-
mation, together with the gamma-ray attenuation lengths and neutron transport properties
of the detector materials, to determine by MC methods the production of fast electrons
and free neutrons in or near the heavy water. Such calculations have, in fact, already been
performed [55, 56] with assumed concentrations of 233U, 232Th etec. in the various detector
components, and constitute the calculation of detector backgrounds. However, an important
failing of these calculations is that, for lack of data to the contrary, they generally assume
secular equilibrium (SE) in the chains3, and it will be shown below that this assumption is
likely to be wrong for most materials considered. Furthermore, a homogeneous distribution
of activity in the H,0 is assumed, which will also be seen to be improbable.

Some contributions to the required distribution (of activities of all relevant isotopes
throughout the detector) are, indeed, well determined: the activities in the rock, shielding
material, PMT’s, acrylic and other static detector components are all, at least in principle,
known or measurable in separate experiments. Some such experiments have been carried
out. The concentrations of these activities in the water, however, will not be known before
the detector is built and must thus be measured in situ. This section, and the remain-
der of this work, is largely concerned with the contribution to detector background arising
from radioactivity in the light water: many of the same considerations apply to the heavy
water. Henceforth, the activities in the fixed detector components will be ignored because
backgrounds due to those activities are treated (measured and rejected) by quite separate
methods than those appropriate to the dissolved activities. Furthermore, not all radioiso-
topes are of equal concern: the criterion to be used for discrimination between decays capable
of generating a serious background and all others is the deuteron photodisintegration thresh-
old, 2.223MeV, since this is the background process which imposes the most stringent purity
requirement on the heavy water. A gamma above this threshold is known hereafter as a
‘troublesome’ gamma-ray.

The high-Q decays in the 23?Th and 2*®U chain are shown in Figures 2.4 and 2.5. In the
238U chain, the beta decay of 2Bi has Q = 3.27MeV and is the dominant source of high-
energy gammas. A 2.45MeV gamma arises from this decay with a branching ratio (BR) of
1.57%, and a 2.29MeV gamma with a 0.33% BR. The total BR to all other troublesome gam-
mas is approximately 0.16%. In the ***Th chain, a 2.614MeV gamma arises with essentially
100% BR from the beta decay of 298TI, itself a 36% branch of the chain, which populates
states in 2°8Pb above the 3~ first excited state. Almost all the resulting gamma-ray cas-
cades pass through this state, with the emission of the 2614keV gamma-ray. (The difference

®Secular equilibrium occurs in a radioactive decay chain when the rates of decay of all members except

the head member and lowest member are balanced by their rate of production due to decay of an immedi;ite
parent. A simple relation between the concentrations of isotopes in the chain and their half-lives follows. ,
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between the tolerable levels of Thorium and Uranium in the heavy water (see Section 2.3.2)
arises largely from the very different BR’s to troublesome gammas). Since 2'4Bi and 205T] are
the isotopes which generate the dangerous gammas, it is the distribution of these isotopes in
the water which should, ideally, be determined. In fact, it is the distribution of the points at
which these nuclides decay which is required, but the concentration and decay distributions
are identical to within a scaling factor.

Departures from secular equilibrium

The following discussion will suggest that the assumptions implicit in the MC calculations
referred to above, that the activities in the water are uniformly distributed and that SE
holds, are implausible. This will be seen lead to a requirement for the sampling of the water
in the detector cavity.

There are two sources of radioactive contaminants in the SNO water: the first is activity
leached from the detector components with which the water comes into contact and the
second is activity in the outflow of the polisher (which must necessarily be very low if the
experiment is to be feasible). The rate of leaching of a species from a surface will clearly be
proportional to its concentration in the bulk material, but may also depend on its solubility
or on its mobility within the material. Few measurements have yet been made of the leaching
rates of the various species from the relevant materials (except in the case of glass [65]) but
it is clear that if SE does not hold in the parent material, then it is very unlikely to hold
amongst the leached species. Because of their very different chemical properties, SE is equally
unlikely in the feed or the purified water.

The concentrations of radioisotopes in the fixed parts of the detector (PMT’s, support
structure, concentrators etc.) depend on the concentrations in the raw materials of which
they are made and on the chemical enrichment or depletion which occurs during manufacture.
Assuming SE to hold for the raw materials, it is likely to be disturbed during manufacture
since the elements in the chains have very different chemical properties. It follows that the
leached species are unlikely to be in secular equilibrium throughout the chains.

Certain parts of the chains will, however, be in equilibrium: those species whose half-
lives are short compared to 1 year (a reasonable estimate for the time between manufacture
of the detector components and their installation) will clearly be in equilibrium with their
immediate parents. Thus the Thorium chain will be in equilibrium from 228Th dow nwards,
but 232Th, 228Ra and 228Th will probably be in disequilibrium in at least some detector
components. In the Uranium chain, the section from ?26Ra to 21°Tl and 2'4Po will be in SE,
but disequilibrium will obtain above and below this section. Since troublesome gamma-rays
(TG’s) do not arise from the lower part of the chain, and the upper part is decoupled from
the TG rate by the 1600 y half-life of 22Ra, only this central section of the chain need be
considered. In the event that leaching rates depend solely on concentrations within the bulk
material, a measurement of the dissolved activity of any one species in a section of chain in
SE suffices to determine the activities of all other species in that section (assuming that the

dominant source of activity in the water is indeed leaching from detector materials). ‘
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232Th Decay Scheme
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Figure 2.4: Simplified schematic of the 2>2Th decay chain. Half-lives of all decays are given,
together with Q-values in MeV of a and §~ decays and energies in keV of important ¥
radiations.
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238U Decay Scheme
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Figure 2.5: Simplified schematic of the 23U decay chain. Half-lives of alldecays are given,
together with Q-values in MeV of a and $~ decays and energies in keV of important% Y
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The second respect in which the MC assumptions concerning activity in the water are
likely to be wrong concerns the uniformity of its distribution. Convective cells in the water
flow pattern, if present, could result in water being trapped in eddies: the levels of contami-
nation in these regions would presumably build up with progressive leaching. The light water
may thus develop non-uniform radioisotope concentrations and it is clear that contaminants
could be moved towards the heavy water sphere from the PMT sphere or the steel liner.

2.5 The assay of SNO water

It has been established that the concentration of dissolved activity in the SNO cavity will
probably be non-uniform and in secular disequilibrium. The backgrounds in the detector due
to activity in the water, however, depend on the distribution of 2°8T] and 2'4Bi decays in the
detector: knowledge of the concentrations at which the species in the Uranium and Thorium
chains which are released into the cavity by the purifier has been shown to be insufficient to
determine this distribution, even if the water flow pattern in the cavity is known. It follows
that during the operation of the detector, water sampled from a number of locations in the
cavity must be assayed. In the main part of this section, the case of the 232Th chain will be
considered, and the similarity of the 238U chain finally noted.

2.5.1 Assay of the Thorium chain

The ~ 10713g/g limiting concentrations deduced in Section 2.3 refer to the head members of
the chains on the assumption of secular equilibrium. The isotopes whose decay gives rise to
troublesome gamma-rays (TG’s), however, have very much shorter half-lives and so must be
present in the water at concentrations many orders of magnitude lower still. In view of the
different half-lives present, the disintegration per day per ton (ddt) is a more useful measure
than the concentration, since it is constant for all species in a chain in secular equilibrium.

The radioassay of water at the level of 1ddt is not thought to be possible by direct count-
ing of samples. Direct chemical or mass spectroscopic methods are likewise not thought to
be sensitive at the required levels, even for the head members of the chains. It is there-
fore proposed first to pre-concentrate the activity in a large sample of water into a smaller
volume and then to radioassay the concentrate. The methods of pre-concentration and of
subsequent counting are for the present left unspecified: the considerations in this section
apply irrespective of the techniques used. Since the quantities of heavy and light water in
the detector must be kept constant to avoid excessive stress on the acrylic vessel, freshly
purified water must be returned to the cavity at the same rate as it is drawn off, which limits
the rate of sampling to 150/ min~!with the present apparatus. Since the pre-concentration
stage might not be capable of efficiently extracting from so large a flow rate, this is an upper
limit.

Having established which decays in the Thorium chain give rise to troublesome gamma-
rays, and that regular assays of the water are necessary in order to deduce the level {of
detector background, it is necessary to establish which of the isotopes in the Thorium chain
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