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Abstract

The Sudbury Neutrino Observatory is a heavy water erenkov detector designed
to detect solar neutrinos. Its main objective is to confirm or negate the solar neutrino
problem. To achieve maximum counting rates and, thus, minimum statistical uncertainties, collection of erenkov light must be maximized. Our group at UBC, working
with collaborators at Oxford, have designed and tested an optical concentrator that
couples with a photomultiplier tube to achieve an effective gain in light collection by
nearly a factor of 2.
We have designed a procedure for measuring the reflectivity of flat mirror immersed
in water within the incident angular range of 15° to 750 to facilitate the reflectivity
measurement of dielectric-coated aluminum (DCA) mirror—the reflective component in
the the concentrators. DCA is a standard product used in lighting fixtures to enhance
the total reflected light. We determined that our application would best be served with
a dielectric coating that was 10% thinner than standard. Our DCA was manufactured
with the thinner coating. To ensure that the mirror will not significantly deteriorate
within the 10 year expected life span of the detector, equipment was designed and constructed that accelerates the aging of the mirror, allowing 10 year-equivalent aging to
occur in 70 lab-days. The reflectivity of aged mirror was then measured to verify that
no significant loss occured.
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Chapter 1

Introduction

1.1 Solar Neutrino Problem
According to accepted theory of solar nuclear energy production, there is a large flux
of solar neutrinos incident upon the earth. Since the early 1970's there has existed a
large discrepancy between the measured number of solar neutrinos and those predicted
by theory. All completed measurements report the experimental/theoretical ratio for
these fluxes to fall within the range of 1:4 to 2:3. This discrepancy is known as the
Solar Neutrino Problem, SNP.
Due to the small neutrino cross-sections, the above experiments have relatively small
data sets resulting in reasonably large statistical uncertainties. The Sudbury Neutrino
Observatory, a 1000 tonne heavy-water Cerenkov detector, will collect data at a rate
nearly 20 times that of previous experiments, allowing a significant reduction in statistical uncertainties. In order to reduce the total number of photomultiplier tubes
(PMTs) without compromising detector efficiency, each PMT is surrounded by a light
concentrator made from dielectric-coated aluminum sheet (DCA) that reflects the light
into the PMT.
A majority of the material in this chapter is presented in more detail in a text by
Bahcall [1] and the SNO proposal [2].

1
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1.1.1 Solar Models
The most widely accepted models for solar energy production are collectively known
as the Standard Solar Model, SSM. The model assumes that the Sun began as a zeroage main sequence star and then makes specific assumptions about its evolution. The
result is a star with all of the measured properties of our Sun, except that of the neutrino flux.
The standardness of these models refers to a common set of assumptions about the
physics and input parameters. Nonstandard models modify particular assumptions,
often to account for the measured neutrino flux and often at the expense of agreement
with other measured quantities.

Specifically, the assumptions are:
1. The Sun is a spherically symmetric plasma in hydrostatic equilibrium due to gravitational forces opposing a radiative and particle pressure gradient.
2. Energy is generated by nuclear reactions.
3. Energy is transported to the surface by convection and radiation.
4. At each point within the sun the pressure, density and temperature are related by
an equation of state similar to that for an ideal gas.
5. Specific values for a large number of input parameters including radiative opacity,
initial elemental abundances, nuclear cross-sections and reaction rates, etc..

The pertinent predictions are:
1. More than 98% of the Sun's energy is generated in the proton-proton cycle, figure
1.1.
2. Specific neutrino flux values due to pp and pep reactions. The pp and pep fluxes are
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Figure 1.1: The proton-proton cycle.
largely dependent upon solar luminosity and nuclear cross-sections, both of which have
been independently measured.
3. Production rates of 'Be and 8B depend critically on core temperature. Thus, their
associated neutrino flux is also very temperature dependent.
4. 8B is produced in the most central region of the Sun.
1.2 Previous Experiments
To date there are four solar neutrino experiments that have produced measurements;
Homestake in South Dakota, KAMIOKANDE II in Japan, SAGE in the former Soviet
Union and GALLEX in Italy. Each looks at a specific part of the neutrino spectrum,

4
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Figure 1.2: The solar neutrino spectra.
figure 1.2, and none measures more than 2/3 of the neutrino flux that is predicted by
the SSM.
1.2.1 Homestake
The Homestake experiment has been reporting data since 1971. It is based upon
the reaction
v. +

^e- +

^ (1.1)

where the radioactive argon is flushed out of the chlorine and then counted. It can
detect only ye with energy greater than 0.814MeV. This experiment is sensitive to
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fluxes from 8B, 7Be, pep and hep reactions. The measured interaction rate, as measured in Solar Neutrino Units of 1SNU = linteractionl second110'targetparticles, is
[3] (2.2 ± 0.2)SNU, 1a error compared to the results of the solar computer model with
the best input parameters of approximately 8SNU.

1.2.2 KAMIOKANDE II
KAMIOKANDE II is a light water .C. erenkov detector. .erenkov light is produced
when the velocity, v, of a charged particle in a dielectric meduim of refractive index
n exceeds that of light in that medium, c, where c„ = c/n [4]. The light waves form
a characteristic conical pattern with the half-angle, 0, as measured from the particle's
path given by case = (n x 0)-1 where # is defined by # = v/c and has a spectral distribution that is proportional to 1/A2. The light cone is detectable by the 'hit' pattern on
the PMTs from which the cone vertex (location of reaction) and particle momentum
can be determined.
In KAMIOKANDE lithe *erenkov light is generated by scattered relativistic electrons produced in the reaction
ye + C —> ve + C' (1.2)
where the source of the electrons is the light water. With an energy detection threshold
of 7.5MeV, this experiment is sensitive only to neutrinos from the 8.I3 and hep reactions.
The current results for the 8B flux are [3] [0.48±0.05(10±0.06(syst)]0(8B)Average where
0(8B)Average is the best-estimate theoretical prediction given in the paper by Bahcall
and Bethe.
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1.2.3 SAGE and GALLEX
The Soviet American Gallium Experiment and GALLEX are based upon the reaction
Ile +71

Ga —> e-

+71

Ge

(1.3)

where the germanium is chemically separated from the gallium. With an energy threshold of 0.2332MeV, these experiments are sensitive to the neutrino flux from the pp and
pep reactions. Since the predicted pp flux is orders of magnitude greater than the other
neutrino fluxes, these experiments will measure 55% of their flux from the pp and pep
reactions. The current results of SAGE measure [3] (58±174 ± 14(syst))SNU and for
GALLEX (83 ± 19(1a) ± 8(syst))S NU. The best-estimate theoretical prediction is
132SNU which differs from the SAGE measurement by 3.5a and from GALLEX by
2a. These results provide modest evidence for the existence of the SNP.

1.3 SNO
SNO is a heavy water Cerenkov detector that will be located in the INCO nickel
mine near Sudbury, Ontario, Canada. It is being built in a cylindrical cavern 2070
meters underground to provide adequate shielding from background cosmic radiation.
The cavern will have a diameter of 22 meters and a height of 32 meters. Inside will
be constructed a spherical acrylic vessel with a diameter of 12 meters containing 1000
tonnes of D20. Surrounding the acrylic vessel will be 9,600 PMTs completely immersed
in 7,000 tonnes of ultra-pure light water so as to quench background radiations from
the surrounding rock and the PMTs themselves. See figure 1.3.
The main advantage of SNO over other 'Cerenkov detectors is its sensitivity not
only to electron neutrinos, but to all neutrino flavors through their interaction with the
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Figure 1.3: The SNO detector.
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deuteron nucleus, (d). These reactions are

I^ye - - I - d

p + p + e-

II 1, + e-

vs + e-

III vz + d

p + n + yr

IV 7e+ d

n + n + e+

V Ve+P

Ti + e+

Reaction I is detected by the Cerenkov light from the relativistic electron. It is
currently expected that the electron energy detection threshold will be 5MeV. The Qvalue for this reaction is -1.44MeV. Thus, only electron neutrinos with energy greater
than 6.44MeV will be detected.
Reaction II also detects Cerenkov light from the scattered electron. Due to the
5MeV threshold there exists the probability that at low energies an electron neutrino
with energy greater than 6MeV will produce an electron with energy less than 6MeV.
Thus, at low energies the effective cross-section will be reduced and at higher energies
it should remain relatively unaffected. One should note that the cross section for the
electron-neutrino interaction is 6-7 times larger than that for the other neutrino flavors.
Reaction III has a Q-value of -2.2MeV and will be detected as a result of the neutron being captured on a free chlorine molecule . The chlorine will most likely be in an
aqueous solution of NaC1 in the D20. The capture will be followed by a gamma ray
cascade (total energy ,=:,-' 8MeV) which will be detected by the photomultiplier tubes.
The cascade energy is independent of neutron energy, making this reaction sensitive
to the entire neutrino flux above 2.2MeV. With 25 tonnes of NaCl in 1000 tonnes of

D20, the neutron capture efficiency will be 83%.
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Reaction IV is detected by seeing the positron erenkov light followed by the gammas from the capture of the two neutrons by the chlorine. The Q-value for this reaction
is -4.03MeV. Thus, sensitivity is limited to neutrinos above 9.03MeV with a double
neutron capture efficiency of (83%)2.
Reaction V will occur only in the light water surrounding the acrylic vessel. A
positron of energy ER — 1.8MeV will produce Cerenkov light and the neutron would be
captured in the hydrogen resulting in a gamma-ray of energy 2.2MeV. The neutron
capture would be invisible since it is below the detector threshold of 5MeV, but the
reaction can be identified by the reconstruction of the Cerenkov cone showing the origin
to have been in the light water.
Both reactions IV and V detect anti-neutrinos which are thought not to be produced
in the sun. But anti-neutrinos are produced in supernovae. Thus, these reactions provide an opportunity to measure the anti-neutrino flux from a supernova, should the
flux of such an event be incident upon the earth during the operational period of SNO.

Chapter 2
Concentrator Theory

2.1 Introduction
An optical concentrator is a device that accepts light through an entry aperture and
concentrates that light through an exit aperture. It can be shown that requiring the
concentrator to image the input light constrains the collector design such that optimal
concentration cannot be attained. In SNO we detect O' erenkov light which does not
require imaging. We have specified the profile of a non-imaging concentrator that when
coupled to a PMT will maximize Cerenkov light collection.
The complete theoretical treatment of optical concentrators can be found in the
text by Welford and Winston [5] where much of the theoretical development presented
in this chapter can be found in more detail. The specific application to SNO can be
found in the M.Sc. thesis by Ouellette [6].

2.2 Concentrator Theory
The theoretical maximum concentration of an optical system can be determined
using the principle of 'conservation of phase space', or `Liouville's Theorem'. As with
all physical devices, the theoretical optimum cannot be realistically achieved, but once
known it aids in the optimization of the physical design.

10
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Figure 2.4: Optical coordinate space.
2.2.1 The Calculation
Before specifying the Lagrange invariant for the optical system it is best to specify
the optical coordinate space, figure 2.4. Consider an incoming light ray traveling in
a medium with refractive index n and specify the coordinate system by origin 0 and
axes x, y, z. A ray passes through a point P = (x, y, z) and in a direction specified
by the direction cosines (L, M, N). This ray enters the optical device and emerges
into a medium with refractive index n' with a coordinate system specified origin 01
and coordinate axes x', y',z'. In this exit medium the ray passes through the point

P' = (x', y', z') and in a direction specified by the direction cosines (L', M', N').
One can define increments of position by dx and dy and of direction by dL and
dA1 . The product of these differentials with the square of the refractive index is an
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12

invariant throughout the entire optical system,
n2dxdydLdM = n'2dx'dy'dVd.W. (2.4)
, To find the theoretical concentration of any optical system one has only to equate
the invariant of the input medium with that of the output medium, specify the integration boundary conditions at the interface with the optical device and then integrate.
The above process can be complicated by the presence of a lens at the input aperture
and/or a lens or non-flat absorber at the exit aperture. The actual optical system that
will be used in SNO is a cylindrically symmetric collector open at the input aperture
and with a near-spherical absorber, the PMT, at the exit aperture.

2.2.2 The 2 Dimensional Concentrator
-

To temporarily avoid complications presented by skew rays and the convex absorber,
consider only rays that are incident in a plane which includes the concentrator axis and
assume there to be no absorber. This is the case of a 2-dimensional concentrator with
open exit aperture. The expressions derived under these conditions will later be modified to compensate for these restrictions.
Align the concentrator's symmetry axis along the z-axis and specify the input aperture by the radius a and exit aperture by radius a', figure 2.5. For an arbitrary incident
angle limit 0 and exit angle limit 0', integration of the Lagrange Invariant from the axis
to these limits yields
^
I I f n2dxdydLdM = n2(ra2)(rsin20) = n'2(ra'2)(rsin20').
(2.5)
One can define a concentration ratio, C, as the ratio of the areas of the incident

^
^
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aperture to the exit aperture,

c=

ira2^
= n'ain81
(-al^nsine

(2.6)

The maximum possible value for 9' is w/2, yielding the theoretical maximum concentration ratio,
I

anar =^

nain9

(2.7)

In applying these ideas to a physical concentrator one may maximize the concentration ratio with respect only to a single acceptance angle, C. This angle can be
defined by the z-axis and a ray that enters at the edge of the entry aperture and exits
at the opposite edge of the exit aperture. This ray is refered as an extreme ray. Welford
and Winston show that if all rays that enter the concentrator at the extreme angle, 8„
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Figure 2.6: Edge-ray Principle for two-dimensional concentrator.
are upon the first reflection directed to the opposite edge of the exit aperture, then
8,„ equals 7r/2, figure 2.6. This is the condition for maximal concentration and for
physical concentrators is known as the Edge-ray Principle, ERP.
It is easily shown that for each point of reflection on the profile of such a concentrator a ray at the extreme angle, 6, defines the boundary between rays that will
reflect through the exit aperture and those that will strike the opposite side of the
concentrator. Thus, all rays that enter the concentrator at 6 < Oi will pass through
the exit aperture. Rays that enter at 8 > Oi will reflect to the opposite side of the
concentrator and exit through the entry aperture.
This condition is not changed if the exit aperture is directly coupled to a flat absorber. But if the absorber is spherical with a half-angle, Oc, the ERP must be modified.
Due to the curvature of the absorber, the opposite edge of the exit aperture is not accessible to all rays that enter at the edge of the entry aperture. In such a case, the
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Figure 2.7: Edge-ray Principle for two-dimensional concentrator with spherical absorber.
extreme ray is defined to be that ray which enters at the edge of the input aperture and
just grazes the surface of the absorber. The ERP is then modified such that all rays
that enter the concentrator at 6, are upon reflection directed so as to just graze the
surface of the absorber, figure 2.7. Thus, all rays that enter the concentrator at 8 <
are reflected onto the absorber and all rays that enter at 8> 8; exit back through the
input aperture.
2.2.3 The 3-Dimensional Concentrator

The 3-dimensional concentrator is generated by revolving the 2-dimensional profile
about the concentrator axis. Correspondingly, the previous 2-dimensional expressions
are modified to apply in 3-dimensions.
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The SNO concentrators will have open input apertures such that n = n'. To account
for skew rays, etc., Moorhead and Tanner [7] show that the concentrator acceptance
angle is modified such that

sin(0,/2) . 4
sin9i0D) =^sznai(2D)
0,/2

(2.8)

where 9i(2D) is the 2-dimensional concentrator acceptance angle. The geometric concentration factor, the area of the input aperture to that of the spherical absorber,
is
1
C_ ^.
szn200D)

(2.9)

The concentration factor can be expressed as the ratio of the entry and exit aperture
areas and is found to be
sin2(0,/2)
C
• = 4 sin2 Ocsin2 90D)
proj^

(2.10)

The PMT that will be used in SNO is the Hamamatsu 1408 with photocathode radius of 9.5 cm. When combined with the concentrator, the final characteristics
are a photocathode effective angular acceptance of 0, = 54.5° and acceptance angle
943D) = 55.3° (90D) = 58.6°). These values yield C = 1.479 and Cpr,i = 1.875.

2.2.4 The Profile
The final profile is fixed with the given values for the acceptance angle, 9i, the input
and exit aperture radii, a and a' and application of the ERP. The final profile is given
by a set of tabulated height values and is shown in figure 2.8 [6].

11.1

..•■■-•■111 *IN

SWIM 11111/1.

N2-93 1E1 rule". —*{1--- I on wow. tonsue • alms I w•wir, atm i•
/WIER PROF ILE

Y

X

nee

Ns

.3,

No it—
... 43

fat

N..

—isi
...

—V/

14t

ilia—

saw nem am 1 1^/

I IMP NUM

NM

7 yr---

Imo
—111l7T---I a at
In 71.
n it
13:
,...._IaLt

ENO

tr cum

21 FLATS

liiM—
..___I•at
mar—R110---

—441i
—ii: .4—

—ruiliair---—1117
fill It-

---1, ilr—iffor-----ii.)--IiiA--------mar-----iii.ir--_______
--li.liTiiii.
irias
____tme
46.4 i------1,111-----'
*lit
lii.nr--'
'.--k•IFILAS-....-it-3-.......-....---.-.--21.4----..—! i.e=
P?4P—
ilk.,
—.44,4
OW
(Wu
--44:42
0---JIIBL---14:1,—:=7—
—iiii—rlotr----iime—TRir-TiLar—blii
Ow
vim
--iiiiir---Thil--131A—
sow
1)144
SW
In 14
114
ale.
iro 4 I
1tat
..-.--fiii-----1-T. n
US!_
_!'4i
__45
____PA.R_Rtg_____
_

COORONIATES ARE
INNER SURFACE
X —"nu— i^
SECTOR. UN CENTRELINE

1011101 RIN OEM&

ne or CURVE
1=11111M WIEN
Min

UNIVERSITY OF !IRMO PNYSICS LABORATORY
orove

RANO

,^VW. Pli

IVI

PLASTIC RETAINER I I12-93-58

Chapter 3

Concentrator Material Candidates and Requirements

3.1 Introduction
The materials chosen to construct the concentrator assembly must satisfy requirements from the following categories; optical, radioactive, mechanical, biological and
financial. Of these, optical, radioactive and biological are related to detector performance, mechanical to detector operating lifetime and financial to funding constraints.
The basic optical requirement is to be specular and highly reflective in the wavelength range of 280nm to 600nm.
Radioactivity, in the form of decays from trace amounts of 232Th and

238U

and their

daughters, can interfere with neutrino signal detection. As is the case with all detector
components, this problem is being controlled by stringently limiting the amount of
thorium and uranium in the construction materials used in the concentrator assembly.
The mechanical requirements are the ability to survive in ultra-pure water for a
minimum of 10 years and not to distort under the various internal and external stresses
to which the assembly will be exposed.
Bacterial growth has occured in other water detectors such that significant scattering of light occurs. To suppress the bacterial growth, the plastics chosen have been
tested against other candidates to insure minimal availability of nutrients.
The concentrator assembly is expected to add only $50 to a PMT channel cost of
$1000.

18
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3.2 Reflector Candidates
Basically, four reflector material candidates were considered; Total Internal Reflection Film (TIRF), anodized aluminum, evaporated aluminum on glass (back surface)
and dielectric-coated aluminum (DCA) on anodized aluminum (front surface). Each
has its attractive qualities but only the DCA was shown to satisfy all of the necessary
requirements.

3.2.1 TIRF
TIRF is a clear polycarbonate sheet material with 45° ridges on one side that facilitate the internal reflections. Being a plastic, it is virtually free of radioactive trace
elements. It was shown not to work efficiently in water [8] and was subsequently rejected.

3.2.2 Anodized Aluminum
The anodized aluminum was to be spun into a cone of the correct shape. The
inherent advantage in this option is that the manufacturing is relatively quick and inexpensive. Unfortunately, the reflectivity of prototypes was marginal at approximately
75% specular and 6% diffuse. It was also found that in ultra-pure water the aluminum
quickly deteriorated, smutting the reflective surface. Thus, it was rejected.

Chapter 3. Concentrator Material Candidates and Requirements ^20
3.2.3 Glass
Also considered was a design in which aluminum was evaporated onto the back
surface of appropriately shaped low-radioactivity glass. The reflectivity was very high,
approximately 90%. Various methods to protectively seal the aluminum were tried,
but none was demonstrated to be effective.

3.2.4 DCA
The only material that was demonstrated to satisfy all of the requisite criteria is the
dielectric-coated aluminum, DCA. The material consists of an anodized aluminum substrate, a specular aluminum overcoat and a series of dielectric layers that enhance overall reflection. This material is used in the lighting industry as a reflector in flourescent
lighting fixtures to increase the total reflected light. It so happens that the dielectric
coatings also provide excellent protection from the chemical reactivity with ultra-pure
water.

3.3 DCA Design
The DCA begins with a 0.3mm thick aluminum sheet substrate with a 2000nm
layer of anodized Al203. The Al203 is then polished, providing a smooth, stable, hard
foundation upon which to apply the other coatings.
The four upper coatings perform a protective and/or optical function, figure 3.9.
First is applied 29nm of Si02. The Si02 serves two functions; it inhibits oxygen migration from the Al203 to the highly reflective Al layer and has excellent adhesion
characteristics upon which to apply the aluminum layer.
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Figure 3.9: DCA layers.
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The basic reflecting surface consists of 56nm of Al. Upon this is an 82nm layer of
MgF2 with a low-refractive index of P.: 1.433 and a quarter-wave thickness atP...-' 460nm.
Over this is applied a 65nm thick layer of TiO2 mixed with a small amount of Pr203.
This layer has high-refractive index of :::-.,. 1.96, also with a quarter-wave thickness at
460nm. These two layers form a high-low optical stack that enhance the reflection at
the interface.The uppermost layer of Ti02/Pr203 provides the added advantage, and
in the case of SNO the most important advantage, of being a very effective chemical
barrier, preventing corrosion by the ultra-pure light water.
To prevent the aluminum substrate from corroding, the four upper layers are also
applied to the back side of the aluminum substrate.

3.3.1 DCA Optics
The optical theory of thin films can be found in many optics texts [9]. An unprotected aluminum surface that is exposed to air will form an Al203 layer. The oxide layer
has a low refractive index which results in a higher probability for transmission of light
at the interface. The DCA effectively replaces the oxide layer with the high-low stack of
Ti02/Pr203 and MgF2. With the chosen layer thicknesses this effectively increases constructive interference and thus, reflection, in the region of interest, AP.,- 300nm — 600nm
at an incident angle of Pe. 60°.

3.4 Retainer Plastic Candidates
Of possible plastic candidates available for the retainer, acrylonitrile butadiene
styrene (ABS) was chosen by the engineers as appropriate for this use. Especially
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attractive was its relatively low cost.
It was postulated that organic carbon and ions may leach from the ABS, providing
nutrients for bacterial growth. Free-floating bacteria could scatter the •Cerenkov light,
inhibiting the reconstruction of the vertex and measurement of the particle momentum.
In a collaborative effort with biologists at UBC, it was shown that the ABS does not
provide any significant stimulus to the growth of bacteria in water [10].

Chapter 4

Concentrator Manufacture

4.1 Introduction
The complete assembly will consist of a hexagonal ABS retainer in which will be
pressed 20 rectangular petals cut from a flat sheet of DCA. Ray tracing has shown that
the use of 20 petals has nearly the same optical response as a circular cone [8].

4.2 DCA Manufacture
The substrate is purchased from the German company Alanod who manufactures
the substrate and also applies the anodizing. The upper four coatings are applied by
the Santa Rosa, CA company Optical Coatings Laboratories, Inc. (OCLI).
OCLI applies the coatings using an electron-beam evaporation process in a multichamber apparatus. Each chamber is a self-contained evaporation unit which applies
a single optical layer. The chambers are connected in-line with the substrate rolling
through the apparatus on a conveyor system.
Prior to evaporating, the anodized aluminum is plasma etched, a process that removes a majority of the surface contaminates and a few angstroms of Al203.
A total of 1750 sheets of 1000mm X 750mm will be coated. To date, 1520 have
been coated in 2 separate production runs of 820 sheets in August, 1992 and 700 in
November, 1992.
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Quality control during production was implemented according to the following specifications:
1. Total photopic reflectance (weighted for the human eye and including both specular
and diffuse components), as measured on a Diano TR-2, greater than 93%.
2. Total specular reflectance, as measured on a Perkin-Elmer Lambda-9 spectrophotometer, greater than 80% at 380nm and at normal incidence.
3. The same as (2) but greater than 84% at 700nm.
In addition to the above, and to remove some of the normalization difficulties inherent in (2) and (3), the wavelength at which the specular reflectance crossed the 85%
point was kept between 340nm and 400nm.
Additional tests:
1. Visual inspection (for scratches, etc.).
2. Nitto tape test (for adhesion of coating).
3. Rub test.
The DCA sheets from both production runs satisfactorily met the above criteria.
One should note that at larger incident angles the drop-off occurs at cze, 300nm.

4.3 DCA Petal Production
The DCA sheets will be machined by CNC into approximately 3cm by 9cm rectangular petals. To prevent corrosion the bare edges will be sealed by evaporating 0.4pm
of TiO onto the bare edge.
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Figure 4.10: Concentrator assembly
4.4 Plastic Retainer
The retainer will be injection molded from high-grade ABS plastic.

4.5 Concentrator Assembly
The completed petals will be inserted into the retainer, held in place by compression.
See figure 4.10.
4.6 Photomultiplier Support Structure
The PMTs will be attached to the concentrator assemblies and then the assemblies
will be attached to a stainless steel frame creating a reflector panel. The reflector
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Figure 4.11: PSUP
panels will then be attached to each other forming a geodesic structure. The entire
PMT support structure (PSUP) is shown in figure 4.11. The PSUP will be completely
immersed in light water and will surround the acrylic vessel.

Chapter 5

Test Methods and Results

5.1 Introduction
We have devised a technique to measure the absolute reflectivity of a flat mirror
immersed in water or air. Using this technique, we were able to determine the optimal
thickness of the DCA coating for use in SNO, of which OCLI had an ability to adjust.
To ensure that the mirror will not significantly deteriorate within the 10 year expected
life span of the detector, equipment was designed and constructed that accelerates the
aging of the mirror, allowing 10 year-equivalent aging to occur in 70 lab-days. Using
equipment constructed for the optimal Ti0 2 /Pr 2 0 3 layer determination, the reflectivity
of aged mirror was measured to verify that no significant loss occurred.

5.2 Absolute Reflectivity Measurement
The technique to measure absolute specular reflectivity of flat mirror immersed in
water or air works within an incident angular range of 15° to 75°. The wavelength
range studied was from 200nm to 900nm. The technique is based upon a low cost
variable-angle reflectometer and a commercial spectrophotometer.

28
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Figure 5.12: Reflectometer.
5.2.1 Reflectometer
The reflectometer used in this work consists of a water-tight, aluminum box that
fits into the sample receptacle of a Perkin-Elmer Lambda 3B ITV/VIS double beam
spectrophotometer. The reflectometer intercepts only one of the beams. It has two
windows, as illustrated in figure 5.12, for light entry and exit, made of 1.5mm thick
fused silica. The incident beam is reflected by a 900 mirror prism, which has a front
surface aluminum coating. The beam then strikes a rotatable reflectance accessory,
that contains two mirrors forming a 90° angle. The intersection of the two mirrors
coincides with the axis of rotation of this accessory and is parallel to the edge of the
90° prism.
The rotating accessory is formed by a fixed mirror (front surface aluminum) and
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the test or sample mirror. This last mirror is supported by three rest points, which can
be adjusted for alignment. The alignment of the internal mirrors is accomplished using a laser beam. Conceptually, this reflectometer is similar to commercially available
models that operate in air.
In front of the entrance window, and mounted on the spectrophotometer itself, we
placed an ultraviolet (UV) dichroic polarizer. This polarizer can be rotated continuously.

5.2.2 Determination of Absolute Reflectivities
We have purchased absolute reflectance standards with known reflectivity as a function of wavelength calibrated at an incident angle of 8°. To avoid possible damage or
alteration in the reflectivity of these primary reference standards due to immersion
in water, we prepared secondary standard mirrors for immersion by evaporating Al
(99.99% pure) onto a glass substrate. In order to determine the absolute reflectivity
of these secondary reflectance standard mirrors, Raste.r,(A), at each wavelength, A, they
were calibrated against the primary reflectance standards. For this we used an integrating sphere reflectometer with incident angle of 8° attached to a Beckman UV5270
spectrophotometer.
To use these standards at other angles, a computer model was constructed based
upon the matrix method of thin films [9]. The secondary standard was also studied
using ellipsometric techniques. Due to environmental conditions at the time of coating,
such as temperature, humidity, contaminants, etc., voids and impurities formed with
the result that the refractive indices deviated from the standard textbook values. The
ellipsometry allowed the determination of the complex refractive index of the aluminum
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as well as the refractive index and thickness of the natural Al203 layer. These were necessary input parameters for the model. The results of the model were then compared
with the independent measurement of reflectivities using the primary standard at 8°.
The two approaches agree within 1%, except at A < 300rtm, where the agreement is
only within 5%. Thus, the model of reflectivity for the secondary standard allowed us
reliably to extend the values of reflectivities to other incident angles within the same
wavelength range for which the ellipsometric studies were conducted.
The reflectivity in water for the secondary standard, Risveact"(A, 0), was obtained in
a similar manner. With the notation RTaemdzi ,0, ,0, pol) we will denote the absolute reflectivity of the sample, at the angle of incidence 0, wavelength A and polarization state
pol=s or p. Medium stands for either Water or Air. Similarly, RRTsnaemdire (A, 0,pol)
(RRLecdium(A, 0,pol)) represents the relative reflectivity measured with the spectrophotometer.
The protocol used to extract the absolute reflectivity for a given sample consisted
of measuring the relative reflectivities, RR'snaemdi7,1:(A, 0,pol), of the sample and the secondary standard, RR'sn.:cdium(A, 0, pol), under exactly the same geometry and polarization state (pol=s,p). The absolute reflectivity, RTati;y: (A, 0,pol), of the sample was
then calculated as
RR medium (A , 0 , pol)
Rrstre/(A 0, Poi) = Rnsleecdium (A , 0, Pol) x ^
RRrsneeglium(A, 0,pol) •

(5.11)

It is interesting to note that without using a reference standard with well known
reflective properties, it is not possible to extract reliable information with this type of
reflectometer. Usually the reflectivities of the 90° prism and the fixed mirror are not
known at all angles. Therefore, the relative reflectivities will depend on the properties
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of all the mirrors involved. The advantage of using the protocol proposed here is that
by using the above expression the properties of the fixed mirror and the prism cancel
out.

5.3 Determination of Optimal DCA Coating Thickness
Since OCLI has the ability to adjust slightly the thickness of the DCA coating, it
seemed reasonable to determine if there is an advantage to having a slightly thinner
or thicker coating. This section summarizes our work relating to this subject. A more
complete discussion of the following material can be found in [11] and [12].
Using the reflectometer immersed in de-ionized water and attached to the PerkinElmer spectrophotometer, we measured the reflectivity of OCLI's standard DCA relative to the secondary standards at 45°, 600 and 75°. The choice of these angles was
motivated by the results of Monte Carlo simulation of the angular distribution probability of the Cerenkov photons of the reflectors [13]. This distribution takes into account
the actual geometry of the SNO detector, the shape of the reflectors and peaks at 60°
with a FWHM that is contained within the range of 45° to 750 •
To determine the optimum coating thickness, we define the following merit factor
function
MFF(A, clacro ) = Ref lectivity(A) W (A, clacryi ).^(5.12)
and the merit factor parameter (MFP)
00
MFP = I Ref lectivity()) * W(A, dacryi )dA.^(5.13)
J
The weighting function W(A, &wry' ) is defined by

1

\^rr, Y

W(A5 dacryl ) ^EPMT(A) *^* lacr^uacryl

A'

),

(5.14)

Chapter 5. Test Methods and Results^

33

where epmT(A) is the photomultiplier tubes quantum efficiency. The factor 1/A2 describes the spectral distribution of the eren.kov light. The quantity

Tacryl(Al dacryl )

describes the optical transmission of the acrylic in water and depends upon the type
of acrylic and the thickness of the acrylic vessel, dacro, as follows
Tacry/(A, daffy/ ) = eXP(—Aacryl(A) * dacryl

(5. 15)

The transparency of acrylic, Aocro(A), for the specific type to be used in the SNO
detector, was measured by SNO collaborators at Chalk River [14]. The acrylic thickness
used in our calculation was d,o= 10 cm, in accordance with the design thickness of
the acrylic vessel in the SNO detector.
To evaluate the overall performance of a given sample the MFP are averaged at
different angles using the weighting factor

W(A) dacry/ ).

Typical results are shown in

figure 5.13 with the first row being the averaged result. From this figure 5.13 it is clear
that the best choice for the DCA coating thickness is 10% thinner than the nominal
value. Considering the thickness tolerance of the coating process is of the order ±10%,
a reasonable choice for the DCA coating thickness is —10% of the nominal.

5.4 Aging Tests
Due to the inaccessability of the detector components, all components must be able
to survive in their environment for the full 10 year operating period of SNO. With
only a few years available to design and test components, it was imperative to devise
a method to accelerate the component aging process. Since the concentrators will be
immersed in ultra-pure light water, chemical interaction with the water is the only significant factor. Using the common technique of increasing the chemical reaction rate
by elevating the temperature, we have been able to simulate 10 years of aging in SNO

Chapter 5. Test Methods and Results^

Acrylic Thickness= 10 Cm (28-Apr-92)
Using Measured Reflectivities in WATER

Figure 5.13: Merit factor for standard DCA.
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in only 70 days in the lab.

5.4.1 Test conditions
In designing the aging procedure it was attempted to simulate the actual SNO
environment as accurately as possible. To simulate the concentrator, the DCA samples
were placed two at a time, slightly bent and butted together under compression in an
ABS holder as they will be in production models. In the detector there will be an estimated water flow of lem/hr due to the purification cycle. The water flow is simulated
by very slowly rotating the samples in a bucket of water at the appropriate speed. To
keep water purity levels high, de-ionized water was used and was changed often. The
ion content was also monitored frequently with a conductivity meter. Stainless steel
hardware and acrylic parts were used to keep the water pure.
The expected operating temperature of SNO is 8C. By heating the immersion water
to 65C the aging process was accelerated such that 70 days in the lab was equivalent to
10 years in SNO. This is expected due to a typical increase in chemical reaction rates
by a factor of 2 to 3 for each 10C increase in temperature. Periodic replacement of the
water necessitated cooling and reheating of the samples. This introduced differential
stresses at the bond interfaces which also contributed to the aging process. Assuming
the worst case, the factor of 2 was used in determining the number of required lab days
of aging. A faster aging rate could have been achieved with temperatures above 70C,
but this may have resulted in the softening of the acrylic components.
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Figure 5.14: DCA accelerated aging device.
5.4.2 Equipment

The aging device consists of a bucket to hold the water and immerse the samples,
and a motor/gearbox to drive the rotation, figure 5.14.
The bucket is a standard 5 gallon plastic bucket that originally held food products. Since food containers must satisfy very strict government leaching criteria, the
use of a food container is ideal. Prior to this procedure the bucket was extensively used
for similar heating procedures in which it is expected that any residual contaminants
were leached out of the plastic.
To the lid is bolted a 0.5" thick acrylic support plate through which are drilled
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holes for the thermometer, immersion heater and acrylic shaft collar/bearing assembly.
Through the collar/bearing assembly is a 0.75" diameter acrylic shaft upon which is
mounted two 0.5" thick acrylic plates for attaching the ABS sample holders. Up to 5
holders can be attached to each plate. To minimize heat loss and maintain uniform
water temperature the bucket is tightly wrapped with insulation.
Driving the shaft is a belt/pulley combination attached to the motor/gearbox. The
gearbox has 24 speed settings, the slowest of which, when combined with the appropriate pulley diameters and acrylic plate diameters, results in the desired lcm/hr speed
of the samples in the water.

5.4.3 Tests Results
I have completed aging and testing 10 samples from the first OCLI DCA production run; 6 samples designated by R1S1 from the initial aging procedure and 4 samples
designated by R152 which began aging 1 month later. The relatively small reflectivity
changes in 8 of the 10 samples indicates a successful coating run. The failures that are
observed can be mostly explained and avoided if precautions are taken during concentrator production.
For R1S1 the maximum conductivity was approximately 4.0pS/cm with an estimated average of 2.3pS/cm and for R152 the maximum conductivity was approximately 2.3pS/cm with an estimated average of 1.6pS/cm.
The reflectivity measurements were made in water at an incident angle of 60° over
the wavelength range of 200nm to 900nm. The aged and unaged samples that were
used for reflectivity measurements were received from OCLI as separate samples with
matching identification numbers, cut from the production sheet by OCLI as specified
in the coating contract.
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The results are
• 8 samples show average relative reflectivity loss of 1.2% with standard deviation
of 2.3%.
• 2 samples visibly failed on the front side.
• No visual failures of the coating on the back side.
Two sets of reflectivity measurements, Data Set 1 and 2, were conducted on
11151 to verify consistency of results. The RMS of the difference of the data sets is
1.8% which is taken as the level of reproducibility of the spectrophotometer.
The ratio of reflectivities measured in 1120 at 600 of aged to unaged was calculated
at 500nm. This wavelength was chosen due to the small change in reflectivity at this
wavelength.

Sample

RelativeRe f lectivity RelativeRe f lectivity

R1S1

DataSet1

DataSet2

(sidel — side2)

(%)

(%)

596 — 5

100.4

100.7

269 — 67

100.4

99.2

62 — 14

102.1

102.2

494 — 107

97.6

96.7

838 — 201

98.4

97.4

234 — 806

92.3, 55.0

86.7,47.3

^
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Histogram of Relative Reflectivities
Data Sets: <R1 S1 >, R1 S2

Figure 5.15: Combined data set, R1S1 and R1S2.

Sample^RelativeReflectivity
R1S2^DataSell

(sidel — side2)^(%)
^722

—

65^98.2
596 — 5^94.3
151 — 177^96.8
838 — 201^100.4

A histogram of the combined data set of R1S1 and R1S2 is shown in figure 5.15.
Excluding the visibly failed samples, 234-806 from R1S1 and 151-177 from R1S2,
the average loss in reflectivity is 1.2% with a standard deviation of 2.3%. The mean and
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standard deviation were calculated from a data set consisting of the average reflectivity
of R1S1 samples from data sets 1 and 2 along with the reflectivity values of the R1S2
samples. The coating specifications state that aging should not change the reflectivity
by more than 2%.
Due to an error in labelling it is suspected that the sample labeled 62-14 has only
been aged for 4.3 years-equivalent, 838-201 for 6.1 years-equivalent and 151-177 for
14.3 years-equivalent.
The R1S1 failed sample is labeled 234-806. On the aged sample there is a dark
8mm wide strip along the entire length of one edge. The relative reflectivities on and
off-of the strip are 47% and 87%, respectively. The ratio of aged to unaged reflectivities
for the entire wavelength range along with that of a sample that did not fail is plotted
in figure 5.16.
First, one should note the oscillation in the 234-806 lines. This is typical of coating failure where the reflective aluminum layer has oxidized. The oscillation appears
both on and off of the strip, indicating that the entire surface of the sample has failed.
The fact that the graph of the good sample shows no oscillations indicates that our
measurement technique is sensitive to such coating failures.
Secondly, this strip is similar in dimension to those visibly apparent on some unaged
samples. These strips are caused by the overlap of the sheet and frame during the coating process, leaving an uncoated strip along the sheet edge. Due to the configuration
of the frame, such strips should only occur on the sides of the sheet and should not
occur on the leading or trailing ends. The failed sample shows this strip on the leading
edge. It is possible that the corresponding sheet was incorrectly positioned in the frame
during the coating procedure. Since the strip is not visible on the unaged sample, such
a defect may not be visible on other sheets. To avoid similar failures that may occur
to petals in the concentrators I propose that a lOmm to 15mm strip along the entire

Chapter 5. Test Methods and Results ^

Relative Reflectivity - Aged to Unaged
R1 S1 , Data Set 1

Figure 5.16: Relative reflectivity of sample 234-806.
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Relative Reflectivity - Aged to Unaged
R1S2, Data Set 1, Sample 151-177

1.4

,v, pi ' V_ ‘o, iiiir Vir .•

Alit

..

AL

-...

.m. . . --^-•••

Wir 41116.

■tirii%

0.4
0.2 ^
^
^
^
^
^
200
300
400
500^600
700
800
900
Wavelength

— No Stripes^— Stripes^-- Stripes, Rotated

Figure 5.17: Relative reflectivity of sample 151-177.
edge of all sheets be discarded.
The R1S2 failed sample is 151-177. The aged sample developed 0.5mm wide dark,
regular, horizontal strips emanating inward from both side edges on the upper-half of
the sample. I see no obvious cause of the failure but suspect either improper preparation before coating or possible malfunction of the coating apparatus.
The reflectivity value at 500nm listed above is for a section of the sample that does
not show the failure. This value has not been included in the determination of the mean
reflectivity and standard deviation. Reflectivity data from the striped region contains
oscillations and reduced reflectivity, confirming the failure of the coating. The results
are shown in figure 5.17.
A yellow sheen is observed when white light is viewed at an incident angle of
approximately 85° off the back side of unaged DCA. When the coating fails this sheen
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becomes pink due to a shift in the absorbed wavelength. The yellow sheen was observed
on the back side of all samples, aged and unaged, indicating that the coating has not
failed on the back side.
To protect the front surface of all samples during storage, I cover them with a protective plastic film that is identical to that used by OCLI. Upon repeated removal of
this film from four of the samples, 269-67, 62-14, 234-806 and 494-107, sections of the
dielectric-coating stuck to the film. These sections are approximately 2mm wide and
vary in length from 2mm to 25mm in length.
Since samples 269-67 and 494-107 were unaged while 62-14 and 234-806 were aged,
the destruction of the coatings adhesion is not a result of the aging procedure. I suspect
the cause is related to a score line approximately 2mm from the sample edge. There
are many such lines on various samples and were probably made during the shearing
process at OCLI. The close proximity of the score line to the bare edge may allow
the water to penetrate easily the coating from two opposite directions, facilitating the
destruction of the coating's adhesion.
To avoid this problem, special care should be taken during the petal machining
process so that similar score lines do not occur.
A large, white spot approximately 1.4cm in diameter appeared on the back of samples 62-14, 722-65, 596-5 and 151-177 where each was in contact with the ABS holder.
The cause of the mark may be leaching from the ABS holder. Since it is localized on
the back of the DCA, I suspect that this poses no threat to long-term light collection.

Chapter 6

Conclusion

The solar neutrino problem has existed since the early 1970's. All relevant experiments report a significant deficit in the expected neutrino flux, although their data sets
are relatively small and statistical uncertainties relatively large. These experiments
are Homestake in South Dakota, KAMIOKANDE II in Japan, SAGE in the former
Soviet Union and GALLEX in Italy. With an event rate 20 times that of any previous
experiment, SNO will collect a large data set resulting in relatively small statistical
uncertainties and determine whether or not the expected solar neutrino flux is correct.
SNO, a 1000 tonne heavy water Cerenkov detector will use 9,600 photomultiplier
tubes. To increase the effective area of each tube, a concentrator will be attached such
that the light collection capability is nearly doubled at an increased assembly cost of
only 5%.
Applying `Liouville's Theorem' to the optical concentrator allows one to define the
concentration ratio, C, the ratio of the areas of the incident aperture to the exit aperture. The concentration ratio is maximized for rays entering at some particular input
angle by applying the Edge-ray Principle. The final profile is determined using angular
and dimensional parameters of the chosen photomultiplier tubes and maximum input
aperture size.
In choosing materials for the concentrator assembly, various physical and financial
criteria had to be met. Of these, the most important is the ability to survive in ultrapure water for a minimum of 10 years. The final choice for the reflective surface was to
44
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use dielectric-coated aluminum, a standard material used in lighting fixtures to enhance
overall reflection. The DCA is manufactured in large sheets and will be cut into small
strips and placed into the ABS retainer forming a cone.
It was necessary for us to measure the absolute reflectivity of the DCA immersed in
water within an incident angular range of 15° to 75° and wavelength range of 200nm
to 900nm. For this purpose we built a reflectometer to be used in water and developed
a computer model that allowed us to extend the absolute reflectivity of standards calibrated at only a single angle.
We determined that the optimal DCA coating thickness is 10% less than the nominal. This was implemented on the DCA that will be used in SNO. To ensure that this
DCA would survive for the full 10 year life span of the detector, special equipment was
built that simulates the environmental conditions in which the DCA will be exposed
but which also elevates the temperature such that the chemical reaction rate between
the DCA and the water will be accelerated making it possible to simulate 10 years of
aging in approximately 70 lab days.
10 samples of the DCA that will be used in SNO were aged and their reflectivity
compared to virgin samples. Relatively small reflectivity changes occured in 8 of the
samples with an average loss of 1.2% and standard deviation of 2.3%. Two samples
completely failed, but the causes are understood and can be eliminated during concentrator production.
With only 40% of the total Cerenkov light hitting the concentrators and of that,
only 87% being reflected into the PMTs, a 1.2% loss in reflectivity translates into less
than 1% loss in collection of total light.
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