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Abstract

There is an important and growing class of elementary particle detectors which are characterized by a large sensitive
volume (thousands of tonnes), very low radioactive backgrounds, and rely on the emission of light for particle detection.
Water Cherenkov detectors come into this category; they have a large mass of water as the sensitive medium. Particles
are detected when they interact with the water and produce Cherenkov light, so detection efficiency relies on having a
huge light sensitive area at the periphery of the detector. The most cost-effective way of achieving this is by placing light
concentrators on large photomultiplier tubes (PMTs). This paper describes the work carried out on light concentrators for
the PMTs in the Sudbury Neutrino Observatory, a 1000 tonne heavy water Cherenkov detector. We discuss the advantages
of using light concentrators, summarize the optical theory of non-imaging light concentration, and describe in detail the

development and manufacture of the concentrators themselves.

1. Introduction

The light concentrators we consider are devices which
take light incident on an entrance aperture over a given an-
gular range, and direct it by reflection from a curved surface
onto a smaller exit aperture. There is thus a'gain in collection
efficiency with a corresponding reduction in angular cover-
age in accordance with phase space volume conservation.
The Winston cones on the end of light guides are an exam-
ple of light concentrators familiar to particle physics. The
concentrators we describe in this paper are a development
of the Winston cone for use on spherical PMTs.

1.1. Large water Cherenkov detectors

When elementary charged particles pass through a
medium at a speed which is faster than the local speed
of light, they radiate “Cherenkov light” [1]. These pho-
tons have a 1/A wavelength distribution, but those with
A < 300 nm are usually absorbed in detector components,
so the useful light is predominantly in the blue and near
UV. In water the average speed of light is 0.75 times that in
a vacuum, and so a body of water, instrumented with light
sensors, forms an effective detector for any charged particle
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travelling faster than this. Because water is cheap and trans-
parent, it lends itself to non-accelerator particle physics
experiments where low event rates require huge detectors,
particularly for the detection of relativistic electrons from
neutrino scattering and proton decay [2,3].

A typical size for this class of detector is a few thou-
sand tonnes, i.e. of order 10 m radius. This requires light
detectors which cover a fair fraction of the surface area of
the water tank ~ hundreds of square metres - particularly
when looking for low energy events which produce few
Cherenkov photons. Two such detectors have been built on
a 1000 tonne scale — IMB in Ohio {4] and Kamiokande [5]
in Japan. Both were originally designed to search for pro-
ton decay, both attained fame by detecting neutrinos from
Supernova SN1987A, and now Kamiokande has been mod-
ified to lower its energy threshold for the observation of so-
lar neutrinos. Two additional Cherenkov detectors are being
built on a scale as large or larger: the Sudbury Neutrino Ob-
servatory, with which we are presently concerned, and Su-
perKamiokande [6], a 50000 tonne light water Cherenkov
detector.

At present the only serious option in light detection is an
array of photomultiplier tubes (PMTs). It is now possible to
obtain PMTs which have relatively large sensitive areas (of
the order 1000 cm? each) for relatively low cost (several
hundred dollars), with good timing (a few ns) and good
quantum efficiency (~20%). Moreover, the effective area
of a PMT can be significantly improved by using light con-
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centrators, and this approach is particularly useful in spher-
ically symmetric detectors such as the Sudbury Neutrino
Observatory.

1.1.1. The Sudbury Neutrino Observatory

The Sudbury Neutrino Observatory (SNO) is a heavy wa-
ter Cherenkov detector [2] that will be located in an INCO
nickel mine near Sudbury, Ontario, Canada. It is being built
in a cylindrical cavern at a depth of 2070 m underground to
provide adequate shielding from atmospheric cosmic radia-
tion. The cavern has a diameter of 22 m and a height of 32
m. Inside there will be constructed a spherical acrylic vessel,
with a diameter of 12 m, containing 1000 tonnes of heavy
water (D20). Surrounding the D;O will be 7000 tonnes of
ultra-pure light water (H20O) for mechanical support and as
a shield from background radiations from the surrounding
rock. Around the acrylic vessel and suspended in the light
water will be a geodesic frame holding 9500 PMTs and light
concentrators (see Fig. 1).

Its primary purpose is to resolve the longstanding discrep-
ancy between the solar neutrino capture rate in ¥’ Cl predicted
by the Standard Solar Model (SSM) and the rate measured
by the chlorine-based experiment in the Homestake Gold
Mine. The measured rate averaged over 1970-1988 is less
than half of the predicted rate. In 1989 a discrepancy was
also reported by the Kamiokande II water Cherenkov radi-
ation experiment, which observed a neutrino flux about a
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Fig. 1. Schematic Representation of the SNO Detector. The PMTs and
concentrators are mounted on a geodesic frame 8.5 m in radius.

half that predicted by the SSM. Recently the results of the
Gallium experiments [7,8] which are sensitive to the low
energy neutrinos from the pp cycle show that the flux of low
energy neutrinos is also lower than that calculated by the
SSM.

Solutions to the “solar neutrino problem” have been put
forward which invoke either non-standard solar models or
new particle physics. The ¥ Cl and Kamiokande experiments
are primarily sensitive to the high energy ®B solar neutrinos.
Numerous non-standard models which reduce the core tem-
perature have been proposed but none have been able to re-
produce the observed *B flux and all other observed features
of the sun, while still being consistent with our knowledge
of stellar evolution [9].

The most plausible explanation involving new particle
physics is the resonant enhancement of neutrino oscillations
by the matter in the sun (the MSW effect [10]). In this ex-
planation the majority of the ®B neutrinos undergo conver-
sion in their passage through the sun into muon or tau neutri-
nos, to which existing experiments have little (Kamiokande)
or no (¥Cl, "'Ga) sensitivity.

The major advantage of the SNO detector is that the use
of D,0 as a detecting medium enables not only the flux
and energy spectrum of electron neutrinos but also the total
flux of all neutrino types above an energy of 2.2 MeV to be
measured. With these two measurements it will be possible
to show clearly, independent of solar models, whether neu-
trino oscillations are occurring, and also to test solar models
by determining the production rate of high-energy electron
neutrinos in the solar core 2.

The primary detection reactions are:

ve+d—p+p+e,
(I v +e” — vr+e ,wherex=e,u,7,
(I vs+d—p+n+v.

Reaction (I) is detected by the Cherenkov light from the
relativistic electron. It is currently expected that the electron
energy detection threshold will be ~5 MeV; at lower ener-
gies there is a steeply rising background due to radioactiv-
ity. The Q-value for this reaction is —1.44 MeV. Thus, only
electron neutrinos with energy greater than ~6.5 MeV will
be detected.

Reaction (II) is also detected by the Cherenkov light
from the scattered electron. Its rate is about 1/9 of reaction
(I), and it can be distinguished from reaction (1) by the
electron’s angular distribution with respect to the position
of the sun (strongly forward peaked).

Reaction (III) will be detected as a result of the neutron
being captured radiatively on a 35C1 atom, producing a total
of 8.6 MeV in y-rays. These y-rays will shower in the water
and produce Cherenkov light. The 35C1 will be in the form
of an aqueous solution of MgCl; in the heavy water.

2 We assume here that the neutrinos oscillate into detectable left-handed
neutrinos and not into “sterile” right-handed ones.
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Fig. 2. A simulation of the number of electron events expected to be
observed in SNO after one year of running. The signals from reactions
(1), (1I) and (IIT) are shown; in practice these will have to be untangled
from each other by the use of data taken with and without 35C], by the
use of angular distributions and by the use of 3He proportional counters.
For reactions (II) and (III) the total flux of neutrinos is assumed to be
given by the SSM, while for reaction (I) the flux is assumed to be one
third of the SSM.

A simulation of the number of neutrino events expected
to be observed in the SNO detector after one year of running
is shown in Fig. 2; the contributions from reactions (1), (II)
and (III) are indicated together with the background caused
by internal radioactivity.

A very important experimental requirement for the accu-
rate determination of the neutral current neutrino induced
reaction (III) is that materials in the detector, and in partic-
ular the heavy water, must have very little thorium and ura-
nium. High energy y-rays at the bottom of the thorium and
uranium chains can dissociate deuterium, and this process
is indistinguishable from reaction (III).

With MgCl, added to the D0, Cherenkov photons origi-
nating from all three reactions will be observed; the angular
distribution of those from reaction (III) is different from
that from either reactions (I) or (II). These differences, to-
gether with data taken with no MgCl, added to the D,O,
will be used to determine the rates for all three reactions. In
addition, it is planned to use very low background 3He pro-
portional counters in the D,O to detect the neutrons gener-
ated by reaction (IIT). This will provide a way of detecting
the neutral current events from reaction (III) separately and
concurrently with the charged current events from reaction
(I) and the charged and neutral current events from reaction
(1n).

By comparing the observed rates for these reactions, par-

ticularly (I) and (III), which have high rates (each of the
order 10 per day, which is large for neutrino astrophysics),
we will be able to tell if the v, leaving the sun arrive at the
earth as neutrinos of other flavours. The successful operation
of the detector relies on the efficient detection of Cherenkov
photons.

1.1.2. The effects of using light concentrators

It is expected that SNO will be able to identify electron
tracks only if their energy is greater than about 5 MeV.
Below 5 MeV there is a large background caused by photons
arising from radioactive decays in the detector materials and
the water. Now the low energy part of the solar neutrino
spectrum is very sensitive to some possible oscillation effects
and it is critical that the neutrino detection threshold be as
low as possible [2,3]. The use of light concentrators on
the PMTs will increase our photon detection efficiency by
75%. There are two consequences of this, both of which will
reduce this background:
~ The increase in the number of photons detected from a

given electron track helps to define that track better, in en-

ergy and geometry, by reducing statistical uncertainties.
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Fig. 3. The geometry of SNO which determines the characteristics of the
concentrator and the angular response of a practical concentrator,
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Fig. 4. Sketchs of PMT and concentrator in hexagonal ceil mounting and of the make-up of the geodesic sphere from panels of hexagonal cells. (The design
of the hexagonal cell and geodesic sphere was carried out at the Lawrence Berkeley Laboratory.)

A better defined track can more easily be distinguished

from low energy radioactivity events, most of which orig-

inate in detector materials other than the D,O, and can
be removed by energy, fiducial cuts, or a combination of
both.

- The PMTs themselves are relatively high in radioactive
materials (~25 ppb by weight each of Th and U), despite
being made of the cleanest glass available, so it is desir-
able that each PMT is shielded optically from its neigh-
bours to reduce the chance of accidental coincidences.
The light concentrators fulfil this purpose.

The optical geometry which determines the design of the
concentrators is shown in Fig. 3. An ideal PMT and concen-
trator combination would only be sensitive to light generated
up to a certain critical angle # away from the PMT axis.
The fiducial volume defined by this angle has a radius Ryq;
in SNO this is set at 7 m, slightly larger than the 6 m radius
of the D;0 volume to ensure no loss of sensitivity near the
edge and to provide some H2O coverage, and also to see the
background associated with the wall of the acrylic vessel. In
SNO each PMT and concentrator is held in an ABS plastic
hexagonal cell, and several of these cells are bolted together
to form flat panels. These panels are joined together to make
a geodesic sphere with a mean radius of Rpmt ~8.5 m. A
schematic diagram of these components is shown in Fig. 4.

2. Optical theory

The optics of nonimaging light concentration has been
well developed over the past twenty five years by Welford
and Winston [11] and others. Two of the most fruitful ap-
plications of this work have been in solar energy generation
and in elementary particle physics detectors. In both cases
it is important to maximize the number of photons detected,
so the use of concentrators is particularly appropriate. With
a nonimaging concentrator, then, for a wide range of inci-
dent angles within the acceptance angle, such devices can
approach the theoretical limit of light concentration.

2.1. Theory of nonimaging concentrators

The tangent-ray principle of Welford and Winston gives
a prescription for designing a concentrator in two dimen-
sions. This tangent-ray principle states that the concentrator
should be designed such that, after the first reflection, the
rays incident upon the entry aperture at an extreme angle
; strike the absorber tangentially (see Fig. 5). With such
a design, if the incident angle is less than #;, the ray is re-
flected into the absorber, and if the incident angle is greater
than #;, the ray misses the absorber and is reflected out of
the concentrator. In two dimensions, 6; is the cut-off angle.

In our case the “absorber” is the photocathode of a
PMT, nearly spherical and with a polar extent &.. A three-
dimensional concentrator is generated by rotating the two-
dimensional profile around the optic axis. It is not possible
to preserve the perfect 2D performance in three dimensions;
there are problems with skew rays which cause the accep-
tance to fall off gradually at angles < ;. These problems
are associated with the difference between the phase space
limits on angular acceptance in 3D and in 2D and an even
more stringent limitation imposed on the 3D angular ac-
ceptance by the conservation of angular momentum. These
effects are summarized for the case of a spherical photo-

Contentrator

o aperture
~ i
| >< -7 -~ ¥
A -

Concentrator Photatathede

Cpolar ——=]

Fig. 5. A exact 2D concentrator constructed according to the tangent-ray
principle. The solid rays incident at the entrance aperture at the limiting
polar angle 8; are reflected to be tangential to the photocathode.
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Fig. 6. Calculated transmission curve for a concentrator designed for
6; = 60° and 6, = 60°, for which flam = 45.7° and fp = 55.8°.

cathode in the following equations. (For a full derivation the
reader is directed to Moorhead and Tanner [12,13], where
the more general case of a non-spherical photocathode is
also discussed.)

The relation between the phase space cut-off angles @
(in 3D) and 6; (in 2D) for a spherical absorber is given by
sino,,s=ﬂ£f/°—ézlsina,-. (1)

Skew invariance, or the conservation of the axial com-
ponent of angular momentum, causes the transmission of a
concentrator to fall off when 8 > 6,, where

sin 6.

Sin Bam = siné;, (2)

<
50 @.n < By < 8i. For spherical photocathodes with 6. >
30° the start of the fall off in transmission is determined by
@.n. This is illustrated in Fig. 6 which shows the calculated
transmission curve for a concentrator designed for 8; = 60°
and 6. = 60°, for which 8,m = 45.7° and 8, = 55.8°.

The geometrical concentration factor, Cyeo, Which is the
ratio of the area of the entrance aperture of the concentrator,
Acone, to that of the curved photocathode, Acan is given by:

Aconc 1

C'u» = =5 3
BT Acn sin® Gy @)

where Aqn = 27r5;, (1 — cos.). Now the increase in light
collection efficiency equals the projected concentration fac-
tor Cprj, Which is the ratio of Aconc 0 the projected area of
the photocathode Apw; (i.e. the area of the exit aperture of
the concentrator):

Aconc - 1 - Aca\h
Apoi  c0s? % 5in?Ops  Aproj SIn® O

Cprnj = (4)

2.2. Application to spherical detectors

The concentrator we shall discuss was designed with the
particular geometry and PMT (Hamamatsu R1408) of SNO
in mind, i.e. an effective photocathode polar extent of 6. =
54.5°, corresponding to a polar radius rpor = 98 mm (see
Fig. 5) and acceptance angle 8 = 56.4°. The ideal concen-
tration factor values are thus Cyeo = 1.441 and Cyj = 1.824.
These assume no divergence of light at the front aperture of
the concentrator. In SNO (see Fig. 3) the choice of which
angle §; , 6.m OF Gy to match to the edge of the fiducial vol-
ume is @ps = fr. For this choice then the divergence, 64y,
of light is: O = lean/Ria = 1°, where Acan = T 12y, So the
assumption of no divergence is a good one.

There is a special result that occurs when both the detec-
tor fiducial volume and the array of PMTs are spherically
symmetric, as in SNO. The probability of detecting light
from anywhere inside a spherical fiducial volume (radius
Ria) is proportional to the fractional coverage, f, provided
by Npmt PMTs and concentrators placed on a sphere, radius
Rpmt (> Raa).

- ACBN.'Npml
/= 4mR: )

pmt

Note, however, that Acnc = Acan/ 5in” 6y, and sinfps =
Rra/ Rpme, 8O that:

_ Acaxh N, pmt

4R},

f (6)

Now fis independent of Rym for a fixed number of PMTs,
and Rpm: can be increased without losing photons, providing
the concentrators are modified accordingly and absorption in
the water is not important. The coverage allowed by the use
of ideal concentrators is the same as that obtained by placing
the PMTs at the edge of the fiducial volume and fiattening
out the photocathodes to conform with the boundary!

The radial efficiency of a spherical array of PMT’s is not
Rpme times the polar angular response of a single PMT, as
light for polar angles less than 8ty (< 85 in SNO) can arise
from points both inside and outside the fiducial volume (see
Fig. 3), with the result that the radial efficiency falls off
less markedly than the angular response of a single PMT. In
SNO the radius Rpm¢ Was chosen to optimize the shielding
of the heavy water from the radioactivity of the PMTs, and
of the PMTs from the radioactivity of the wall of the cavern.
The size of the cavern was entirely constrained by mine
engineering limitations.

3. Practical design of non-imaging concentrators

3.1. Photomultiplier tube considerations

Real photocathodes have a slightly non-uniform angular
response, which has been measured and modelled optically
[13-16]. Shown in Fig. 7 [13], for a Hamamatsu R1408
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Fig. 7. The predicted angular dependence of the absorption of the bial-
kali photocathode for a Hamamatsu R1408 8 in. PMT in water [13]. The
absorption is proportional to the PMT efficiency | 14]. Plotted is the per-
centage of incident intensity which is absorbed by the photocathode, where
for 0° to 40° an allowance of 5% has been included as an estimate of the
effect of internal reflections of light transmitted through the photocathade.

8 in. PMT immersed in water, is the photocathode absorp-
tion, which has been shown to be proportional to the PMT
efficiency [14]. The efficiency drops to zero at grazing in-
cidence when all the light is reflected off the water-glass
interface, and is roughly half its average value at the angle
of incidence 6, = 85°. This reduces the cut-off angle
slightly. The relationship between concentration factor Cyeo
and these angles is given by phase-space considerations:

sin® @,

Coo =
£e0 ) .
Sin” Gps

N

This is the general case of that given above where 8, is
90° for a perfect absorber. Now Cg, is determined by the
geometry of the concentrator, so a change in 8, will reduce
6ps. Using the numbers given above, if 6, is 85°, then 6y
changes from 56.4° to 56.1°, a reduction of only 0.3°.

Besides the slight non-uniform angular response, real pho-
tocathodes show a fall-off in efficiency for light falling near
the edge of the photocathode. For the PMT (Hamamatsu
R1408) used in SNO, a concentrator with a slightly larger
polar radius rpolar than 98 mm, but with the same 8, would
increase the average concentration factor, as 6. would be
larger. However, the concentration factor would not be sig-
nificantly increased for light incident at small polar angles,
as this is funneled onto the edge of the photocathode where
the efficiency is low. The choice of rpoa = 98 mm was a
compromise between maximum and uniform concentration.

Fig. 8. A polygonal approximation to the shape of a concentrator.

3.2. Polygonal symmetry

The shape of an ideal concentrator may be approximated
by a polygonal shape (see Fig. 8). This allowed us to con-
sider reflective materials which were only available as flat
sheets, as these could be curved (in one direction) and joined
together into a polygonal shape.

How the performance of polygonal specular concentra-
tors differs from the cylindrically symmetric case can be
expressed in the sharpness of the drop-off near the cut-off
angle. For a polygonal cross-section, fps will vary somewhat
with azimuthal angle. A measure of sharpness is the angular
spread between the points where the concentrator response
is 90% and 10% of its maximum; Table 1 shows how this
quantity varies with the number of faces of the polygon [17].

3.3. Truncation

Ray-tracing simulations showed that the ideal concentra-
tor determined by the prescription given above could be trun-
cated in length by a quarter with a reduction in concentration
factor of only 2%, and the appearance of a small tail in the
large-angle acceptance (Fig. 9a). As can be seen (Fig. 9b),
the difference between a truncated figure-of-revolution and
a truncated 18-sided polygonal concentrator is very small. In
fact in the longer concentrator there are more refiections and
consequently more opportunities for absorption. A shorter
concentrator is cheaper, lighter and easier to manufacture.

Table 1
Performance of polygonal concentrators

Number of faces Angular spread: 90-10% [deg|

6 140
10.3

18 9.2
9.0
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Fig. 9. A comparison of the concentration factors for (a) a full-length (solid
line) and a truncated figure-of-revolution concentrator in which the entrance
aperture area has been decreased by 2%; (b) a truncated figure-of-revolution
(solid line) and a truncated 18-sided polygonal concentrator. The simulation
assumes ideal reflective surfaces and ideal photocathodes.

The final shape of the SNO concentrator was chosen to
optimize the transmission of off-axis or skew rays with a
skew parameter Ay = 0.6 [12,13]. While very similar in
performance to that obtained by rotating the 2D profile about
the optic axis for which Aw = 0.0, it has the advantage that
the axial length of the concentrator is slightly reduced (to
142 mm from 154 mm). This length was then truncated by
24% to 108 mm.

3.4. Dimensional tolerances

Any inaccuracies in construction or flexing inside the
PMT/concentrator support frame will have a detrimental
effect on the optical performance of the concentrator. The
subject of tolerances divides into three areas: imperfections
in manufacture (particularly conformity of the dielectric-
coated aluminium strips to the holder), misalignment of
whole concentrators, and flexing of concentrators.

The effect of imperfectly curved strips in a polygonal
concentrator is small as the concentrator is a non-imaging
device. For the SNO concentrator described below in Sec-
tion 4, the deviation from the correct curvature is expected
to be less than ~ 0.4 mm. The effect of such an alteration
in curvature is too small to be seen easily so the change
in response for a reduction in curvature corresponding to a
maximum deviation of about 3.5 mm from the correct cur-
vature some 50 mm from the face of the PMT is shown in
Fig. 10. Even this much larger deviation would only result
in a decrease of the angle 8, of about 2°, equivalent to a
6.5% reduction in the volume coverage.

The arrangement of the hexagonal cells into flat panels
means that the PMTs plus concentrators are not all pointing
at the centre of the acrylic vessel but are all aligned within
3°. As the drop-off in efficiency is spread over 9° about 8y,
then this degree of misalignment has no significant effect
on the performance of the detector. This is borne out by
simulations which have shown that for a random alignment
of the concentrators between 0° and @ off the centre, then
# has to be greater than 7° before the light collection from
the fiducial volume is significantly affected [18].

Sufficient flexing of one of the panels holding the PMT
and concentrator could cause the front aperture of the con-
centrator to distort into an ellipse of major axis A and mi-
nor axis B. To first order the aperture area is conserved as
A x B = R? where R is the radius of the entrance aperture;
a 1% distortion will produce a second order effect of about
0.01%. More serious is that the distorted concentrator is no
longer symmetric about the optic axis and depends on ¢, the
angle from the major axis of the entrance aperture ellipse.
The photons incident at the concentrator aperture with ¢ =~
0° or 180° will be concentrated onto the PMT with an aver-
age cut-off angle 84, and those with ¢ = 90° or 270° will
be concentrated with a cut-off angle g, where conservation
of phase space gives the following expression to first order:

A sin@s = B sinfp =R sinfys.

The diameter of the concentrator is 273 mm, so a distor-
tion of 4=1.5 mm in the diameter corresponds to a 1° varia-
tion in cut-off angle. As the drop-off in efficiency is spread
over 9° about 6y, then such a distortion to the concentrators
will have a negligible (& 1%) effect.

3.5. Choice of materials

The requirements for the reflecting material can be divided
into the following areas: reflectance, durability and leach-
ing characteristics in ultra-pure water, radioactivity, cost and
ready availability.

3.5.1. Reflectance

The desire to detect as many photons as possible dictated
that the reflectance of the concentrators be as high as possi-
ble for blue and near UV photons incident over a large range






