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Determination
of specular reflectances in a
liquid medium with a variable angle of incidence
S. Gil, G. A. Clarke,

L. McGarty,

and C. E. Waltham

We present a technique we developed to measure specular reHectances ofmirrors immersed in liquids and
in air. The methad warks with a bread unge of angles of incidence (0 = 15-75”). Tbe wavelength
range used in this reseaxcb was fram 250 to SOOnm, and the state ofpolarizatian ofthe incident rays could
be eontinuously varied with respect to the phase afineidence.
The teehnique used in this study is based
on a low-cost variable-angle reflectometer and a eommercial spectrophotometer.
Here we discuss the
protocol we devised to extraet reHectanees with this instrument.
This procedure was tested with
samples that were measured through the use of ellipsometric teehniques.
The main advantages of the
method diseussed here are versatility, speed, and the availability af the equipment used; these are
partieularly useful for cantrolling the quality of a large number of samples. We present the results of
reHectanee measurements in water for dielectric coated aluminum intended for use in ligbt eoneentrators
for the Sudbury Neutrino Observatoly.
The error in our estimate of the overall reflectance, weighted
over operatianal distributions of wavelength and incident angle. is t3?4 for ene sample and +5%> far the
2000 d of coated material involved in this observatary.

1.

Introduction

Determining
the specular reflectances of materials is
not easy, especially in liquid media that can damage
reflectance standards.
We were drawn to this problem during the development
of light-concentrating
reflectors for the Sudbury Neutrino
Observatory
(SNO). The SN0 is a majar new facility being
constructed in Canada to detect neutrinos from the
Sun and other astrophysical sources, such as superno~as.‘,~ The detector consists of a spherical acrylic
vessel containing
1000 tons of heavy water, surrounded
by 6000 tons of light water (Fig. 1).
Immersed in the light water are 9600 photomultiplier
tubes (PMT’s) to detect the blue and UV Cerenkov
radiation produced by electrons and y rays from
neutrino interactions.
So that the number of PMT’s
is reduced without compromising the efficiency of the
detector, each PMT is surrounded by a light concentratar made from dielectric coated aluminum (DCA)
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sheets that reflect light into the PMT (Fig. 2).’
These concentrators also have the desirable property
of restricting the angle of acceptance of the PMT’s.
The cost of the light concentrators is small compared
with that of the PMT’s, which constitute a majar
fraction of the entire cost of the observatory.
One of the critica1 parameters in determining
the
efficiency of the SN0 detector is the reflectance of the
DCA. We need to know the reflectances in water, as
a function of wavelength in the range of from 280 to
600 nm, and with a range of incident angles from 0” to
9V.4 The DCA consists of a highly polished aluminum sheet with a thickness of 0.3 mm,5 upon which
the following proprietory
coatings are evaporated:
bonding aid and oxidation barrier, Al (primary optical
surface), low refractive index laya (n = 1.4), and
high refractive index layer and water sea1 (n = 2.0).
The DCA was prepared by Optical Coating Laboratory, Inc. of Santa Rosa, California.G
The determination of the reflectance of the DCA was necessary for
three reasons:
(a) to maximize the light-collection
efficiency of the SN0 detector, (h) to satisfy the need
for extensive quality control of the DCA to be used in
the detector, and (c) to create a model that would
allow us to predict reliably the reflectance charaderistics of the DCA and thus the performance of the SN0
detector.
Severa1 experimental techniques have been devised
for measuring
the specular reflectance of mirror
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tion of the present measurements
efficiency of the SN0 detector.
2.

samples in air.7,8 We have developed a technique to
make measurements
in water hy using a commercially available spectrophotometer
and a variableangle reflectometer
that was built in our lahoratory.
The complete range of wavelengths, polarization, and
angles used in this study can be determined quickly.
Nevertheless, important
precautions must be taken
in arder ta extract reliable specular reflectances.
In the first part of this paper we describe the experimental techniques
we used to develop a reliahle
protocol for obtaining specular reflectances.
We then
discuss how the determination
of the experimentally
ohtained reflectance is used to obtain a model parameterization of the DCA. We also discuss the implica-
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Reflectometer

The reflectometer we used in this study consists of a
watertight Al hox that fits into the sample recepta&
of a Perkin-Elmer
Lambda 3B ultraviolet-visible
(UV-VIS) douhle-beam spectrophotometer.
The reflectometer intercepts only ene of the beams.
It has
two Windows, as illustrated in Fig. 3, for light entry
and exit. These are made of 12%mm-thick
fused
silica. The incident heam is reflected hy a 90” mirror
prism, which has a front-surface
Al coating.
The
heam then strikes a rotatahle reflectance accessory
that contains two mirrors that form a 90” angle.
The intersection of the two mirrors coincides with the
axis of rotation of this accessory, and it is parallel to
the edge of the 90” prism.
The rotating accessory is formed hy a permanent
front-surface Al mirror and the sample mirror.
This
latter mirror is supported by three rest points, which
can he adjusted so that the two mirrors are precisely
perpendicular
to each other.
The alignment of the
complete assembly is accomplished by use of a laser
beam.
Invariante
of the beam direction ta better
than 1 mrad is easily achieved with this reflectometer.
Conceptually, this reflectometer is similar to a model
that is commercially available through Perkin-Elmer
that opera&
in air. As the accessory rotates, the
position of the beam on the two mirrors also changes;
therefore, the reflectances measured here are average
properties of a region approximately
0.5 cm2 of both
of the samples.
For the type of measurements used
in this study, this feature is nota limitation.
In front of the entrance window, and mounted on
the spectrophotometer
itself, we placed an UV dichroic polarizer.
This polarizer can be rotated continuously, hut in practice two polarization
orientations are used: s, with the electric field perpendicular
to the plane of incidence, andp, with the electric field
in the plane of incidence.
Because of the large
ahsorption of the polarizer in the far-UV region, this
polarizer cannot he used helow 300 nm. The use of a
polarizer in the measurements
of reflectances is

cell

Vo,. 34. No. 4 :

1 February

1995

~,,~. .,,~.,...-

_~

1.0

,,,

,

,

/

,
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Fig. 3. Schematic
diagrm
of the variable-angle
reflectometer
used in this study.
The fluid eontainer
box was made of Al, and
the entrame
and exit windows
were made af fused siliea.
The
rotating
aecessory
is attaehed
to a goniometer
to measure
the mgle
of incidence,
H.

crucial when ene is interested in determining
reflectances at large incident angla, because in these cases
the reflectances for the s and p states can be very
different.7
Furthermore,
the state of polarization of
the incident beam of most spectrophotometers
has
considerable variation as a function of the wavelength.
This variation in polarization is due to the multiple
reflections that the incident beam undergoes within
the monochromator
of the spectrophotometer.
In
our particular case, we have measured the variation
in polarization
of the incident beam by using two
types of polarizer:
a dichroic polarizer and a GlanTaylor polarizer.
The latter polarizer has the advantage of having an excellent transmission in the range
of h = 250-800 nm, as well as a high degree of
polarization
purity.
Unfortunately,
because of its
relatively large dimensions,
it cannot be used in
conjunction
with the reflectometer.
By comparing
the transmission in the spectrophotometer,
without
and with the polarizer in the two orientations
of
interest (s andp), we were able to obtain the state of
polarization
of the incident beam.
The results are
shown in Fig. 4. For the region in which the dichroic
polarizer has a good transmission,
h > 300 nm, the
results of both polarizers are in excellent agreement.
In this study we define the polarization
angle, a, as
the angle between the normal to the plane of incidence and the plane of the electric-field vector of the
incident beam.
Therefore, the s state corresponds to
a = 0” and thep state to a = 90”. Consequently, the
probability of having a p component in the incident
beam, PP, is equal to si+(a).
The probability
of
havingans
component, l’,, is equal to cosz(cr). These
parameters of the spectrophotometer
(PS and P,) are
useful for comparing
the experimental
values of
reflectance with theory when the polarizer cannot be
used, as is the case when X 2 300 nm.
3.

Determination

of Reflectances

We purchased from Labsphere, I~c.~ specular reflectance standards with known reflectances as a function of wavelength.
We calibrated these primary

Fig. 4. State af palarization
af the ineident
beam of the PerkinElmer Lambda
3B spectropbatometer
as a function
of wavelength.
Quantity
P,dP,l is the prabability
af the eompanent
s(p) in the
incident
beam.

reflectance standards against a master standard (produced by the National Research Council of Canada)
by using an integrating
sphere reflectometer with an
incident angle of 8”. These primary reflectance standards are usually calibrated at a single angle and in
air. Because the microstructure
of a front-surface
mirror standard is not well known, it is not pasible
for it to be used as a referente for other angles of
incidence IX for media different from air. Also, to
avoid possible damage or alteration in the reflectance
of our primary referente standards caused by immersion in water, we prepared secondary standard mirron for immersion by evaporating Al (99.99% pure)
onto glass substrates.
To determine the reflectance
of these secondary reflectance
standard mirrors,
R,,=“(A), at each wavelength, A, we calibrated them
against the primary reflectance standards purchased
from Labsphere.
For this we used an integrating
sphere reflectometer
with an incident angle of 8
attached toa Beckman UV5270 spectrophotometer.
The secondary standard was also studied through
the use of ellipsometric techniques, as we discuss in
the following section.
This method allowed us to
determine the complex index of refraction of the Al as
well as the index of refraction and thickness of the
natural Al203 layer. Thus we were able to develop a
model of reflectance for the secondary standard.
The results of the model were then compared with the
independent
measurement
of reflectances by use of
the Labsphere standard at 8”. These results are
displayed in Fig. 5. These two approaches agree
within l%, except at h < 300 nm, where the agreement is only within 5%. Furthermore,
the model of
reflectance for the secondary standard allowed us ta
extend the values of the reflectances to other angles of
incidence, within the same range of wavelength for
which the ellipsometric
studies were carried out.
The model of reflectance was used to obtain the
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where R,,,medium(A, H, pol) is the value of the reflectance from the model for the secondary standard.
Specifically, this model is used to calculate the transformation factor for obtainingR,,“dum(
h, 0, pal) from
the measured value (R,,,"i')(A,f3 = 8").
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Fig.5. Polarization
average
reflectance
ofsamples
ofAl,Au,Si,
and Ag
The Si sample was made of a fmeIy polished
Si wafer; the
other samples
were produced
by evaporation
in vacuum
onto glass
substrates.
The circles are results
obtained
by use of an integrating sphere reflectometer
with an incident
angle of 8”, attached
to a
Beckman
spectraphotometer.
The curves are theoretical
expectations far tbe reflectance at 8”, using a madel
for each sample
obtained
witb tbe results
of the ellipsometric
studies.

transformation
factors for converting the results of
the measured reflectances at 8” to other incident
angles explored in this study.
It is important
to note that the change in the
polarization
average reflectances, (R,,"')(X, C3),for
the secondary standard is less than 3% within the
range of h and C)encompassed in this study.
Reasonable variation of the model for the secondary standard produced similar transformation
factors.
In
fact, we estimate that (R,,;"')(A, 0) is known to within
l%>. This is because the ratio of reflectances,
(R,,,alr)(h,H)/(R,,a’r)(h, 8 = 8”), changes within approximately 1% for a range of models that are consistent with both the measurements of reflectances at 8”
and the results of our ellipsometric
studies.
The
reflectance in water for the secondary standard,
(R,,,w"e')(X,EJ), was obtained in a similar manner.
With the notation R,,,l,“d”m(A,
0, pol), we denote
the reflectance of the sample at the angle of incidence
8, wavelength A, and polarization state pol = s or p.
The superscript word medium stands for either water
or air. Similarly, RR,,_,l,me”Um(A, 8, pal) [RR,,mdUm
(A, 8, pal)] represents the values of the relative reflectance measured directly with the spectrophotometer.
The protocol used to extract the reflectance for a
given sample consisted of measuring
the relative
reflectances, RR,,,l,m~Um(A,
0, pal), of the sample
and the secondary standard, RR,,,me”Um(A, 8, pol),
under exactly the sane geometry and polarization
state.
The reflectance, R,,,,~,""'""(X, 0, pal), of the
sample was then calculated as
“-yA,
Rsmlde

H, pol)

= R,,,rnd’“rn(A, 8, pol)
698

RR,,,,,"d'Um(A, 0,pol)
RR Qe‘.m’d’““(A, 8, pol) ’ (1)
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Calibration

and Tests

To test the validity and accuracy of the technique
proposed here, we performed independent reflectance
measurements,
coupled with analytical determinations of reflectances derived from ellipsometric studies, on the following test samples:
silicon, gold, and
silver. The last two were prepared by evaporating
Au and Ag in vacuum onto glass substrates.
The
results of the ellipsometric tests allow us to model the
different mirrors and compare their results with our
reflectance
determination.
The results are presented in Fig. 5. These tests indicate the general
agreement between our experimental technique and
the model of reflectance constructed with the information from the ellipsometric studies.
This experimental technique for measuring reflectance is standard
and reliable.
We performed severa1 sets of measurements by using two different types of spectrophotometa-s, which gave results in agreement with each
other to within 1%; therefore, the discrepancies observed are likely to be a consequence of the rather
simple model used. Severa1 additional
tests were
carried out to assess the soundness of the method
used in this study.
In particular, we have performed
the following studies on our Si sample.
A.

Polarization

Test in Air

Using the standard (dichroic) polarizer, we measured
reflectances of this sample in the two polarization
dates, s and p. From these meas>rements we extracted the average reflectance, R,,_,,“‘d’U’“(A, O),
defined as

""d'""(~, 0)
Rmnpie
= L/~[R,._,,,~~‘“~(A, 0, s)+ R,_,,e”~ed’um(A, H, p)].

(2)

We also determined
ratio R,/l$, as a function of
wavelength for severa1 angles of mcidence.
In Figs.
6 and 7 we show the result of ouï measurements,
together with the expectations
from a model of
reflectance obtained from the ellipsometric studies on
this sample. We see that the model and the measurements show the same trends, and that the average
reflectances are in good agreement for all the angla
For ratio RJR, the agreement is not as good, especially at the larga incident angles, but the trend is
well reproduced.
Weighted

Averages

and Water Test

Wben the polariza is not used in the reflectometer, it
is important
to recall that the incident beam of the
spectrophotometer
is partially polarized (see Fig. 4).
To compare the results of the measurements with the
theoretical expectation, we find it useful to introduce
the concept of polarization
average weighted reflec-

tance, (R),a,+““di”“(A,

Figs. 8 and 9 for measurements done in air and water,
respectively.
Again, in these figures we see good
agreement between the result of the measurements
The trends are
and the expectation from the model.
very well reproduced in al1 cases. Al1 these tests give
us confidente in the robustness of the present techSome of
nique, but they also revea1 its limitations.
the discrepancies between the results of our measurements and the predictions of the model used might
likely originate in the simplicity of the model used to
describe the ellipsometric result.
A detailed comparison between the ellipsometric and reflectance measurements is beyond the scope of this study.
It is interesting to note that without the use of a
referente standard with well-known reflectance properties, it is not possible to extract reliable information
Usually the reflecwith this type of reflectometer.
tances of the 90” prism and the permanent
mirror
that form the reflectometer
are not known at al1
angles. Therefore the relative reflectances will depend on the properties of al1 the mirrors involved.
The advantage of using the protocol proposed here is
that by use of expression (1) the properties of the
permanent mirror and the prism cancel out.

e), defined as

5.

where P,,(A) and P,(A) are the experimentally
determined p and s components in the beam. Therefore,
when it is necessary to study the reflectances of
samples for A < 300 nm, the polarizer has to be
The results of the
removed from the reflectometer.
measurements are represented by the right-hand side
of Eq. (31, whereas the left-hand side can be calculated
by use of a model for the sample.
The values of
Wampie medium(A,0) for the sample of Si are shown in
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Ellipsometric

Studies

Conceptually, an ellipsometer is an instrument
that
determines the complex reflectance ratio, p = rP/rs, of
a sample surface.
Here ïp and ï, are the complex
The connecreflectara
for thep and s components.
tion with the previously defined reflectances, R, and
R,, is
R, = IrPIa,

f?s = Irs I ‘.

(4)

The spectroscopic rotating analyzer ellipsometer used
in this study has been described in the literature.‘O

” ’ ” ‘i

Fig. 7. Ratio ofR,/R, for the Si sample in air for three angles af
incidence. The curves are the predictions af the model derived
fram the ellipsometrie studies.

Fig. 8. Polarization
average weighted reflectances of the Si
sample in air far three angles af incidence. The curves are the
predictions af the model derived from the ellipsometrie studies.
No palarizer is used in this case, making it posible to extend the
measurements to wavelengths shorter than 300 nm.

2, Real

Si

0 Imaginary

in water
Weighted
average

-beS
fit real
- best fit imag.
,“’ referers2e
real
referente
imag.

x Inml
Fig. 9. Palarization
average
sample in water for three angla
predietians
af tbe model derived

200

weighted
reflectances
af tbe Si
of incidence.
The curves are the
from tbe ellipsametrie
studies.

This instrument
contains a 75-W xenon are lamp that
provides a continuous broadband spectrum from 185
nm into the infrared.
During operation, light of the
desired wavelength is selected through the use of a
double-prism
monochromator
and is linearly polarized after passing through a Rochon beam-splitting
polarizer.
The light beam is then reflected off the
sample at an angle of incidence of 67.50” and pases
through a rotating analyzer (a second Rochon polarizer). The intensity of the light on exit from the
analyzer is measured with a PMT.
The theoretical value of p can be calculated through
an B-layer model,” where the Bruggman effective
medium theory’2 is used to model the complex index
of refraction (or dielectric function13) of each layer.
Therefore, the model parameters are the thicknesses
of each laya- and their complex indices of refraction.
The analyzed Si sample consisted of a highly polished
(111) silicon wafer.
The model that provided the
best fit consisted of a SiOz overlayer, 1.1 ? 0.1 nm in
thickness, on pure silicon (Fig. 10). This model is
then used to predict the reflectance of tbe Si sample
(Figs. 5-9).
From our studies of the Al sample used as a
secondary standard mirror, an excellent fit of ellipsometa results was obtained, assuming that this sample
consists of only two layers: B thin film of Alu203
(5.6 2 0.3 nm in thickness) on top of a mixed laya of
Al and 12% (in volume) AlsO,, with refractive indices
taken from Ref. 14. This model is then used to
extract the reflectance of the secondary standard in
air at 8” (Fig. 5), as well as the transformation
function for obtaining the reflectances at other angles
of incidence and also in water.
Similarly, the solid
curves in Fig. 5 for the Ag and Au samples were
obtained through the use of a model obtained from
this type of ellipsometric study.
The effect of silver

700

APPLIED

OPTICS

/ kl.

34, No. 4 /

1 February

,995

300

400

500

600

700

800

900

WW
Fig. 10. Results of the ellipsometric
measurements
ofthe pseudodielectric
funetian
for the Si sample.
The referente
curves are the
results
obtained
by use af the index of refraction
far pum siliean.
The best-fit
curves
were obtained
witb the assumptian
that tbe
sample had a natural
overcaat
of SiOz of 1.1 nm.

tarnish was modeled with the interband metbod of
Ref. 15.
One may assume that an ellipsometric study of this
type could also be carried out for the DCA, therefore
providing the necessary information
for the calculation of the reflectances at the various angles of
incidence and media.
This procedure is indeed possible in principie, but in practice, because of the
multiple layers involved (three) and the uncertainties
in the indices of refraction involved, it is not possible
to obtain as good a fit as in the cases of the simple
mirrors described above. Therefore
we chose to
make a direct measurement of the reflectances for the
DCA.
6. Determination
Coated Aluminum

of the Reflectance
of lhe Dieleciric
in the SN0 Concentrators

Using our reflectometer
immersed in de-ionized water, we performed severa1 series of measurements on
different
DCA samples. The measurements
were
conducted at H = Zo”, 30”, and from 40” to 75” in steps
of 5” in the wavelength range of 250 to 800 nm in the
two polarization moda, s and p. The results for a
typical sample are presented in Fig. ll.
The distribution of angles of incidence was provided by Monte
Carlo simulation:
W,,(f3)d@
is the fraction
of
Cerenkov photons striking the concentrators
with
angles of incidence between 8 and 0 + dO. The
results of these simulations are shown in Fig. 12.
To evaluate the impact of the reflectance of the
DCA on the efficiency of the SN0 detector, we find it
useful to define a mean reflectance (averaged over
the operational
distribution
of incident
angla),

The weightingfunction,

W(h, da,,,), is defined by

where epMT(X) is the PMT quantum efficiency, which
was measured at Queen’s University
(PMT type
R1408, serial number ZW531).‘6
Factor j/X’ describes the spectral distribution
of the Cerenkov
light.l?
Quantity T,,,,,( A, d!& describes the optical
transmission of the acrylic III water and depends on
the type of acrylic and the thickness of the acrylic
vessel, d,&, as follows:
Tac&,

dac,,) = ex~~-L&)&,,,l,

(8)

where A,,,,(A) is the linear ahsorption coefficient for
the acrylic.
The values of this absorption coefficient
for the specific type of acrylic used in the SN0
detector were provided by researchers at Chalk
River.‘8
The acrylic thickness used in our calculation was d,,, = 10 cm, which is in accordance with
the SN0 des&.
We also introduce tbe merit factor parameter (MF),
defined as

In our case this integration
cally.
7.

Determination

of a Merit

is carried

MF=

out numeri-

s

(RD~A’“~~~~)+~(X)W(A,
d,,,,)dA

s

Factor for the

Concentrator Samples
To determine the optimum coating thickness and ta
characterize the effect of the reflectance of the DCA
on the efficiency of the SN0 detector, we define the
following merit factor function:

.r

1

1

Imden<e
‘“#P
,d.giee*l
5

0

i9)

BI

FLg. 12. Effective
angular
distribution
of the incident
photons
on
the light concentrators
af the PMT of the SN0 detector,
W,cjO,.
These are the results af simulations
that used the actual geometry
of the eoncentratars.

WL

&c,JdA

The validity of this factor relies on the result from
simulations that the average number of reflections
from a concentrator
surface made by any photon
generated throughout
the active volume of the SN0
detector is very close to ene. The integrals are
carried out over the relevant wavelength range of 250
to 700 nm. Therefore, the MF describes the fraction
of the total number of photons detected by each
concentrator-PMT
unit compared with that of a
similar PMT unit with an aceptance area equal ta
that of the concentrator.
There is a variation of the
weighted mean reflectances among the samples of
approximately
5%. The manufacturers
quote tolerantes of 15% on the coating thicknesses for this large
production run of approximately 2000 19. Although
this has little effect on peak reflectances in the VIS
range, our sensitivity to the position of the interference minimum
in the UV causes this variation in
weighted mean reflectance.
In our case we found
that MF = 0.84 2 0.05.
8. Summary
A reflectometer
has been constructed for measuring
specular reflectances in liquids as well as in air with a
variable angle of incidence.
The reflectometer
is to
be used in combination with a commercially available
spectrophotometer.
For reflectances to be extracted,
a standard of known reflectance for each wavelength
and angle is necessary.
Standards were prepared,
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their reflectances
were
measured against a commercially available reflectance standard, and their microstructures were studied through the use of ellipsometric techniques.
This information allows us to predict
the reflectances of the secondary standards at the
various angles and in the different media used in this
study.
Typical uncertainties
in the measurements
of reflectance with the present technique are of the
arder of 3%. In addition, as the incidence angle
changes, the position of the reflecting spot varies;
therefore,
the local variations
of the sample are
included in the measurements.
We have discussed the implications in terms of the
impact of using dielectric coated aluminum
to construct concentrators
for the PMT’s in the SN0
detector.
An overa11 mean reflectance of 84 ? 5%’ is
expected for these concentrators.
The concentrators will increase the total geometrical acceptance of
the PMT’s by a factor of 1.9. Thus the number of
detected photons will increase by a factor of 1.6, with
the mean number of reflections per photon being
approximately 1 .O. The expected cost increase caused
by the concentrators is 6% of the PMT budget.
We thank J. Bosma for his fine craftsmanship
in
the construction of the reflectometer and J. Boyle for
her assistance in the initial part of this project.
We
are grateful to M. Sirota for his valuable comments
and suggestions in different parts of this study. We
also thank G. Smith of Optical Coating Laboratories,
Inc. for overseeing the production of our dielectric
coated aluminum
and for sharing with us his long
experience with the material.
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