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ABSTRACT

sive structure having planar ?rst, second, and third faces, tWo
or more light sources located outside the structure adjacent
the ?rst face, and a photodetector array located outside the
prism adjacent the ?rst face. The structure, light sources, and
photodetector array are con?gured such that light from the

light sources that is totally internally re?ected at an optical
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interface between the prism anda sample outside the structure
proximate the second face is re?ected at the third face and

incident on a portion of the photodetector array that depends
on a refractive index of the sample. The light sources are
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positioned With respect to the structure and photodetector
array such that the totally internally re?ected light from each
light source corresponds to a different range of refractive
index of the sample and maps to a corresponding portion of
the photodetector array.
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CRITICAL ANGLE OPTICAL SENSOR
APPARATUS

[0009]

FIG. 2 is a three-dimensional graph illustrating a

photodetector array signal in an optical apparatus according
to an embodiment of the present invention.

FIELD OF THE INVENTION

[0001] Embodiments of the present invention are related to
optical sensors and more speci?cally to optical sensors that
measure index of refraction of a sample by sensing total
internal re?ection at an interface betWeen an optical material

and the sample.

[0010] FIG. 3A is a side vieW schematic diagram illustrat
ing an optical sensor apparatus according to an alternative
embodiment of the present invention.
[0011] FIG. 3B is a side vieW schematic diagram illustrat
ing an optical sensor apparatus according to another altema
tive embodiment of the present invention.

BACKGROUND OF THE INVENTION

[0002] Systems for refractive index measurement of a
sample using the critical angle are Well knoWn in the art, as are

the principles of physics underlying the measurement of criti
cal angle to determine refractive index of a medium. When
light traveling from a high index medium is incident upon an

DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

[0012] Although the folloWing detailed description con
tains many speci?c details for the purposes of illustration,
anyone of ordinary skill in the art Will appreciate that many

interface betWeen the high index medium and another
medium having a loWer refractive index at angles of incidence
larger than a critical angle of incidence, total internal re?ec
tion may be observed. The critical angle is a function of the
refractive index of both media. HoWever, if the refractive
index of one medium is known, the refractive index of the

variations and alterations to the folloWing details are Within

other may be determined from a measurement of the critical

made to the accompanying draWings, Which form a part
hereof, and in Which is shoWn by Way of illustration speci?c
embodiments in Which the invention may be practiced. In this

angle 66 using the Well-knoWn formula:

the scope of the invention. Accordingly, the exemplary
embodiments of the invention described beloW are set forth

Without any loss of generality to, and Without imposing limi
tations upon, the claimed invention.

[0013]

In the folloWing Detailed Description, reference is

regard, directional terminology, such as “top,” “bottom,”
“front,” “back,” “leading,” “trailing,” etc., may sometimes be
used With reference to the orientation of the ?gure(s) being
described. Because components of embodiments of the
[0003] Where n1 is the refractive index of the high index
medium and n2 is the refractive index for the loW index
medium. By convention, the critical angle of incidence is
measured With respect to a line perpendicular to the interface
betWeen the tWo media.
[0004] US. Pat. No. 6,097,479 describes a sensor for mak
ing critical angle measurements in Which a light source and

photodetector array are encapsulated in a light transmissive
housing that acts as the high index medium. The housing
forms a prism having one face in contact With a sample, Which
acts as the loW index medium. Light from the light source is
incident on an interface betWeen the sample and the prism
over a range of incident angles. A portion of the light that is
incident on the interface at angles greater than a critical angle

present invention can be positioned in a number of different

orientations, the directional terminology is used for purposes
of illustration and is in no Way limiting. It is to be understood
that other embodiments may be utiliZed and structural or

logical changes may be made Without departing from the
scope of the present invention. The folloWing detailed
description, therefore, is not to be taken in a limiting sense,
and the scope of the present invention is de?ned by the

appended claims.
GLOSSARY

[0014]

As used herein, the folloWing terms have the folloW

ing meanings.

undergoes total internal re?ection and is detected by the pho

[0015]

todetector array. Different parts of the photodetector array are

er‘ty of a material that quanti?es a change in one or more

Coef?cient of Thermal Expansion refers to a prop

therefore illuminated by the totally internally re?ected light

physical dimensions of the material With change in tempera

depending on the critical angle, Which depends on the index
of refraction of the prism and of the sample. The pattern of
illumination of the photodetector array can be analyZed to
determine the index of refraction of the sample.
[0005] It is Within this context that embodiments of the
present invention arise.

ture.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006]

The teachings of the present invention can be readily

understood by considering the folloWing detailed description
in conjunction With the accompanying draWings, in Which:
[0007]

FIG. 1A is a three-dimensional schematic diagram

[0016] CTE-matched refers to materials having similar
coe?icients of thermal expansion (CTE). For the purposes of
the present application tWo materials can be said to be CTE
matched if their coe?icients of thermal expansion are Within
about a factor of 2 of each other.

[0017] Dispersion (or optical dispersion) refers to a phe
nomenon by Which a Wave separates into spectral compo
nents With different frequencies, due to a dependence of the
Wave’s speed on its frequency When the Wave travels in a
material. In optics this may be expressed as a dependence of
the refractive index of the material on the vacuum Wavelength

of an optical sensor apparatus according to an embodiment of

of light.

the present invention.
[0008] FIG. 1B is a side-vieW schematic diagram of an
optical sensor apparatus according to an embodiment of the

[0018] Index of Refraction (or refractive index) refers to an
optical property of a material that is generally de?ned as the
ratio of the speed of light in vacuum (or other reference

present invention.

medium) to the speed of light in the material.
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[0019]

Infrared Radiation refers to electromagnetic radia

[0028]

Another disadvantage arises from the fact that often

in a range of frequencies running from infrared through the

the interface With the sample is not a face of the prism but is
instead a “Window” made of glass or other optically dense
material that is glued to one of the faces of the prism. HoW
ever, there is a signi?cant mismatch in coef?cient of thermal

ultraviolet, roughly corresponding to a range of vacuum

expansion (CTE) betWeen optical epoxies used for the prism

Wavelengths from about 1 nanometer (10-9 meters) to about
100 microns.

in prior refractive index sensors and the typical material (e. g.,
borosilicate glass) that is used for the WindoW. For example,

[0021] Sapphire generally refers an anisotropic, rhombo
hedral crystal form of Aluminum Oxide (A1203).

per centigrade degree (50 ppm/C.°). Borosilicate glass has a

tion characterized by a vacuum Wavelength betWeen about
700 nanometers (nm) and about 100,000 nm.

[0020] Light generally refers to electromagnetic radiation

[0022] Total Internal Re?ection refers to a phenomenon in
Which electromagnetic radiation in a given medium Which is
incident on an interface With medium having a loWer index of
refraction at an angle greater than a critical angle is com

pletely re?ected from the boundary. By convention, the criti
cal angle of incidence is measured With respect to a line
perpendicular to the interface betWeen the tWo media. If the
angle of incidence is measured With respect to a line tangent
to the interface, then total internal re?ection occurs for angles
of incidence less than the critical angle.

[0023]

Ultraviolet (UV) Radiation refers to electromag

netic radiation characterized by a vacuum Wavelength shorter

than that of the visible region, but longer than that of soft
X-rays. Ultraviolet radiation may be subdivided into the fol

a typical optical epoxy has a CTE of about 50 parts per million
CTE of about 7 ppm/C.°, Which is about seven times smaller.
A common optical grade of borosilicate glass is sold com
mercially under the name Schott BK-7.
[0029] The CTE mismatch betWeen the WindoW and the
optical epoxy can lead to problems When the ?uid being
sampled is at a temperature that is signi?cantly hotter or
colder than room temperature.

[0030]

According to embodiments of the present invention

an optical sensor apparatus may include features that over
come the disadvantages of prior art refractive index sensors.

Optical Sensor Apparatus
[0031]

According an embodiment of the present invention

an optical sensor apparatus of a neW design uses an optical

loWing Wavelength ranges: near UV, from about 380 nm to
about 200 nm; far or vacuum UV (FUV or VUV), from about
200 nm to about 10 nm; and extreme UV (EUV or XUV),

Waveguide structure made of a precision-machined, unitary,
optically transparent material, Which simultaneously forms a

from about 1 nm to about 31 nm.

photodetector array.

measurement interface and interfaces With light sources and a

[0024] Vacuum Wavelength refers to the Wavelength elec

[0032]

tromagnetic radiation of a given frequency Would have if the
radiation Were propagating through a vacuum and is given by
the speed of light in vacuum divided by the frequency.
[0025] Visible Light refers to electromagnetic radiation

precision-machined optically transparent material alloWs the

The use of a light guiding structure made from a

use of a Wider range of Wavelengths than is possible With a

plastic prism. The solid precision-machined optically trans

characterized by a vacuum Wavelength shorter than that of the

parent material alloWs for the direct deposition of a re?ecting
material onto the light guiding structure, eliminating the need

IR radiation, but longer than that of UV radiation, the visible

to mechanically place a mirror on a prism. This reduces

range is generally regarded to be from about 400 nm to about
700 nm.

INTRODUCTION

[0026] Many prior art refractive index sensors that are
based on measurements of critical angle encapsulate the light
source and the photodetector array in the material, e. g., trans

parent epoxy, that forms the prism. One draWback to prior
refractive index sensors is that they typically use only one

light source that provides one Wavelength of light used for
refractive index measurements. This has several disadvan
tages. First, the single light source can limit the range of
angles of incidence and therefore the range of refractive index
that canbe measured. Secondly, a single light source can limit
the resolution of sensor.

[0027]

Another draWback to prior art refractive index sen

sors is that the light source and photodetector array are com

bined With the prism in an integrated design in Which an

optical epoxy encapsulates both the light source and the pho
todetector array. Designs that use epoxy encapsulation suffer
from degradation of epoxy starting at temperatures of about
85 C.°, limiting the range of processes that can be measured.
Certain existing sensor designs use refractive index-matching

plastic prisms that are chemically incompatible With many

design complexity and improves optical signal.
[0033] The tWo common-Wavelength light sources (e.g.,
yelloW LEDs) signi?cantly extend the R1 range that can be
measured compared to previous R1 sensor designs. Light
from the tWo common-Wavelength light sources overlaps in a
center of the R1 range, Which increases signal to noise ratio.
[0034] FIG. 1A and FIG. 1B illustrate examples an optical
sensor apparatus 100 according to an embodiment of the
present invention. The optical sensor apparatus 100 is based
on a re?ection geometry. The apparatus 100 generally
includes a light guiding structure 102 made of an optically
dense material such as borosilicate glass, or sapphire. Alter

natively, the light guiding structure 102 may be made of

quartz, diamond, undoped yttrium aluminum garnet (YAG),
calcium carbonate, or any other optically transparent mate
rial. The light guiding structure has at least three faces F1, F2
and F3. The light guiding structure 102 may be attached to a
printed circuit board 104 by any suitable means, e.g.,
mechanical attachment, epoxy, fusing, etc. TWo or more light
sources 106A, 106B, 106C, 106D and a photodetector array
108 are attached to the printed circuit board 104. By Way of
example and not by Way of limitation, each light source may

be a light emitting diode (LED). Other non-limiting examples
of light sources include solid state lasers and semiconductor

lasers. By Way of example, and not by Way of limitation, the
light guiding structure 102 may be in the form of a prism

?uids or chemicals. Such designs require an intervening,
chemically compatible material at the measurement inter
face. In addition, plastic prisms preclude the use of short

made of an optically transmissive medium or material, as

Wavelength light.

invention are not limited to those that utilize a prism to pro

shoWn in FIG. 1A and FIG. 1B. HoWever, embodiments of the
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vide the desired light guiding function. Other geometries and

refraction. Speci?cally, the processor may analyZe the irradi

components may be used to provide the desired re?ection
geometry for the sensor apparatus 100.
[0035] The photodetector array 108 is generally a position
sensitive detector that any array of light sensing elements can

ance pattern to determine the pixel location of a telltale fea
ture in the pattern indicative of light re?ected at the interface
With the sample 111 at the critical angle. The pixel location of
the telltale feature may then be correlated to the index of

produce signals that vary depending on hoW much light is

refraction either by analysis from ?rst principles from the
knoWn geometry and material properties of the components

received at different parts of the array. The signals may be

analog or digital electrical signals. By Way of example and not
by Way of limitation, the photodetector array may be a pho
todiode array. Alternatively, an array of charge coupled
devices, photoresistors, and arrays of other types of light
sensing elements may be used in the photodetector array. In
general, each light sensing element in the array may provide
a signal that corresponds to the irradiance (optical poWer per
unit area) at that element. Each light sensing element thus
provides a irradiance signal for a corresponding “pixel”, e.g.,
as shoWn in FIG. 2.An optional memory 110, e.g., in the form

of an integrated circuit, may be coupled to the photodetector
array 108 to temporarily store the pixel signals produced by
the photodetector array. By Way of example, and not by Way

of the apparatus 100 or from a simple calibration using mea
surements of one or more materials of knoWn refractive

index.

[0040] The critical angle may be determined from the irra
diance pattern as folloWs. For angles of incidence beloW the
critical angle, some light Will be refracted at the interface With
the sample 111 into the sample and some Will be re?ected to
the photodetector array 108. At the critical angle, the

refracted light is refracted along the interface. For angles
greater than the critical angle all of the light is re?ected at the
interface With the sample 1 11 . The light rays corresponding to
light re?ected at the critical angle can be identi?ed by a

of limitation, the memory 110 may be a ?ash memory or

transition betWeen loW intensity and high intensity in the
pattern of irradiance at the photodetector array. The pixel

electrically erasable programmable read-only memory (EE

location of the transition can be correlated to critical angle

PROM).

from the knoWn geometry and refractive indices of the light
guiding structure 102 and WindoW 112 and from the knoWn

[0036] As seen in FIG. 1B, light from the light sources is
emitted over a range of angles. The light emitted from the
light sources passes through the ?rst face F1. At least some of

the light that passes through the ?rst face F1 undergoes total
internal re?ection at an interface With a sample 11 1 proximate
the second face F2. The ?rst face F1 may be coated With an

locations of the light source(s) and the photodetector array
108. Alternatively, the pixel location of the transition may be
calibrated against refractive index using several samples of
knoWn refractive index. The light sources 106A, 106B, 106C,

anti-re?ection (AR) coating. The light that is totally internally

106D may include tWo or more light sources that emit light at
a common Wavelength (referred to herein as “common-Wave

re?ected at the interface is sometimes referred to herein as

length light sources”) and/or tWo or more light sources that

“totally internally re?ected light”. In the example depicted in

emit light at different Wavelengths. By Way of example, and

FIG. 1A, a WindoW 112 is attached to the second face F2 and
the interface is the side of the WindoW that is in contact With

not by Way of limitation, the optical sensor apparatus 100 may
include four light emitting diodes. TWo LEDs may be con?g

the sample. It is noted that the WindoW 112 is optional. If the
WindoW is omitted, as in the example depicted in FIG. 1B, the
interface 113 With the sample 111 may be located at the

ured to emit light of a common Wavelength and tWo other
LEDs may be con?gured to emit light of different Wave

lengths.

second face F2.

[0041]

[0037]

Wavelength alloWs changing scale so that the photodetector
array 108 can be over?lled, i.e., ?lled With totally internally
re?ected light beyond the extent possible With a single light

The totally internally re?ected light from the inter

face With the sample is re?ected at a third face F3 and passes

back through the ?rst face F1 to the photodetector array 108.
The prism 102 thus maps some of the cone of light from each
of the light sources 106A, 106B, 106C, 106D onto the pho
todetector array 108. The index of refraction of the sample
and the offset betWeen the light sources determines Which
portion of each cone of li ght Will be totally internally re?ected
at the interface With the sample.
[0038] In some embodiments, the material of the prism 102
may be selected such that total internal re?ection takes place
at the third face F3. Alternatively, the third face F3 may be

Using tWo light sources that emit light at the same

source. The common-Wavelength light sources may be con

?gured such that cones of totally internally re?ected light
from the different common-Wavelength light sources overlap
at the photodetector array to some extent. The use of tWo

common-Wavelength light sources provides for a larger
refractive index range. The extra common-Wavelength light
source gives a greater number of resolvable refractive indices
that can be detected, Which can provide greater refractive
index range or better resolution or a combination of both

coated With a metal or dielectric re?ective coating to facilitate

depending on hoW the common-Wavelength light sources are

re?ection of the light incident on the third face F3 from inside

con?gured to ?ll the photodetector array.
[0042] For example as shoWn in FIG. 1B, suppose that light

the prism 102.
[0039] To facilitate computation of the index of refraction,
the apparatus 100 may further include a processor 114
coupled to the photodetector array 108 and/ or the memory

110. The processor 114 may also be coupled to the light
sources 106A, 106B, 106C, 106D and may be con?gured to
selectively control Which light source is turned on and Which
light source is turned off. The processor 114 may be con?g
ured, e. g., by programming With suitable executable instruc

tions 115, to analyZe the irradiance pattern measured by the
photodetector array and determine the critical angle at the
interface With the sample and the corresponding index of

sources 106B and 106C are the common-Wavelength light
sources. The cone of light from light source 106B that under
goes total internal re?ection at the interface is indicated by
dashed lines. The cone of light from light source 106C that
undergoes total internal re?ection at the interface is indicated

by dotted lines. In this example, the cones of totally internally
re?ected light from the tWo light sources 106B, 106C are

mapped to tWo corresponding regions of the photodetector
array labeled RB and RC. Because of the different locations
of the light sources 106A, 106B, light from these tWo sources

is totally internally re?ected at the interface With the sample
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111 over different ranges of incident angles. These different

[0047] The light guiding structure 102 may be made of a
rigid optical material, such as sapphire, BK7, or an undoped
garnet such as undopedYttrium-Aluminum Garnet (YAG). If
used Without a WindoW 112, the refractive index of the light
guiding structure 102 must generally be larger than the high
est refractive index that the apparatus 100 is expected to

ranges of incident angles translate into different patterns of
irradiance at the photodetector array. If the positions of the
light sources 106B, 106C, the geometry and refractive index
of the prism 102, are known, it is possible to determine the
index of refraction for the sample 111 by analyZing the irra
diance pattern at the photodetector array 108, as discussed
above.

measure. Alternatively, if a WindoW is used, it may be desir
able for the refractive index of the WindoW 112 to be greater

[0043]

than the refractive index of the light guiding structure 102 in

In the apparatus 100 depicted in FIG. 1B, light

sources 106A and 106D may emit light at vacuum Wave

order to avoid total internal re?ection at the interface betWeen

lengths different from each other and also different from the
vacuum Wavelength of the light emitted by common-Wave
length light sources 106B, 106C. In one particular non-lim
iting implementation the tWo common Wavelength LEDs may

the prism and the WindoW. HoWever, this is not alWays the

both emit yelloW light, corresponding to a vacuum Wave
length of about 589 nm. One non-common Wavelength LEDs
may emit ultraviolet light, e.g., at a vacuum Wavelength of
about 375 nm and the other non-common Wavelength LED
may emit infrared light, e.g., at a vacuum Wavelength of about
940 nm.

case. For example, a free electron metal may be placed at the
interface 111 making the sensor apparatus 100 a surface
plasmon resonance sensor, Which as a practical matter, may
act as a refractive index sensor. Furthermore, the adhesive

used to attached the WindoW 112 to the light guiding structure
102 may be one that has a higher refractive index than the
material of the structure 102 but a loWer refractive index than
the material of the WindoW 112. In some embodiments, it may
also be desirable for the adhesive to have a refractive index

[0044] By including tWo or more light sources that emit
light at tWo or more different Wavelengths the apparatus 100

that is higher than the largest refractive index that the appa

can be used to estimate optical dispersion of the sample. Since

[0048] The WindoW 112 is optional, but for many applica
tions it is preferred. The light guiding structure 102 can be
glued directly to the WindoW 112 or vice versa, e.g., using a
suitable optical adhesive. Alternatively, the WindoW may be
attached to the light guiding structure (or vice versa) using a

the dispersion of a material is a property characteristic of the

type of material, measuring dispersion can be used distin
guish betWeen one material and another. By Way of example,
the processor 114 may be con?gured, e.g., by suitable pro
gramming, to determine an optical dispersion of the sample

111 by analyzing irradiance measurements obtained by the
photodetector array 108 When light from the light sources
106A, 106D that is totally internally re?ected at the interface
With the sample 111. The light sources 106A, 106D may be

ratus 100 is expected to measure.

mechanical seal With a refractive index matched gel or oil.

The light guiding structure may alternatively be fused to the
WindoW. The material of the light guiding structure 102 may
be chosen to be CTE-matched to the material of the WindoW

turned on at the same time or may alternatively be turned on

112. By Way of example, and not by Way of limitation, the
prism may be made of borosilicate glass having a CTE of 7.1

one at a time for sequential measurements. It is noted that by

ppm/C.o and sapphire having a CTE in the c-plane (the plane

using multiple light sources emitting at different Wavelengths

perpendicular to the c-axis) of 4.5 ppm/C.°. In such a case, the
CTE of the prism Would be about 1.6 times larger than the

the apparatus 100 may avoid the need for optical ?lters to
obtain different Wavelengths from a single light source.

Eliminating the need for optical ?lters reduces design and
mechanical complexity, and improves poWer e?iciency. A
more compact design is also possible by eliminating optical
?lters. In addition signal to noise ratio (SNR) canbe improved

by using multiple light sources.A larger range of Wavelengths
is possible With multiple light sources because the (Wave
length) range of a single light source may be limited.
[0045] There are a number of different Ways in Which opti
cal dispersion measurements made With the sensor apparatus
100 may be used. By Way of example, and not by Way of
limitation, if the sensor apparatus 100 is used to measure the
refractive index of a solution having a knoWn solvent (e.g.,

Water (H2O)) and knoWn solute (e.g., hydrogen peroxide
(H2O2)) measurements of refractive index n versus vacuum

Wavelength may be used to estimate the concentration of
solute.
[0046] In certain embodiments of the present invention
there may be a free-space gap g betWeen light sources 106A,
106B, 106C, 106D and the prism 102 or betWeen prism 102
and the photodetector array 108 or both. The free-space gap
alloWs some ?exibility in the design of the sensor apparatus
since the photodetector array and light source are not both

encapsulated by the prism material. The free space gap also
alloWs an additional degree of ?exibility in optimiZing the
irradiance ?ll pattern at the photodetector array for multiple
light sources. In addition, a free-space gap (e.g., an air gap) is
less susceptible to degradation than epoxy.

CTE of the WindoW, Which is su?iciently small that the prism
and WindoW can be said to be CTE matched.

[0049] It is further noted for the adhesive used to attach the
WindoW to the prism to be su?iciently complaint to accom
modate the CTE of difference betWeen the prism and WindoW

materials. By Way of example, and not by Way of limitation,
for a prism made of borosilicate glass and a sapphire WindoW,
a suitable UV-curing polymer adhesive is sold commercially
under the name Norland Optical Adhesive 61 (or NOA 61),
and is available from Norland Products of Cranbury, N.J. It is
further noted that NOA 61 has a refractive index betWeen that

of borosilicate glass and sapphire.
[0050] It is also desirable for the prism material to be CTE
matched to the material of the printed circuit board 104. By
Way of example, the printed circuit board may be made of a
glass reinforced epoxy composite material such as PR4,
Which as a CTE of about 11 ppm/C.°, Which is su?iciently
close to the CTE of borosilicate glass to be considered CTE
matched for the purposes of embodiments of the present
invention.
[0051]

A number of variations are possible on the embodi

ments described above. TWo possible variations, among oth
ers, are shoWn in FIG. 3A and FIG. 3B. As shoWn in FIG. 3A,
in an optical sensor apparatus 300 light sources 306A, 306B
and a photodetector array 308 may be located in an approxi

mately co-planar con?guration proximate a ?rst face P1 of a
large light guiding structure 302. The ?rst face F1 may be
coated With an anti-re?ection (AR) coating. Light from the
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sources 306A, 306B passes through the ?rst face F1 toward a
WindoW 312 attached to a second face F2. Total internal
re?ection occurs at an interface 313 betWeen the WindoW 312

and a sample 311 over corresponding ranges of angles of
incidence for each light source 306A, 306B. A portion of the
totally internally re?ected light is re?ected at a third face F3
and passes back through the ?rst face F1 to the photodetector
308. If the prism 312 is made of a material With a relatively

high refractive index, e.g., about 1.7 or greater, light totally
internally re?ected at the interface 313 may also be totally
internally re?ected at the third face F3. Alternatively, a metal
lic or dielectric re?ective coating may be formed on the third
face F3.
[0052] The prism 302 may be made from a number of

depicted in FIG. 3B may include other components described
above, such as additional light sources, a memory, processor,

and softWare. These components have been omitted from the

draWing for the sake of clarity. Furthermore, although tWo
light sources 306A, 306B are depicted in FIG. 3A and FIG.
3B, those skilled in the art Will recogniZe that more than tWo
light sources may be used. Furthermore, the light sources may
include tWo or more common-Wavelength light sources or
tWo or more light sources that emit light at different vacuum

Wavelengths or some combination of these con?gurations of
light sources.

[0055] Optical sensors of the type described herein have
numerous advantages over competing concentration sensing

different materials of high refractive index. By Way of
example, and not by Way of limitation, the prism 302 may be

technologies such as optical absorption. For example,

made may be cut from a sapphire Wafer in a roughly triangular

problems With measuring the refractive index for opaque ?uid

because light is re?ected rather than transmitted there are no

shape and the edges of the triangle may be polished to provide

samples. Furthermore, the sensor apparatus can be used With

the faces F1, F2, and F3. To avoid tWo overlapping responses
from each light source due to birefringence it may be desir
able to orient the sapphire such that its optical axis (the
so-called c-axis) is oriented perpendicular to the plane of the
Wafer from Which the prism is formed.
[0053] The larger siZe of the prism 302 accommodates a
larger lateral spacing D1 betWeen the light sources 306A,
306B and a large lateral spacing D2 betWeen light source
306B and the photodetector array 308. The larger siZe of the
prism 302 and the large spacing D1 alloWs for a relatively
small amount of overlap in the ranges of incidence angles for
Which light from the light sources 306A, 306B is totally
internally re?ected at the interface 313 but still alloWs each
range of incidence angles to ?ll the photodetector array 308.
Spreading the incidence angle ranges for each light source
over the entire photodetector array alloWs for better resolu
tion of refractive index since the incidence angles for total
internal re?ection at the interface 313 and the corresponding

any material for the WindoW. For example, in certain applica

refractive indices are spread out over a greater number of

pixels. The particular geometry shoWn in FIG. 3A alloWs for
such improved resolution While alloWing the light sources
306A, 306B and the photodetector array to be at roughly the
same height relative to the plane of the common support (not
shoWn). By Way of example, the common support may be a
printed circuit board, like the PCB 104 of FIG. 1A and FIG.
1B. For some applications it may be desirable to use a smaller

light guiding structure While keeping a relatively large lateral
spacing D1 betWeen the light sources 306A, 306B and a large
lateral spacing D2 betWeen the light source 306B and the
photodetector array. If the siZe of the photodetector array 308
remained the same as in FIG. 3A and the photodetector array
and the light sources 306A, 306B Were at the same height, this
Would lead to poorer resolution in refractive index since each

range of incidence angles for total internal re?ection at the
interface 313 Would be spread over a smaller number of

pixels. HoWever, this problem may be overcome by offsetting
the relative height of the photodetector array 308 by a gap g
relative to a height of light sources 306A, 306B. This puts the
photodetector array 308 further from the ?rst face F1 of the
prism 302 as shoWn in the apparatus 300' depicted in FIG. 3B.

tions, such as pharmaceutical manufacturing, disposable bags
made of transparent plastic may be used to provide the Win
doW.
[0056] In addition, calibration of a sensor apparatus of the
type described herein is much easier than for an absorption
spectroscopy sensor. If the sample under test is relatively
simple it is not necessary to measure speciation. Calibration
of the species of interest can be done by performing an auto
titration of the species of interest While measuring index of
refraction With the sensor as a function of species concentra

tion as determined by the auto-titration. By taking a derivative
of irradiance versus pixel position for the calibration sample
it is possible to determine refractive index of the calibration
sample to Within a small fraction of a pixel position. A run
index of refraction measurements versus pixel position can be
done for a series of samples of knoWn concentration and the
resulting calibration can be stored in memory 110. An offset
in the calibration may be shifted by performing a run of
measurements of irradiance versus pixel position for a refer
ence sample, such as de-ioniZed Water and re-Zeroing the
calibration.
[0057]

A sensor apparatus of the type described herein can

therefore compete With absorption spectrometry in the near
IR or UV-visible Wavelength ranges. The re?ection geometry
in the embodiments described herein also provides substan
tial advantages over sensors that use transmission geometry.

For example, diffraction and adsorption effects can be elimi
nated, and the refractive indexs of opaque ?uids can be mea
sured.

[0058]

While the above is a complete description of the

preferred embodiments of the present invention, it is possible
to use various alternatives, modi?cations, and equivalents.
Therefore, the scope of the present invention should be deter
mined not With reference to the above description but should,
instead, be determined With reference to the appended claims,

along With their full scope of equivalents. Any feature,
Whether preferred or not, may be combined With any other
feature, Whether preferred or not. In the claims that folloW, the

In such a case, the desired range of refractive index may be

inde?nite article “A” or “An” refers to a quantity of one or

measured Without sacri?cing resolution and Without requir
ing that the light sources and photodetector array be at the

more of the item folloWing the article, except Where expressly

same relative height.
[0054] It is noted that the optical sensor apparatus 300
depicted in FIG. 3A and the optical sensor apparatus 300'

preted as including means-plus-function limitations, unless

stated otherWise. The appended claims are not to be inter

such a limitation is explicitly recited in a given claim using the
phrase “means for”. Any element in a claim that does not
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explicitly state “means for” performing a speci?ed function,
is not to be interpreted as a “means” or “step” clause as

speci?ed in 35 USC §ll2,1l6.
What is claimed is:

1. An optical sensor apparatus, comprising:
an optically transmissive light guiding structure having

planar ?rst, second, and third faces;

6. The apparatus of claim 5, further comprising a processor
coupled to the photodetector array, Wherein the processor is
con?gured to determine an optical dispersion of the sample
from measurements obtained by the photodetector array With
light from the tWo or more light sources con?gured to emit

light of different corresponding vacuum Wavelengths that is
totally internally re?ected at the interface.

tWo or more light sources located outside the light guiding

7. The apparatus of claim 1, Wherein the tWo or more light

structure adjacent the ?rst face;
a photodetector array located outside the light guiding
structure adjacent the ?rst face, Wherein the light guid
ing structure, light sources, and photodetector array are

sources, prism and photodetector array are con?gured such

con?gured such that light from the tWo or more light
sources that is totally internally re?ected at an optical

that light from the one or more light sources that is totally

internally re?ected at the interface passes through the ?rst
face a ?rst time betWeen leaving the one or more light sources

and total internal re?ection at the interface and passes through
the common face a second time betWeen the total internal

interface betWeen the light guiding and a sample outside
the light guiding structure proximate the second face is

re?ection at the interface and arriving at the photodetector

re?ected at the third face and incident on a portion of the
photodetector array that depends on a refractive index of

8. The apparatus of claim 1, further comprising an optical
WindoW attached to a face of the prism, Wherein the optical
WindoW is characterized by a refractive index that is greater
than a refractive index of the light guiding structure.

the sample,
Wherein the tWo or more light sources are positioned

With respect to the light guiding structure and photo
detector array such that light from each of the tWo or
more light sources that is totally internally re?ected at
the interface and re?ected at the third face corre
sponds to a different range of refractive index of the

sample and maps to a corresponding portion of the

photodetector array.
2. The apparatus of claim 1, Wherein the tWo or more light

array.

9. The apparatus of claim 7, Wherein the light guiding
structure is made of a material that is CTE-matched to the

material of the WindoW.

10. The apparatus of claim 8 Wherein the light guiding
structure is made of borosilicate glass and the WindoW is

made of sapphire.
11. The apparatus of claim 1, Wherein the light guiding

sources are separated from the light guiding by a free-space

structure is con?gured such that light from the tWo or more

gap.

light sources that is totally internally re?ected at an optical
interface is totally internally re?ected at the third face.

3. The apparatus of claim 1, Wherein the photodetector
array is separated from the light guiding by a free-space gap.

12. The apparatus of claim 10, Wherein the tWo or more

4. The apparatus of claim 1, Wherein the tWo or more light

light sources and the photodetector array are at substantially

sources include tWo or more common Wavelength light
sources con?gured to emit light of a common vacuum Wave

the same height relative to a supporting structure.
13. The apparatus of claim 10, Wherein the tWo or more
light sources are at substantially the same height relative to a

length, Wherein the tWo or more common Wavelength light

sources are positioned With respect to the light guiding and
photodetector array such that light from each of the tWo or
more common Wavelength light sources that is totally inter
nally re?ected at the interface and re?ected at the third face
corresponds to a different range of refractive index of the

sample and maps to a corresponding portion of the photode
tector array.

5. The apparatus of claim 1, Wherein the tWo or more light
sources include tWo or more light sources con?gured to emit

light of different corresponding vacuum Wavelengths.

supporting structure and a height of the photodetector array is
offset With respect to the height of the tWo or more light
sources.

14. The apparatus of claim 10, Wherein the light guiding
structure is made from a sapphire Wafer.

15. The apparatus of claim 13, Wherein a optical axis of the
sapphire Wafer is oriented perpendicular to a plane of the

sapphire Wafer.

