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DIFFUSE REFLECTANCE PROBE

ABSTRACT OF THE DISCLOSURE

A diffuse reflectance probe (20) is disclosed which employs in an
exemplary embodiment, fiberoptic light transmitting elements (36) from illuminating
light source (22) to send rays (24) onto the sample (28) and a light pipe (50) for
collecting light to send to the detector (32). The fiberoptic light transmitting
elements (36) surround the light pipe (50) and a window (26) having a beveled
surface (64) communicates with the light transmitting fiberoptics (36) to direct the

Hluminating radiation (24) in a relatively large field of view in a close working

distance with the probe (20).
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DIFFUSE REFLECTANCE PROBE

BACGKGROUND OF THE INVENTION

The invention relates to fiberoptic probes. In

‘particular, the invention relates to a fiberoptic probe

having a window element of selected thickness and

having a beveled surface for directing light towards
the sample. The window thickness and angle of the
bevel surface are selected so as to result in efficient
illumination of the sample at a close working distance;
minimizing the reflection that occurs; the high

rejection of any specular reflection that occurs; and

efficient packaging within the diameter of the probe.

Spectral analysis, and particularly infrared
spectroscopy 1s a known technigue which is used to
examine samples and monitor online processes.

Typically, for an opaque sample, light of a known

spectrum 1s directed at the sample which absorbs and

scatters some of the light at various wavelengths. The
diffusely reflected portion of the light is collected
and analyzed to produce an absorption spectrum which
characterizes the sample.

Fiberoptic probes are used to direct light at the
sample and to collect the reflected light.' The

accuracy and sensitivity of the analysis is dependent

upon the quality and quantity of the diffusely

reflected 1light collected from the sample. Good

4

collection efficiency results in higher sensitivity.

Also, good rejection of any light which has not
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—interacted with the sample, which can degrade
measurement sensitivity (noise sources) is desirable.
The intensity of the diffusely reflected light may

be improved by increasing the amount of light to the

5 - sample. However, it is not always possible to simply
increase the light intensity and thereby improve the
collection efficiency. Oftentimes, it 1is more
important to accurately position the source light in
the field of view of the fiberoptic probe. At the same

10 - time, it is important to limit noise sources which can
interfere with the reflected light. Such noise sources

occur when spurious light which has not interacted with

the sample enters the probe. One example of noise is

specular reflectance in which some of the source light
15 1s reflected into the field of view of the probe.
Specular reflectance oftentimes overpowers the return
diffuse reflectance signal and thus limits calibration
linearity and measurement sensitivity.
Some  known probes which are effective to
20 illuminate the sample and collect reflected light with

reasonable efficiency are limited in size and do not

adapt well to the addition of a window at the distal

end of the device. As scale-up of the probe is

attempted, collection efficiency decreases and specular

25 reflectance increases. Probes in which the diameter of

the collecting fiber is significantly increased to
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greater than the diameter of the light transmitting
fiber tend to have a reduced collection efficiency
because light from the illuminating fiber does not
effectively illuminate the field of view of the
collecting fiber. There tends to be a blind spot in
the center of the collecting fiber.

The working distance, is the distance between the
probe end and the sample. Collection efficiency is
adversely affected as the working distance increases.
This 1is particularly difficult to alleviate with
samples which have low reflectance, such as powders,

fabrics and the like. Also, powders which have a grain

size smaller than the diameter of the fiber oftentimes
produce unwanted artifacts which leads to errors in

sensor calilbration and in measurement accuracy.

Specular reflectance occurs when the illuminating

light encounters a surface where the index of
refraction changes, for example, at the fiber end face
or at a window at the operating end of the probe. The
reflected intensity is a function of the angle at which

the light encounters the surface. The loss is somewhat

dependent upon the angle at which the light encounters
the surface. When light reaches the critical angle,
incident light is totally internally reflected within

the medium. Not only does the occurrence of specular

reflectance reduce the total amount of illuminating




10

15

20

CA 02214560 2001-03-27

light available for the sample, the specularly reflected light may
enter the collection fiber and thereby reduce or 1ntertfere with

the sensitivity of the measurement.

It is thus desirable to position the sample illuminating

light as close as possible to the probe so that the illuminating

F
p—

light follows a most efficient path. Further, 1t is desirable to

—

increase the illumination and the spot size of the illuminating

light and to locate the same most efficiently within the field ot

)

view of the collecting fiber. It is also desirable to not only

reduce specular reflectance, but to do so in a way that results 1n

high rejection of any specular reflectance which may occur.

SUMMARY OF THE INVENTION

The present invention is based upon the discovery that a
diffuse reflectance probe may provide effective illumination of a
sample viewing area at a relatively close working distance by
means of a window element that has a bevelled surface disposed at

the operating end of the probe. The window 1s effective to direct

the illuminating light towards the viewing area at the center of
the probe 1in order to minimize the distance between the

illuminated spot and the collection fiber (light collection

element) to maximize the collection of the diffusely scattered
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light. The window is further designed to direct any specularly

e

reflected light off the front face of the wilndow away from the

field of view of the collection fiber.

In a particular embodiment, the invention comprises a
fiberoptic probe employing a transmitting fiber and a collecting

fiber, each having an optical axis and an end-ftace. The

collecting fiber has a field of view. A window element having

first, second and third 1light coupling surtaces including a

-

bevelled

face surrounding a flat face and a sample viewlng face

spaced apart therefrom. The bevelled surface is located adjacent

F

the end-face of the transmitting fiber and the flat face 1is

located adjacent the collecting fiber. The bevelled suriace 1S
disposed at a selected angle relative to the axis of the
transmitting fiber and the window has a selected thickness. The
angle and the thickness are selected so that light is directed

r—

rowards the field of view of the collecting fiber and achieves

maximum illumination at a relatively close working distance to the

sample viewing face. Specular reflectance 1is minimized and the

majority of such specular reflectance is directed beyond the field

of view of the collecting fiber.

In another embodiment, the invention comprises a probe having

4 field of view and including a plurality of transmitting fibers
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surrounding at least one collecting fiber, the transmitting and
collecting fibers each have an optical axis in parallel axial
alignment and each have a corresponding end-face. A sampllng

—
—

window is located adjacent the end-faces oL

the transmitting end

5 collecting fibers. The window has a bevel surface lying at an

F

angle with respect to the optical axes OF the 1lluminating fibers.

A central surface portion of the window is parallel to the end-

| —_—

races of the collecting fibers. The window has a sample viewling

surface parallel to the central surtace portion and spaced away

10 therefrom by a selected distance. The bevel surface transmits

illuminating light from the illuminating fibers to a region

immediately adjacent the sample viewing surface exterior of the

window producing maximum illumination immediately adjacent thereto

- .

across the field of wview of the probe. The angle and the

15 thickness are chosen so that the illuminating light strikes the

sample viewing window at an angle near but less than the critical

grre

angle so that the illuminating light illuminates the field of view

immediately adjacent the sample viewing window and further such

that any light reflected from the sample viewing window 1s

20 directed away from the field of view of the probe.

In yet another embodiment of the invention, the window 1S

adapted to contact the sample so that the illumination of the
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sample occurs between the sample contact surface and about a

millimeter t

In vyet

herefrom.

another embodiment of the invention, the bevel has a

conical profile in order to collimate the illuminating radiation

5 towards the

In yet

sample viewing surface.

snother embodiment, the thickness of the window 1S

reduced to allow the probe to be employed for viewling a sample 1n

a transparent vessel.

DRAWINGS

{4]

 PTION OF TH.

F DESCR.

L]

BRI,

10 Fig. 1
employing a

Fig. 2

is a schematic representation of a detector system

fiberoptic probe according to the present invention.

is a fragmentary cross-section of a sample contacting

end of the probe according to the present invention.

Fig. 3 is a view of the probe taken along line 3 - 3 of Fig.

15 1 with certain parts shown sectionally to enhance clarity ot
construction.

Fig. 4 is a perspective view of a sample window in accordance

with an embodiment of the present 1invention.

Fi1g. 5
20 an alternat
Fig. 6

of the 1nve
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is a perspective view of a sample window according to

ive embodiment of the 1nvention.

is a fragmentary side elevation of another embodiment

ntion for sensing a sample located 1n a transparent
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vial.

Fig. 7 is an alternative embodiment in which a fiberoptic 1s

employed as the light collecting element.

Fig. 8 1s an alternative embodiment in which a rigaid

5 fiberoptic in the form of a glass rod with an alr or glass

cladding is employed as the light collecting element.

LON

]
Z
—

INV!

(4]
- |

DESCRIPTION OF TH]

Fig. 1 generally illustrates a diffuse reflectance fiberoptic
probe 20 according to present invention. The probe 20 1s
10 generally used in association with a source 22 of illuminating

light 24 which is coupled to the probe 20 and is directed through

a sample viewing window 26 at a sample 28. Diffuse reflected

light 30 from the sample 28 is carried by the probe to a detector

32 which produces an output for spectrographic analysis. The
15 source of the illuminating light may be provided by an FTIR
spectrometer, an acousto-optical tunable filter, a filter

potentiometer, a dispersive spectrometer oOr any other suitable

ultraviolet, visible or infrared spectrometer device.

In the embodiment illustrated, the probe 20 1ncludes

20 a bundle 34 of illuminating optical fibers 36
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formed with a core 38 and cladding 40. Each fiber 34
has a central axis 42, a corresponding end-face 44 and
an input end 46 coupled to the source 22 for receiving
the 1lluminating 1light 24. The bundle 34 of
illuminating fibers 36 is arranged in a probe housing

48 1n a circular pattern, as illustrated in Fig. 3. A

light pipe 50 may be located in the housing 48
concentrically within the circular arrangement of
illuminating fibers 40. The light pipe 50 may be a
hollow pipe 52 formed with a reflective gold coating 54
on the interior surface and having a central axis 56
and a corresponding distal end 58. The axes 42 of the
fibers 36 and the axis 56 light pipe 50 are arranged
within the housing 48 in parallel axial alignment.

It should be undexrstood that the fiber bundle 34
is flexible and extends from the housing 48 to the
source 22, as illustrated. The fibers may be formed of

a high purity optical glass, or hollow waveguide, or

suitable organic materials to form a fiberoptic. An

exemplary fiber is formed with a silica core and
cladding of lower zrefractive index so that the

numerical aperture (NA) of the fiberoptic is about .22.

A fluoride fiberoptic may also be employed having a
numeric aperture of about .2-.4. The core diameter 38
may be up to about 600 micrometers and the overall

diameter may be 630 micrometers for a silica fiber.
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Fluoride fibers may be smaller with a 250 micrometer core and a

330 micrometer overall diameter. In the embodiment illustrated,

the light pipe 50 is rigid and extends from the housing 48 tO the

—

detector 32 and has an OD of about 5 mm and ID of about 4 mm and

0]

a length of about 100 - 200 mm. The relatively large ID oI the

pipe 50 results in a corresponding relatively large viewling.
Thus, in the present invention, the ratio of the size of the light

transmitting element to the light collecting element 1s about 3

—
p—

orders of magnitude. The light pipe 50 may be in the form of a

bundle of flexible optical fibers (Fig. 7) or a rigid fiberoptilc

(Fig. 8), should that be desired.

The window 26 1is located within the distal end 59 of the

housing 38. The window 26 has light coupling surtace 60 and a

sample viewing surface 62 which may directly contact the sample

28. The light coupling surface 60 is interior of the housing 48

I 1}

and includes a bevelled surface 64 proximate the end-faces 44 O

e

the fibers 36. The bevelled surface 64 resembles an annular CON1cC

pr——

section and is aligned with the axes 42 of the fibers 36. The

light coupling surface 60 also includes a central surtface portion

66 which is surrounded by the bevelled surface 64 and is parallel

to the end face 58 of the light pipe 40. The bevelled surtace 64
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lies at an angle & with respect to the horizontal, as shown. The
window 26 has an overall thickness dimension T. The dimension T

and the angle & are chosen so as to provide IOr minimal specular

reflectance without the use of coatings and to provide a minimal

working distance WD between the sample viewlng surface 62 and the

sample 28. In one embodiment, for example, the window 26 1s

o
p—

adapted to be in contact with the sample 28. The end-face may, 1t

desired, be parallel to sample viewing surface 62. However, the

fiber end-faces 44 may be disposed at an outwardly facing angle 0

with respect to the horizontal. 6§ may vary 1in a range of about O

to about 35°. The range 15 to 25° has been useful for adjusting

—

the working distance and the field of view. The end faces of the

fibers may be polished flat, as shown and when arranged as

illustrated, to form a polygonal conical surface.

As shown in Fig. 2, illuminating light 24, in form
of rays, 1s carried by the illuminating filbers 36 toO
the end tface 44, as shown. The 1lluminating rays 24
propagate from the end face 44 and lmpinge on
the bevelled surface 64, as shown. The 1light 1S

thereafter carried through the sample window 62 whereupon 1t

illuminates the sample 28. Light scattered from the sample

1in the form of diffuse reflected rays 30 1S

vriee AT uT e 1S QR I i 10 MR RS 1) M AT AT RO R A AR 1 A 1 PR e e ey T '
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carried through the window 26 to the coupling surface
66 and then to the light pipe 50, as 1llustrated.
Each time a ray encounters a surface which
represents a change in refractive index, the light 1is
5 refracted. In the arrangement 1llustrated in Fig. 2,
the light 24 from the illuminating fiber 36 1is
refracted towards the central axis 56 as i1t leaves the
end face 44. As the light enters the window 26 at the
beveled surface 64, it is further refracted towards the
10 central axis 56. The i1illuminating rays 24 exit the
sample viewing surface 62 at a shallow angle vy and
define a viewing area 68 about the same as the area 68’
of the end-face 66 of light pipe 50. As can be seen in
Fig. 2, the illuminating light 24 leaving the surface
15 62 follows a éath.which is close to the sample viewlng

surface. Thus, the sample 28 may be illuminated close

to the surface 62 within a working distance WD less
than about 5 mm. This feature thereby allows the probe
20 to more efficiently illuminate the sample 28 without
20 deep penetration of the light rays. WD may be further

reduced to 1 mm or less to allow the probe to contact

the sample.

Illuminating light which may be scattered at the

viewing surface 62, referred to herein as specularly

25 reflected light, is illustrated by the dotted rays 24°'.

Specularly reflected 1light propagates at a shallow

- 12 -
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angle v’ similar to the angle of the illuminating light. Thus, a

majority of the specularly reflected light 24° is carried beyond

the field of view 68’ of the light pipe 50. In accordance to the

invention, therefore, the illuminating radiation is carried to the

5 sample in an area close to the sample viewing surface 62. At the

same time, reflected or scattered light from the contact surtace

is effectively rejected by the systems but 1t does not enter the

light pipe and thereby diminish the sensitivity of the system.

The specular reflectance 1s minimized 1n the present

10 invention by careful selection of the bevel angle ¢, the thickness

T and the refractive index of the window 26. Also, the specular

reflectance may be further reduced by means of an optional ant1-

reflective coating 69 on the sample viewing surface 62. The

specular reflectance resulting in the present invention 1s less

15 than about 10% of the diffusely reflected light and preferably 1is

less than 5% of said 1light. The spectral reflectance may be

further reduced to less than 1% of the diffusely reflected 1light

—
p—

by means of the optional anti-reflective coating, the choice ot

which should be made in accordance with the environment in which

20 the probe is to be used and the desired optical characteristic.
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The specular reflectance may be measured agailnst a standard

diffuse sample sold under the trademark Speculon by LabSphere.

As can be seen in Fig. 4, the viewing window 26 comprises a

cvlindrical member formed with the bevelled surface 64 and the

L

flat surface 66 in spaced relation with the sample viewing surface

62. In the arrangement, the bevel surface 64 is in the form of a
frustral conical surtace. In the arrangement, the illumilnating
rays 24 tend to diverge across the field ot view 68. The

advantage of the arrangement of Fig. 4 1s relative ease of

manufacture.

In the exemplary embodiment illustrated, the window 26 1s a

gr—

sapphire material, having an index of refraction of about 1.77.

The angle & is about 45° and the thickness T 1s about 5 mm. The

radius R is about 10 mm. Sapphire is a useful material because 1it

tends to be more chemically robust than other materials.

F

The angle & may vary in a range of about 25 to 65° with the

thickness and radius varying accordingly. Also, as the index of

refraction is varied, ®, T and R may be adjusted. For example,

the window 26 may be a BK7 glass having an index of refraction of

p—

1.5. Thus, the values of 6, T and R may be varied toO thereby

maximize the viewing area and minimize specular reflection.

.........
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Fig. 5 illustrates an alternative embodiment of a sample

viewing window having light coupling surface 80 and a sample

viewing surface 82. The light coupling surface 80 includes an
outer chamfered portion 84 and surrounding a central flat portion

5 86. The sample viewing surface 82 is similar to the arrangement

of Fig. 4. The chamfered light coupling surface 84 acts like a

l—

lens and tends to collimate the illuminating radiation.

Fig. 6 1is a fragmentary illustration of an alternative

embodiment of the invention in the form of a probe 90 adapted for

10 viewing a sample 92 in a vial 94 having a wall thickness t. Iin

the arrangement illustrated in Fig. 1, if the probe 20 is placed

in direct contact with the vial 94 or other glass window, for
example, the illumination radiation tends toO diverge appreciably

before it reaches the sample 92. This can lead to a loss ot

15 inefficiency in the level of reflected radiation measured from the

sample versus the measurement of the same sample 1n direct contact

with the probe window.

The arrangement in Fig. 6 is similar to that ot Fig. 1 and

employs a plurality of flexible fiberoptics 96 surrounding a light

20 pipe 98 and a viewing window 100 which is similar to the window

gr—

26. However, in the arrangement of Fig. 6, the window 100 has a
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rhickness T' which is less than the thickness T of the window 28.
Further, the thickness T’ 1is reduced Dby approximately the

rhickness t of the vial wall 94. Thus, the illumination becomes

1)

less diffuse and tends to be more concentrated 1in the field of

11

the vial

94 . In general, the refractive index of the vial 94 1s less than

rhe refractive index of the window 100 and an adjustment may Dbe

Pi

made in the choice of the window materials and thickness T1.

In accordance with the present invention, the working

adjusted by adjusting the angle & of the bevel surface 64. When

the working distance WD is advantageously reduced, the return
signal 30 is normally improved and the scattered reflection 1s

reduced. The angle ® may be dependent on the refractilive index of

the window.

Likewise, the angle & of the fiber 36 may be varied as noted

to tailor the path of the illuminating radiation 24. The window

thickness T may be in a range of about 5 to about 10 mm, for a

sapphire material. In the arrangement of Fig. 6, T’ may be

reduced by the vial thickness t, although overall, the sum of T’

+ t may be in the range noted above.
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Fig. 7 illustrates an alternative embodiment in
which a flexible fiberoptic 110 formed of a plurality
of individual fiberoptics 112 may be substituted for

the light pipe 50. Likewise, a single fiberoptic 114,

1llustrated in Fig. 8, may be employed as the light

collecting element which comprises a glass core 116

having a cladding 118.

It should be understood that the sample 28
illustrated in the various embodiments is a schematic
i1llustration of a substance which may be in the form of
a powder, a liquid or a textile material as well as any
other material, whether reflective or not for which a
desirable reflectance measurement might be required.

While there have been described what are at
present considered to be the preferred embodiments of
the present I1nvention, it will be apparent to those
skilled in the art that wvarious changes and
modifications may be made therein without departing
from the invention, and it is intended in the appended
claims to cover such changes and modifications as fall

within the spirit and scope of the invention.
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The embodiments of the invention in which an exclusive property OY

privilege is claimed are defined as follows:

1. A probe for viewing a sample 1n a viewing area

immediately adjacent the probe comprising:

a2 light transmitting element having a first axls and a
first distal end for transmitting light;

a light collecting element having a second axis and a
second distal end being located adjacent to the light transmitting
element for collecting light; and

a sample viewing window disposed adjacent the first and
second distal ends, said sample viewing window having sample
viewing surface and a light coupling surface including a
peripheral bevel surface 1n communication with the 1light
transmitting element proximate the first distal end and central
end face in communication with the 1light collecting element

proximate the second distal end, said light transmitting element

and said light collecting element being in optical communication
with the viewing area through said window so that when a sample 1S

positioned within the viewing area proximate the sample viewlng

surface a substantial portion of the light transmitted by light

transmitting element is directed from the first distal end to the

bevel surface through the window into the viewling area and 1s

-

reflected by the sample through the window as diffusely reflected

light and is collected from the end face by the second distal end

of the light collecting element, said bevel surface of the window

resulting in a working distance of the viewlng area within about

S mm of said window.
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2. The probe of claim 1 wherein the bevel surface comprises

a frustro conical surface.

3. The probe of claim 1 wherein the bevel suriace lies at

an angle in a range of about 25° to about 65°.

4 . The probe of claim 1 wherein the bevel surface lies at

an angle of about 45° with respect to the horizontal.

rv

5. The probe of claim 1 wherein the light transmitting

element comprises first and second fiberoptics.

pr—

6 . The probe of claim 5 further including a housing for

securing the first and second fiberoptics in parallel axlal

alignment.

k.

7 . The probe of c¢laim 1 wherein the first light
transmitting element comprises a fiberoptic having an end-face

proximate the window at the distal end.

8 . The probe of c¢laim 7 wherein the end-face of the

fiberoptic lies at an angle with respect to the central axis

thereotf.

‘'

9 . The probe of claim 8 wherein the angle 1s 1n a range Or

about 0° to about 35°.

b1

10. The probe of claim 8 wherein the angle is 1n a range O:

about 15° to about 25°.

11. The probe of claim 1 wherein the bevel angle results 1n

minimized specular retlectance.
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pr—

12. The probe of claim 1 wherein the window geometry results

g—

in a specular reflectance of less than about 10% of the diffusely

reflected light.

13. The probe of claim 12 wherein the specular reflectance

is legss than about 5% of the diffusely reflected light.

14 . The probe of claim 12 wherein the specular reflectance

is less than about 1% of the diffusely reflected light.

.

15. The probe of claim 12 whereiln the diffusely reflected

light is produced by a standard sample.

e

16 . The probe of claim 12 wherein the bevel angle results 1n

maximized rejection of specular reflectance from the sample

viewing window.

17 . The probe of claim 1 further including an anti-

reflective coating on the sample viewing surface for reducing

specular reflectance.

18. The probe of claim 1 wherein the light coupling surtace

comprises a2 chamfer for collimating illuminating radiation through

the window.

#

19. The probe of claim 1 wherein the window has a thickness

i 13

T su:

fFicient to result in transmission of illuminating light

scross a field of view including the central axis of the light

collecting element.

claim 1 wherein the window 1s 1located

1}

20. The probe o:

proximate to distal end of the probe for contacting the sample.
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21. The probe of claim 1 whereln the working distance is 1in

a range of about 0 to about 1 mm.

22 . The probe of claim 1 wherein the probe 1is operative for

contact with the sample.

23 . The probe of c¢laim 1 wherein the 1light collecting
element comprises at least one of a 1light pipe of flexible

fiberoptic and a rigid fiberoptic.

24 . The probe of claim 1 wherein the 1light collecting
element and the light transmitting element are in a size ratio of

about 3 orders of magnitude.

25. The probe of claim 1 wherein the window has a thickness

of a size compatible with viewing a sample through a transparent

contalner.

26 . The probe of claim 1 further comprising a light source

including at least one of an FTIR spectrometer, an acousto-optical

runeaple filter, a filter photometer, a dispersive spectrometer

and a spectrometer for providing at least one of ultraviolet,

visible and infrared light.

27 . The probe of claim 1 wherein the window includes one of

a bevel angle of the bevel surface and a thickness of the window.

28 . The probe of claim 1 wherein the bevel surface 1S

intermediate the first distal end and the sample viewing window.

29 . A diffuse reflectance probe for viewing a sample 1n a

viewing area immediately adjacent the probe comprising:

- 21 -
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a light transmitting waveguide having a first axis and
a distal end for transmitting light to the distal end;

a2 light collecting waveguide having a second axis and a
second distal end being located adjacent to the first distal end
of light transmitting waveguide for collecting light at the second
distal end; and

a sample viewing window for contacting the sample

disposed adjacent the distal ends of the waveguides, sald sample

viewing window having a light coupling surtface including a bevel
surface in communication with the light transmitting wavegulde,
the respective first and second distal ends of said light
transmitting waveguide and said light collecting waveguilde belng
in optical communication with the viewing area through said window
so that when a sample is positioned within the viewiling area, light
transmitted by light transmitting waveguide is directed t hrough
rhe window into the viewing area and is diffusely reflected with
minimal specular reflectance by the sample through the window and

is collected by the light collecting waveguide.
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