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SPECTRAL ANALYZER WITH NEW HIGH 
EFFICIENCY COLLECTION OPTICS AND 

METHOD OF USING SAME 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

The present invention relates to a spectral analyzer and, 
more particularly to an improved spectral analyzer which is 
adapted for measurement of multiple components of a 
Specimen. 

Spectroscopic analyzers are now widely employed in the 
analysis of various types of Specimens including gases, 
Solids and liquids. This is done by employing specimen 
holders or light guides of different types to enable absorption 
or modification of light transmitted therethrough or absorbed 
at an interface with the Specimen. Although many analyzers 
are designed to operate and measure the effect of a specimen 
upon light rays of a single wavelength band, Some employ 
two or three photodetectors to concurrently measure the 
Several different components. 

Although the infrared wavelength is most widely utilized, 
it is also possible to use light rays in the ultraViolet 
wavelength, in the Visible light wavelength, and even broad 
band light rays depending upon the Specimen and the 
components thereof which are being analyzed, particularly 
when Suitable filters are used in the apparatus. 
Some of the problems experienced with existing analyzers 

include relatively low Signal to noise ratio and poor collec 
tion efficiency. As a result, relatively long cells for gaseous 
and other Specimens are required. 

It is an object of the present invention to provide a novel 
Spectral analyzer which is highly efficient and Small in size. 

It is also an object to provide Such a spectral analyzer 
which is adaptable for use with gaseous, Solid and liquid 
Specimens. 

Another object is to provide Such an analyzer which may 
be used to analyze Simultaneously a multiplicity of compo 
nents of a specimen. 
A further object is to provide Such a spectral analyzer 

which is adaptable to measure diffuse and Specular reflec 
tance of Solids. 
A still further object is to provide a novel method for 

Spectral analysis using Such a spectral analyzer. 

SUMMARY OF THE INVENTION 

It has now been found that the foregoing and related 
objects may be readily attained in a spectral analyzer which 
includes a high efficiency optical collector having a first 
concave reflector portion and an opposed Second concave 
reflector portion with an exit passage therethrough. A Source 
for light emitting of a predetermined wavelength range is 
positioned in the collector So that the emitted light is 
collected and directed by the reflector portions to the exit 
passage. A specimen holder is positioned adjacent the exit 
passage of the collector, and it has entrance and exit ends 
with windows therein. 
At the exit end of the Specimen holder is the entrance end 

of an elongated reverse non-imaging optical member. This 
optical member has a peripheral wall reflecting light rays 
entering it through the exit window of the holder to reduce 
the angle of the rays relative to the optical axis of the optical 
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member as they pass therethrough. At the exit end of the 
optical member is a detector assembly including at least one 
photodetector Sensitive to a predetermined wavelength of 
light and at least one optical filter disposed between the 
optical member and the photodetector to pass light of the 
predetermined wavelength. 

Preferably, the first portion of the collector may conve 
niently be a concave spherical Surface or an ellipsoidal 
Surface. 

Desirably, the reverse non-imaging optical member has a 
compound parabolic configuration, although it may also 
have a configuration Selected from the group of general 
conics, aspheres and Splines. 

Preferably, the windows of the specimen holder filter a 
frequency or pass a frequency of a predetermined wave 
length range. The detector assembly includes an optical 
concentrator between the filter and the photodetector. 
Desirably, a multiplicity of cooperating photodetectors and 
cooperating filterS Sensitive to light rays of different wave 
length ranges is provided in the detector assembly. 
The Specimen holder may be a tubular element for con 

taining a gas or include means for Supporting a translucent 
Solid Specimen, or include means for locating the Surface of 
a specimen at an angle to the longitudinal axis of the holder. 
The Specimen holder may also be a Solid translucent light 
guide which permits evanescent spectral energy absorption 
at the interface with a specimen disposed on its periphery. 

If So desired, a chopper may be provided to pulse the light 
rays passing into the Specimen holder. Moreover, although 
light rays in the infrared wavelength are generally preferred, 
ultraViolet and Visible light may also be employed. 

In use, power is provided to the light Source to effect 
emission of light rays which are collected and reflected to 
the exit aperture from the collector and into the Specimen 
holder containing a specimen to be analyzed. The Specimen 
interacts with the light rays to provide Spectral indicia of the 
components thereof. 
The light rays are then passed through an elongated 

non-imaging optical member to reduce the angle of the light 
rays entering thereinto relative to the optical axis of the 
optical member. The light rays exiting the optical member 
then impinge upon a photodetector to generate signals 
indicative of a component of the Specimen, and these signals 
from the photodetector are analyzed. 
AS previously described, preferably the light rays exiting 

the optical member are directed through a filter prior to 
impinging upon the photodetector, and the light rays exiting 
the optical member are directed through an optical 
concentrator,prior to the photodetector. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a partially diagrammatic view of a spectral 
analyzer for gases and liquids embodying the present inven 
tion; 

FIG. 2 is an exploded view of the analyzer of FIG. 1; 
FIG. 3 is a diagrammatic view of the collector, gas cell 

and parabolic concentrator showing traces of the light rays 
passing therethrough; 

FIGS. 4a and 4b are partially diagrammatic view of a ray 
concentrator for the detector assembly to concentrate rays 
impinging upon the photodetectors, 

FIG. 5a-5d are diagrammatic views of different configu 
rations of reverse non-imaging optical members which may 
be utilized in the present invention; 

FIG. 6a-6c are diagrammatic views of other types of 
Specimen holders which may be used; and 
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FIG. 7 is a diagrammatic view of a collector having 
parabolic and Spherical reflection Surfaces. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

Turning first to FIGS. 1 and 2, therein diagrammatically 
illustrated is an analyzer embodying the present invention 
and generally comprised of a light Source and collector 
generally designated by the numeral 10, a specimen holder 
generally designated by the numeral 12, a reverse non 
imaging optical member generally designated by the 
numeral 14, and a detector assembly generally designated by 
the numeral 16. Also shown is a chopper assembly generally 
designated by the numeral 18. 

The collector 10 is conveniently comprised of a pair of 
blockS 20 and 22 providing a concave spherical Surface 24 
and an opposing concave spherical Surface 26, respectively. 
A coaxially disposed aperture 28 is provided in the block 22. 
A light source 30 is coaxially disposed in he block 20 so that 
the light rays generated by it will be reflected from the 
surfaces 24.26 and directed to the aperture 28. The light 
Source or emitter 30 is connected to a power Source (not 
shown) by the cable 32. 

The chopper assembly 18 includes a drive motor 34 with 
a coupling 36 which transmits rotary motion to the drive 
shaft 38 upon which is mounted the chopper blade 40 which 
extends across the aperture 28. Power is supplied to the 
motor 34 through the cable 35. 
The specimen holder 12 in this embodiment is adapted for 

passage of a gas or liquid therethrough and comprises a 
block having a coaxial cavity 42 therein. Inlet and outlet 
ports 44 and 46 allow flow therethrough of the gas or liquid 
to be analyzed, and the windows 47.48 at each end thereof 
retain the gas or liquid therein. 

After passage through the Specimen in the holder 12, the 
light rays exit through the window 48 into the non-imaging 
optical member 14. AS the light rays pass therethrough, they 
are reflected from the wall surface defining the passage 50 
So that they exit at angles which are Smaller relative to the 
optical axis of the passage 50, i.e., they are travelling more 
closely to the optical axis. 
Upon exiting the optical member 14, the light rays pass 

into detector assembly 16 where they pass through filters 52 
and are incident upon the photodetectorS 54 which measure 
the intensity of the filtered light rays. Signals are outputted 
through the leads 55 to a computer 56 which interprets the 
intensity to determine concentration of the components 
being analyzed. 
AS more specifically illustrated in FIG. 2, a convenient 

assembly is provided by the several blocks and tubes which 
are joined by pins or dowels 57 seated in aligned recesses 58 
and Secured therein by adhesive, friction or Set Screws. A 
flange on the chopper motor 34 is secured to the block 20 by 
threaded fasteners 60. A removable end cap 62 is secured by 
fasteners 64 to the block 66 which provides the housing of 
the detector assembly 16. This entire assembly is supported 
on mounts 68 which may be Secured to any Suitable Support 
(not shown). 

Turning next to FIG. 3, therein schematically illustrated 
are ray traces showing light rays emitted by the Source 30 
being reflected by the surfaces 24, 26 to the exit aperture 28 
which extends to the window 28 (seen in FIG. 1) and thence 
into the specimen holder 12. The light rays are reflected from 
its Surfaces and pass therethrough and through the Specimen 
contained therein until they exit the holder 12 and pass into 
the non-imaging optical member 14. The light rays are 
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4 
reflected from the Surface defining the passage through the 
member 14 so that they exit at a relatively shallow angle 
relative to the optical axis 72 of the assembly. 

Although not essential, the effectiveness of the apparatus 
may be increased by including within the detector assembly 
16 light guides or concentrators to direct light rays onto the 
photodetectors 52. As seen in FIGS. 4a and 4b, the detector 
housing 70 may incorporate a plurality of converging pas 
Sages 72 (only one is shown) which have exit ends aligned 
with the photodetectors 52. 

Illustrated diagrammatically in FIGS. 5a-dd are several 
configurations of reverse non-imaging optical members to 
reduce the angle of light rays passing therethrough as 
indicated by the ray traces. FIGS. 5a and 5b are other types 
of aspheric Surfaces, FIG. 5c shows a conic Surface; and 
FIG. 5d shows use of the surface of a spline. 
As seen in FIGS. 6a-6c, the specimen holder may have a 

number of constructions depending upon the type of mate 
rial being analyzed, and the nature of the action of the 
Specimen on the light rays, e.g., absorption, reflection and 
CWCSCCCC. 

The embodiment illustrated in FIGS. 1 and 2 uses a 
Specimen holder in which the light rays are transmitted 
through the Specimen and is generally adapted for use with 
liquids and gases. FIG. 6a illustrates a specimen holder 76 
for a translucent solid specimen 78 through which the light 
rays are transmitted. FIG. 6b illustrates a holder 80 for an 
opaque Solid providing a V-shaped light guide 81 which has 
the Specimen 82 Supporting at its apex So that the light rays 
are reflected from its Surface. FIG. 6c illustrates a specimen 
holder 84 in which the light guide 86 extends through a tube 
88 containing a liquid specimen 90 and attenuation at the 
surface of the light guide 86 is effected. 
AS previously described, the light rays exiting the non 

imaging optical member desirably pass through filters which 
cooperate with an associated photodetector. These filters 
may allow only a light of narrow wavelength range to pass 
therethrough or may Selectively remove light of a narrow 
range depending upon the band wavelength(s) being mea 
sured by the detector. 
As a direct result of the optics the light rays are directed 

at angles approaching normal to the filter and the Spectral 
filters are able to function more efficiently in the effort to 
analyze the optical energy after its interaction with the 
Sample. The filters are typically designed to allow for a 
Specific wavelength band width to pass through the filter 
while rejecting all other energy. Therefore, if the filters are 
selected to have a bandwidth which closely matches the 
absorption band of the Sample in the compartment, they will 
be able to alert the System to the absence of optical energy 
which is of a wavelength Synonymous with a particular 
material. This allows one to identify the presence of Some 
known material in the Sample compartment due to its 
absorption. 

Because of its efficiency and compact size, the spectral 
analyzer of the present invention may be fabricated as a 
Small battery operated gas detection instrument to make 
possible easy and economical atmospheric monitoring for a 
wide variety of gases. The components may be fabricated 
readily and relatively economically So that the cost to the 
user is relatively Small by comparison to existing units 
which are much larger, heavier and not truly portable. Two 
components may be combined Such as the non-imaging 
optical member and detector assembly as seen in FIG. 5d. 
The light collection and channelling properties of the 

present invention are highly efficient, and the components 
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may be designed So as to permit modular manufacturing and 
assembly of the three major components (Source/collector, 
Specimen holder, energy collector/re-director) into a multi 
tude of geometries. The light collecting and channeling 
efficiency of the present invention has industrial applicabil 
ity in gas analysis, fluid analysis, fluorescence analysis and 
generally any application where spectral information can be 
obtained by means of Sample/optical energy interaction. 

Moreover, as a result of this highly efficient assembly, 
four or more different components in a Specimen may be 
monitored by providing a Series of different photodetectors 
and cooperating filters, each monitoring light of a different 
wavelength indicative of the different components. 

In the optical collector, the two reflective Surfaces coop 
erate with the light emitter placed therebetween. In the 
optical System described above, the components are 
arranged So as to allow for maximum Solid angle radiometric 
efficiency. 

The relationship of focal points and overall geometry of 
the collecting optic shells defines their collection efficiency. 
The first half of the optical shell has its vertex located behind 
the centerpoint of the optical Source. This particular Section 
may have one of two general geometries. The first is the 
Simple sphere. The radius of the Sphere is Selected So as to 
produce an image of the Source at the window to the 
Specimen holder. 

Another option for the geometry of the first block 20 
section is an ellipsoidal surface 100 seen in FIG. 7. In this 
case, the ellipsoid would have one focus located at D1 and 
the other at D2. The advantage to utilizing an ellipsoid over 
a sphere is the reduction of aberrations Such as Spherical 
aberration encountered when utilizing a sphere in this man 
ner. However, So long as the blur diameter resulting from the 
Spherical mirror is equal to or Smaller than the diameter of 
the Sample compartment, aberrations may be neglected. The 
chief disadvantage to utilizing an aspherical (ellipsoid or 
variation of an ellipsoid with additional deformations to 
allow for aberration correction) is the associated higher 
manufacturing costs. 

The Second portion of the collecting optics should always 
take the form of a sphere. This spherical mirror will be 
positioned with its center of curvature coaxial with the 
center of the emitter. The result of Such an arrangement is 
that all energy which exceeds the acceptance of the first shell 
half, will reflect from the second shell half and return 
towards a section of the first shell portion which allows for 
the energy to be focused into the Specimen holder, as Seen 
in FIG. 3. 

In the embodiment shown in FIG. 1, the emitter may be 
an infrared (IR) energy Source which can be the equivalent 
of a heated wire operating at 660-800° C. This gives a 
broad band of IR radiation from 2-15 microns which is 
collected into a narrow beam of IR energy by the reflective 
surfaces. As seen in FIG. 3, the collection of light from a 
finite Source by the mirror Segment up to NA (numerical 
aperture) of 1.0+ is focused into the entrance aperture of the 
Specimen holder. The collection efficiency is increased 
beyond 1.0+ NA by the addition of the second concave 
collecting optic which redirects the energy from angles 
exceeding the 1.0+ NA condition, towards the focus of the 
first mirror Segment. Thus, the first Segment can re-collect 
this energy and direct it to the entrance aperture of the 
Specimen holder. Therefore, the collector optics ensure a 
high collection ratio of energy from the emitter. 

The Specimen will encode the incident optical energy with 
information regarding its molecular physical properties. AS 
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6 
is known, optical energy of particular specular characteris 
tics will be affected by the Specimen composition. 
Therefore, the optical energy emergent from the Specimen 
holder will carry with it information which indicates the 
molecular nature of the Specimen. 
The windows for the specimen holder desirably utilize 

materials which allow the transmission of optical energy 
which falls within the optical wavelength bandwidth of 
interest. For instance, windows would be comprised of 
barium fluoride for an infrared detection apparatus. This 
material is Selected due to its ability to transmit IR energy 
with no absorption in the regions of interest to the analysis. 
AS previously indicated, the reverse non-imaging optical 

member is of a geometry which reduces the angle of incident 
rays as they traverse its length. The concept of these optics 
can be envisioned as a collection of points which define a 
tangent to the angle of the light accepted and a lesser angle. 
AS a result of the angular orientation of the optics, the 

degree of perpendicularity between the rays exiting the 
non-imaging optical member and the normal to the optical 
filter and photodetector is increased. Narrow wavelength 
band optical filters are designed to allow for transmission of 
a relatively Small Selective region of wavelengths. This may 
be accomplished through the Stacking of different layers of 
transmissive materials. Energy which Strikes the Surface of 
the filter at angles departing from the normal to the Surface 
will have a path length in the medium defined by the skew 
path through a particular filter layer. The greater is this 
angle, the larger is the error. The filter allows for the 
transmission of wavelengths which produce a certain path 
length in the medium. The energy of a lesser wavelength 
which is at a higher angle of incidence on the filter will look 
to the filter as wavelengths with the proper pathlength. This 
phenomenon known as "blue shifting explains how these 
wavelengths of a lower angle (bluer) are allowed to pass 
therethrough. Thus, the non-imaging optical member 
reduces this inherent error. Some typical formulas for “non 
imaging optics can be found in the text: The Optics of 
Non-Imaging Concentrators by Welford & Winston, pub 
lished by Academic Press. 

Thus, it can be seen from the foregoing detailed Specifi 
cation and attached drawings that the Spectral analyzer of the 
present invention may be readily and economically 
fabricated, is highly efficient and is Sufficiently Small and 
lightweight So as to provide a portable unit for many field 
applications in addition to Serving as a laboratory or indus 
trial unit. The analyzer is adapted for use with gas, Solid and 
liquid Specimens by means of readily interchangeable 
holders, and its efficiency enables dividing the light beam 
traversing the Specimen holder to provide multiple beams 
directed onto a multiplicity of photodetectors to enable 
concurrent analysis of multiple components in the Speci 
CS. 

Having thus described in the invention, what is claimed is: 
1. A Spectral analyzer comprising: 
(a) a high efficiency optical collector having a first con 

cave reflector portion and an opposed Second concave 
reflector portion, Said Second reflector portion having 
an exit passage therethrough; 

(b) a Source for light emitting of a predetermined wave 
length range positioned in Said collector So that the 
emitted light is collected and directed by said reflector 
portions to Said exit passage; 

(c) a specimen holder positioned adjacent said exit pas 
Sage of Said collector and having entrance and exit 
ends, 
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(d) an elongated non-imaging optical member having its 
entrance end at the exit end of Said Specimen holder and 
having an exit end, Said member having a peripheral 
wall reflecting light rays entering through the exit end 
of Said holder to reduce the angle of the rays relative to 
the optical axis of Said optical member as they pass 
therethrough; and 

(e) a detector assembly at the exit end of Said optical 
member including at least one photodetector Sensitive 
to a predetermined wavelength of light and at least one 
optical filter disposed between said optical member and 
Said detector to pass light of Said predetermined wave 
length. 

2. The Spectral analyzer in accordance with claim 1 
wherein Said Second portion of Said collector is a concave 
Spherical Surface. 

3. The Spectral analyzer in accordance with claim 1 
wherein Said first portion of Said collector is a concave 
Spherical Surface. 

4. The Spectral analyzer in accordance with claim 1 
wherein Said first portion of Said collector is an ellipsoidal 
Surface. 

5. The Spectral analyzer in accordance with claim 1 
wherein Said non-imaging optical member has a compound 
parabolic configuration. 

6. The spectral analyzer in accordance with claim 1 
wherein Said non-imaging optical member has a configura 
tion Selected from the group consisting of conical, generally 
aspherical and Spline. 

7. The Spectral analyzer in accordance with claim 1 
wherein Said entrance and exit ends of Said Specimen holder 
have windows therein to filter light rays to pass those of a 
predetermined wavelength range. 

8. The spectral analyzer in accordance with claim 1 
wherein Said detector assembly includes an optical concen 
trator between Said filter and Said photodetector. 

9. The spectral analyzer in accordance with claim 1 
wherein a multiplicity of cooperating photodetectors and a 
multiplicity of cooperating filterS Sensitive to light rays of 
different wavelength ranges are provided in Said detector 
assembly. 

10. The spectral analyzer in accordance with claim 1 
wherein Said Specimen holder provides a chamber for 
receiving the Specimen and through which the light rays will 
pass. 

11. The Spectral analyzer in accordance with claim 1 
wherein Said Specimen holder includes means for Supporting 
a translucent Solid Specimen. 

12. The spectral analyzer in accordance with claim 1 
wherein Said Specimen holder includes means for locating 
the Surface of a Specimen at an angle to the longitudinal axis 
of Said holder. 

13. The spectral analyzer in accordance with claim 1 
wherein Said Specimen holder is a Solid translucent light 
guide which permits evanescent spectral energy absorption 
at the interface with a specimen disposed on its periphery. 

14. The spectral analyzer in accordance with claim 1 
wherein there is included a chopper to pulse the light rays 
passing into Said Specimen holder from Said collector. 

15. The spectral analyzer in accordance with claim 1 
wherein Said light Source emits light rays in the infrared 
wavelength. 

16. The spectral analyzer in accordance with claim 1 
wherein Said light Source includes means for pulsing Said 
SOCC. 

17. The spectral analyzer in accordance with claim 1 
wherein Said light emitting Source emits light of a broad 
range of wavelength range. 

18. In a method for spectral analysis, the StepS compris 
Ing: 
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8 
(a) providing a Source of light of a predetermined wave 

length range within a collector having opposed concave 
reflective Surfaces, 

(b) providing power to said light Source to effect emission 
of light rays, 

(c) collecting and reflecting said light rays to an exit 
aperture from Said collector and into a Specimen holder 
containing a specimen to be analyzed, said Specimen 
interacting with Said light rays to provide a spectral 
indicia of components therein; 

(d) passing the light rays through an elongated non 
imaging optical member to reduce the angle of the light 
rays entering thereinto relative to the optical axis of 
Said member; 

(e) directing the light rays exiting said optical member 
onto a photodetector to generate Signals indicative of a 
component of Said specimen; and 

(f) analyzing said signals from said photodetector. 
19. The method of spectral analysis in accordance with 

claim 18 wherein Said light rays exiting Said optical member 
are directed through a filter prior to impinging upon Said 
photodetector. 

20. The method of spectral analysis in accordance with 
claim 18 wherein Said light rays exiting Said optical member 
are directed through an optical concentrator prior to Said 
photodetector. 

21. The method of Spectral analysis in accordance with 
claim 18 wherein windows are provided at the entrance and 
exit ends of Said specimen holder to filter the light rays 
passing therethrough. 

22. A spectral analyzer comprising: 
(a) a Source of light capable of emitting a predetermined 

wavelength range directed to an exit passage; 
(b) a specimen holder positioned adjacent Said exit pas 

Sage having entrance and exit ends, 
(c) an elongated non-imaging member having its entrance 

end at the exit end of Said specimen holder and having 
an exit end, Said elongated member having a periph 
eral wall adapted to reflect light rays emitted from Said 
exit end of Said specimen holder to reduce the angle of 
Such rays relative to the optical axis of Said elongated 
member as said light rays pass therethrough, and 

(d) a detector assembly at Said exit end of Said elongated 
member including at least One photodetector Sensitive 
to a predetermined wavelength of light and at least One 
optical filter disposed between said elongated member 
and Said detector assembly adapted to pass light of Said 
predetermined wavelength. 

23. In a method for spectral analysis, the Steps compris 
ing. 

(a) providing a Source of light of a predetermined wave 
length range, 

(b) providing power to said light Source to effect emission 
of light rays into a Specimen holder containing a 
Specimen to be analyzed, Said Specimen interacting 
with said light rays to provide a spectral indicia of 
components therein, 

(c) directing the light rays exiting said specimen holder 
through an elongated non-imaging member adapted to 
reflect said light rays to reduce their angle relative to 
the optical, axis of elongated member and Onto a 
photodetector to generate Signals indicative of a com 
pOnents of Said Specimen, and 

(d) analyzing Said Signals from Said photodetector. 
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