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Planck Spectrometer

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
f0001] This invention was made with government support under 1750341 awarded by the
National Science Foundation and under NO0O014-20-1-2297 awarded by the NAVY/ONR. The
government has certain rights in the invention,
CROSS REFERENCE TO RELATED APPLICATION
{0002] This application claims the benefit of U.S. Non-Provisional Application No.
7/117,954, filed December 10, 2020, hereby incorporated by reference.
BACKGROUND OF THE INVENTION
FO003] The present invention relates to optical spectrometers and in particular to an optical
spectrometer that may derive spectral characteristics of an object or material using generated
thermal radiation emitted at a variety of temperatures.
F0004] Optical spectrometers can be used o measure Hght frequency (a spectrum) emitted
from, reflected from, or transmitted through an object or material being studied thereby revealing
information about the object properties. In one simple spectrometer design, different frequency
componeunts of the light frorn the object being studied are spatially dispersed by a prism, grating,
or the like. Broadband detectors are then spatially arrayed in the dispersion to separately
measore cach frequency component of a spectrum.
FO005] A different spectrometer design may make use of frequency-discriminating detectors
cach sensitive to a different spectral component. These frequency discriminating detectors, for
example, may be produced by associating broadband detectors with different, narrow-band
spectral filters or with a filter wheel or the like that moves in front of a group of detectors.
00061 "Interference” type spectrometers, such as Fourier transform spectrometers,
distinguish among different frequency coraponents of light by noting constractive and
destructive interference of these components at different phase offsets.
fO0G7] When measurcments of light transmission or reflection are desired, the object or
material being studied may be illuminated sequentiaily with different narrow-bandwidth light
frequencies. One or more broadband detectors, whose output is sampled synchronously with the

known changing light frequency, can then be used to asserble a spectrum measurement.
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SUMMARY OF THE INVENTION
FO008] The present tnvention provides a specirometer that eliminates significant drawbacks
to prior art spectrometer designs including the need for narrowband filters, narrowband light
sourees, dispersive elements, and/or precise mechaunical positioning of optical elements. In one
embodiment, the present invention works with one or more broadband detectors detecting light
emitted from an object as the temperature of that object is changed. The measurement of the
time varying (and temperature varving) "blackbody” radiation from the object can then be
processed to reveal the underlying spectral characteristics of the object being studied.
Alternatively, thermal radiation from a known reference emitier may be used to illuminate a
separate sample to similar effect.

Specitically, in one embodiment, the invention provides an optical spectrometer having a
temperature adjustable stage adapted to control the temiperature of an emission source, the latter
providing thermal radiation in response to multiple temperatures of the temperature adjustable
stage, and at least one broadbaund light detector receiving the thermal radiation from the emission
source as so positioned to provide thermal-radiation power measurements. An electronic
computer executes a program stored in non-transitory media to: (3) sample the thermal-radiation
power measurements and temperatures of the temperature adjustable stage at a set of sampling
tirnes and different emission source temperatures to provide a power curve as a function of
termperature; and (b} process the power curve to characterize the emissivity of a sample object
over a range of wavelengths.

[6009] It is thus a feature of at least one embodiment of the invention to provide an
extremely simple and robust spectrometer that develops spectral information by "sweeping”
through light frequencies by changing a teruperatare of an emiiter,

FO010] The processing of the power curve may scale the power curve according to a
reference power curve of an object of known emissivity,

(0011} It is thus a feature of at least one embodiment of the invention to provide spectral
information by calibration and refercnce to a known object,

00121 The reference object of known emissivity may have a substantially constant
emissivity in a predetermined frequency range of interest,

10013] It is thus a feature of at least one embodiment of the invention to provide a spectram

reference to a constant emissivity for ease of reference.
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FO014] The sample object may be the emission source and the processing of the power curve
may further provide a spectrum of the ermissivity of the emission source.

{0015] It is thus a feature of at least one embodiment of the invention to provide a simple
method of characterizing an object emissivity by sampling broadband radiation at differcnt
teraperatures withouot the need for {ilters or the hike.

FO016] The processing of the power curve may provide an output satisfying a solution to the
equation of:

(00171 [eOD1] 1ax {4, 7)) = [P(T})]

[0018] for £{(4;) where:

[0019] P(?}-) is the power curve for temperatures (Z,), and

100201 igg (&i, TJ) is radiation spontancously emitted by a black body at the temperature of
the cmission source as a function of wavelength 4; following Planck's law.

[002 1] It is thus a featare of at least one embodiment of the vention to provide highly
accurate spectral output from spectrally broad thermal emissions.

[0022] The spectrum may have a light wavelength range of at least 3 to 13 pmn. Similarly, in
some embodiments, the stage may provide controllable teraperatores including a vange of at least
300 to 400 Kelvin and the broadband light detectors may provide a sensitivity equal to or greater
than 90% of a peak sensitivity spanning at least 6 ym to 10 pm

[00231 It is thus a feature of at least one cmbodiment of the invention to provide a
spectrometer well adapted for mid-infrared or near-infrared measurements,

[0024] The stage may provide a heater and a temperature sensor and the electronic computer
may exccute the stored program to vary a temperature of the stage through a range of
temperatures by changing the power applied to the heater and making temperature measurements
with the temperatare sensor to provide the sensed temperature.

100251 It is thus a feature of at least one embodiment of the invention to replace complex
spectroscopy mechanisms with a simple well-defined and electrically controliable heater.

[0026] The spectrometer may further inchude an optical systers focusiog the thermal
radiation from the emission source onto multiple broadband light detectors in an array the
clectronic computer may cxecufe the program to characterize the emissivity of the saraple object
over multiple image points imaged by the multiple broadband light detectors.

100271 It is thus a featare of at least one embodiment of the invention to provide a
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spectrometer that can be readily adapted to hyperspectral or other imaging applications.
Eliminating the need for dispersive oplics greatly sirplifies the collection of an image.

{0028] The optical spectrometer may further include a second stage adapted to hold the
sample object between the emission source and the broadband light detector to provide at least
one of reflection or transmission of the thermal radiation from the emission source by the sample
object to the at least one broadband light detector.

100291 It is thus a feature of at least one embodiment of the invention to permit
measurements of objects or materials whose spectral characteristics of reflectance, transmittance,
and/or emissivity are different for different temperatures, By using a separately heated object
from the object being analyzed, such temperature-sensitive objects can be accommodated.
100301 The spectrometer may further include a first and sccond polarizer positioned between
the emission source and the object to be analyzed and between the object to be analyzed and the
broadband light detector, respectively.

FO03 1 It 1s thas a featore of at least one embodiment of the mvention Lo permit use of the
inventive technique for polarization-resolved spectroscopy or spectroscopic ellipsometry,
inclading single-angle measurernents and variable-angle measurements.

{0032] In one embodiment, the electronic computer may execute the stored program to
operate: (a) in a first mode to determine the enmussivity of the saraple object; and (b} in a second
mode to determine a temperature of the sample object.

100331 It is thus a feature of at least one embodiment of the invention to permit improved
temperature measurements by accurately characterizing the emissivity of the object being sensed.
it is another feature of at least one embodiment of the invention to leverage the same optics and
equipment to both characterize emissivities and temperatures.

FO034] These particular objects and advantages may apply to only some embodiments falling

within the claims and thus do not define the scope of the invention,

BRIEF DESCRIPTION OF THE DRAWINGS
{0035] Fig. 1 is a block diagram of a first embodiment of the present invention employing a
computer-controlled heated stage holding an object or material which thermally emits light
toward one or more broadband detectors to provide a spectrum or spectral image of the object or
material;

[0036] Fig. 2 is a diagram depicting emissivity curves for different representative objects,



WO 2022/159252 PCT/US2021/072628

Planck distributions of thermal radiation at different temperatures and power curves being the
product of the emissivity curves, and the Planck distributions that can be used to derive the
emissivity curves;

[0037] Fig. 3 is a block diagram of the steps of a program exccuted by the computer of Fig. 1
to provide spectral measurements; and

FO035] Fig. 4 is a block diagram similar to Fig. 1 of a sccond embodiment of the invention

placing av analyzed object between the emission source and broadband detectors.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
{0039] Referring now to Fig. 1, a spectrometer 10 of the present invention may provide a
stage 12 supporting, and in thermal contact with, an emission source 14 whose spectral
properties may be characterized. In one embodiment, the stage 12 may include an internal heater
16, for example, a resistive heating element, electrically conumunicating with a computer-
controlled current source 18 such as an amplifier ot controllable power sapply. A teroperatare
sensor 20 is in thermal communication with the emission source 14 via the stage!? to monitor a
teraperature 22 of the emission source 14 during operation,
0040 An optical assembly 24 collects light 26 from thermal radiation generated by the
emission source 14 to focus the same at a focal plance 30 on an array 32 of broadband detector
clements 34, In one emwbodiment, the optical assembly 24 desirably functions in a mid-infrared
range being generally understood to be 2-20 pm and may consist of one or more lenses, mirrors,
zone plates and the like to provide the necessary focusing,
[00411 The array 32 of broadband detector elements 34 desirably is a two-dimensional array
suitable for imaging where each detector element 34 makes a power measorement that can
produce a pixel in an image, for example, of the surface of the emission source 14, Each of the
detector elements 34 may be identical providing an operating senstiivity to light having a
wavelength anywhere between 3 and 13 um and are not relied upon, alone, for frequency
discrimination. Desirably the detector elements 34 have a sensitivity that is at least 90% of a
peal sensitivity spanning at least 6 um to 10 pm. Example such detector arrays 32 suitable for
use with the present invention are commercially available from FLIR Systems Inc. having offices
in Wilsonville Oregon under the trade namwe of Neutrino LC providing a resolution of 640 x 512
pixels in the midrange infrared region.

100421 Power sigunals indicating the power received by each detector element 34 may be
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transmitted to a computer 40, for example, to be converted to digital values by internal analog to
digital converters or the like. Similarly, the computer 40 may receive a temperature signal from
the temperature sensor 20,

[0043] The computer 40 may further provide an output signal to the computer-controlied
current source 18 to coutrol the power output to the heater 16 and heuce the temperature of the
stage 12 according to the temperature signal from the temperature sensor 20 thus effecting a
feedback or closed-loop termperatore control for high accuracy.

[0044] The computer 40 may generally include one or more processors 42 commmnicating
with an ¢lectronic memory 44 holding a stored program 46 as will be described below,
(Generally, the computer may communicate with a user interface 30 consisting of a keyboard or
other entry device (not shown) and a graphics display 52 to provide output data as will also be
discussed below.

[0045] Before use, the spectrometer 10, as described above, may be calibrated through the
ase of an emission source 14 with known ernissivity, for example, a laboratory black body
reference having a known emissivity of about 0.97. Subsequent energy measurements of light
received by the detector elements 34 will be referenced against such a blackbody object to
determine a deviation which indicates the character of the received light.

00461 Referring now also to Fig. 2 and 3, during operation, the computer 40 may execute
the program 46 as indicated by process block 68 to control the temperature stage 12 to sweep the
temperature 22 through a predetermined temperature range, for example, from 200 to 500
Kelvin, During this time, the computer 40 may take multiple samples cach indicating power of
received light 26 by one detector clement 34 recorded together with the temperature of the stage
12 at that timhe as indicated by process block 63, The result is a power carve 62 providing
different power values at different times and corresponding stage temperatures, Generally, the
power curve 62 will be obtained after a calibration process in which the object of known
emissivity (ideally an approximation of a black body having constant emissivity in a range of
interest) is used to obtain a calibration power curve, This calibration power curve is used to
scale the power curve 62, for example, by dividing the power curve 62 by the calibration power
curve.

100471 I this raw form, the power curves 62 provides some insight into the spectrum of the

light 26, generally showing, for cxample, a power curve 62a as a function of time and
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temperature consistent with corresponding a black body type emissivity curve 64a also showing
constant ernissions with frequency and temperature. The emissivity curve 64 generally indicates
the emissivity of the emission source 14 as a function of wavelength.

[0048] Likewise, a power curve 62¢ that dips at midrange temaperatures roughly matches a
similar emissivity corve 64c¢, and an initially rising power curve 62b reflects an emissivity curve
64b which has an initially rising section. Note that the power curves 62 as depicted in Fig. 2
have been scaled by 6T ? reflecting a general power increase at higher temperatures according o
the Stefan-Boltzmann law. The information of the power curve 62 can be used for simple
classification of the emissivities of the objects or materials being analyzed or may be provided,
for exarple, to a more sophisticated machine learning classifier. Alternatively, more accurate
spectrum information can be extracted as will now be described.

30491 Referring still to Fig. 2, the emissivity curve 64 indicating the emissivity (€) of the
object of the cmission source 14 exhibits a characteristic curve as a function of wavelength 4 of
light denoted by {4} . This function £{4) reveals fundamental and inherent properties of the
emission source 14 which can be deduced from the measurements of the spectrometer 10, In this
regard, power curves 62 collected from the light 26 received from the emission source 14 by the
detector elements 34, as the stage 12 is heated, are described generally by a product between the
values of the emissivity of the emission source 14, £{4;), and the values of the thermally induced
cmissions g ()Li, T,) for a given temperature T; of the emission source 14 integrated over
wavelengths 4;.

03501 These thermally induced emissions /pp (}{i, I},) deseribe a family of Planck
distributions 66 showu in Fig. 2 and normalized to a black body radiator for clarity. Hach Planck
distribution 66 of { 33()11-, T,) in turn describes radiation spontancously emitied by a blackbody as
a function of ifs temperature and having a continuous Planck spectrum described by Planck’s law

as follows:

E 2
[0051]  Iyp(AT) = 2o X — (H

{0052 where:
16053} kp is the Boltzmann constant
16054} fv 13 Planck's constant; and

(0055 ¢ ts the speed of light.
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FO056] Generally, a single such Planck distribution 66 will slide toward shorter wavelengths
as the temperature of the emission source 14 rises to include proportionally more higher
frequency photons and fewer lower frequency photons according to the temperature as dictated
by the Bose-Hinsten distribution.

10057 The measured energy received at the detector elernents 34 over a range of different
temperatures 7; of the emission source 14 (and hence a power curve 62) will be described by a
matrix prodoct:

00581 [eOD Iee{A4 T = [P(T)] @

[0059] where P(! } is the power curve 62 measured by the present spectrometer during a
heating cycle. Intnitively, the Planck distributions 66 can be envisioned as implementing a
tunable filier (controlicd by temperature) that sweeps across the froquency sensitive emissivity
curves 64 to allow them to be resolved by a broadband detector element 34 where frequency of
the received Hght 26 is encoded into a time dimension along the horizontal axis of the power
curve 62.

100601 It will be recognized from equation (2) that the power curves 62 can be used to
determine the emissivity curves 64 by solving the matrix equation (23, for example, as a
constrained least-squares problem. This processing, indicated by process block 72 of Fig. 3, may
make use of standard mathematical technigues for matnix inversion well known in the art. Noise
in this processing s reduced by placing boundaries on the input values reflecting known physical
limitations of the temperature range and emissivity and through a posiprocessing smoothing or
filtering technigues reflecting ex anie knowledge that the emissivity curves 64 are generally
siooth and continuous functions. Alternatively, reconstruction algorithms such as adaptive
regularization and principal coroponent regression may be used, as described respectively in 2.
Yang, ¢t al., Single-nanowire spectrometers. Science 365, 10171020 (2019} and E. Vigneau et
al., Principal component regression, ridge regression and ridge principal component regression in
spectroscopy calibration, J. Chemom. 11, 239-249 (1997} both hereby incorporated by reference.
100611 Reterring again o Fig, 1 and 3, as indicated by process block 76, when the emission
source 14 may be treated as essentially uniform in emissivity, a single emissivity curve 64 for the
particular emission source 14 may be plotied by combining (for example by averaging) the
power curves 62 of each of the detector elements 34 or by providing or using a single detector

clement 34. Alternatively, a spectral peak (for example, being a dominant or peak value of the
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emissivity curve 64) may be determined for cach detector clement 34 and displayed as a spectral
image 74, for cxample, by assigning a pixel color to the frequency of that peak as is generally
understood in the art. These images may be accompanied by quantitative information through
appropriate calibration of the detector elements 34 and teruperature sensor 20,

[0062] Referring now to Fig. 3, ouce the emissivity of ernission source 14 is determned, this
emissivity information may be used to further characterize the temperature of the emission
source 14, for example, as may be caused by a localized heating of the emission source 14
independent of the stage 12 and in some cases as isolated from the stage 12, This calculation
deterruines an cnergy vahue of Hight received from the cmission source 14 having different
terperatures along its surface (as opposed to the above-described heating of the emission source
14 by the stage which is essentially uniform and in thermal equilibrium). This determained
energy value, for each detector element 34, indicated by process block 84, can then be used to
determine the temperature of different portions of the emission source 14 {corresponding to light
recetved by different detector elements 34) per process block 82 described by the following
equation:

[0063]  P(T) = ;";‘j (AW pp (4, T)dA (3)

[6064] where

F0065] 1{A}is the response curve of the detector elements 34 measuring s sensitivity as a
function of wavelength; and

[0060] £ is the emissivity of the emission source determined as discussed above.

[0067] The right-hand side of this equation represents known quantitics and thus P{T) may
be readily solved for T.

0068 This approach may be useful when precise temperature measurements are desired of
an object having varying emisstvities over its surface that are unknown before characterization
by the present invention,

00691 The above determination of speciral content of the light 26, such as can reveal the
wavelength dependent emissivity of the emission source 14, requires generally that the
emissivity function of the emission source 14 is substantially constant as a function of
temperature over the range of the measurement. This is true for many useful objects or
materials, however the determination of emissivity of objects or materials that are not stable with

teraperature can also be provided by a modification of the embodiment of Fig. | as shown in Fig,
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4.

F0070] In this embodiment, the cmitted light 26 from a known emission source 14 may be
directed against a second analysis object or material 84 which will be analyzed. This analysis
object or material 84 may be optionally held on a second temperature-controlled stage 88 to
account for its variable emissivity as a function of temperature. The second temperature-
controlled stage 88 may also include a heater 90 and temperature sensor 92 operating
avnalogously to heater 16 and temperature sensor 20 of stage 12 driven by computer-controlied
amplifier 91.

F0071] Light 94 reflected from the analysis object 84 or transmitied through the analysis
object 84 (for example by positioning the object to transmit rather than reflect light passing
between the emission source 14 and the detector elements 34) may then be received through a
second optical assembly 96 to be focused on the array 32. In this case the first optical assembly
24 provides a collimation or focusing of light from the emission source 14 to the analysis object
&4 and the second optical assembly 96 provides a focusing of Hght from the analysis object 84 to
the focal plane 36 of the detector array 32.

F0072 Again, as depicted in Fig. 3, the tewperature of the stage 12 way be swept as
indicated by process block 80 (with stage 88 being held at a constant temperature) and power
curves 62 collected per process block 82,

00731 The light received at the detector elements 34 will be described by the following
equation {4} and will be a function of the thermal emission of the emission source 14 and the
emissivities of the emission source 14 and the analysis object 84:

[0074]  [es DR DN a5 (4 T1)] = [P{T3)] (4)

[0075] where:

[0076] £:{4;) is the known emissivity of the emission source 14; and

{00771 R, (4} is the unknown reflectance or transmittance of the analysis object 84 solved
through matrix inversion or other similar technigue.

00731 At process block 82, the reflectance of analysis object 84 may be calculated again by
solving equation (4) for R, (4;) |, for example, by performuing a matrix inversion or other solution
technique. I the analysis object 84 {s being used in an absorbing rather than reflecting
orientation, transmittance may be equally deduced from 7,{4;} and displayed as a spectrum or

transittance curve with an nverted scale or as a spectral image 74 with pixels denoting
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frequencies of minimmums rather than peaks of power.

[0079] Referring again to Fig. 4, the optical asserablies 24 and 96 may include polarizing
filters 100a and 100 positioned between emission source 14 and analysis object 84 and between
analysis object 84 and detector array 32 respectively to permit techuiques of ellipsometry be
performed such as may, for example, be used to measure the complex refractive fudex and
thickness of the analysis object 84.

FO0RG] It will be appreciated that wavelength and frequency may be used interchangeably as
measurements of light frequency and that references to energy and energy measurement may be
expressed or inplemented as measurements of power (cnergy per unit time) or intensity (power
per area). The term "blackbody radiation” as used herein refers to thermal emissions following
Planck’s law.

{008 1] Certain terminology is used herein for purposes of reference only, and thus is not
intended to be limiting. For example, terms such as "upper”, "lower", "above", and "below™ refer
to directions in the drawings to which reference is ruade. Terms such as “front”, "back”, "rear”,
"bottom" and "side”, describe the orientation of portions of the component within a consistent
but arbitrary frame of reference which is wade clear by reference to the text and the associate
drawings describing the component under discussion. Such terminology may include the words
specifically mentioned above, derivatives thereof, and words of similar import. Similarly, the
terms "first”, "second” and other such numerical terms referring to structures do not imply a
sequence or order unless clearly indicated by the context.

FO0R2] When introdocing elements or features of the present disclosure and the exemplary
embodiments, the articles "a", "an", "the" and "said" arc intended to mean that there are onc or
more of such elements or featares. The terms "comprising”, "including” and "having™ are
intended to be inclusive and mean that there may be additional clements or features other than
those specifically noted. It is further to be understood that the method steps, processes, and
operations described herein are not to be construed as necessarily requiring their performance in
the particular order discussed or illustrated, uniess specifically identified as an order of
performance. It i3 also to be understood that additional or alternative steps may be employed.
FO083] References to "a microprocessor” and "a processor” or "the microprocessor” and "the
processor,” can be understood to include one or more microprocessors that can conmpunicate in a

stand-alone and/or a distributed environment(s), and can thus be configured to comnunicate via
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wired or wircless comnmunications with other processors, where such one or more processor can
be configured to operate on one or more processor-conirolled devices that can be similar or
different devices. Furthermore, references to memory, uniess otherwise specified, can inclade
one or more processor-readable and accessible memory clements and/or components that can be
internal to the processor-coutrolled device, external to the processor-controlled device, and can
be accessed via a wired or wireless network.

[00R4] It is specifically intended that the present invention not be limited to the embodiments
and illustrations contained herein and the claims should be understood to inchude modified forms
of those embodiments including portions of the embodiments and combinations of elements of
different embodiments as come within the scope of the following claima. All of the publications
deseribed herein, inclading patents and non-patent publications, are hereby incorporated herein
by reference in their entireties

fO085] To aid the Patent Office and any readers of any patent issued on this application in
interpreting the claims appended hercto, applicants wish to note that they do not jutend any of
the appended claims or claim elements to invoke 35 U.S.C. 112(f) unless the words “means for”

or “step for” are explicitly used 1u the particular claim,
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CLAIMS
What we claim is:
1. An optical spectrometer comprising:

a teruperatore adjustable stage adapted to control the temperature of an emission source,
the emission source providing thermal radiation in response to nmltiple temperatures of the
temperature adjusiable stage;

at least one broadband light detector receiving the thermal radiation from the emission
source as 50 positioned to provide thermal-radiation power measurements;

an electronic computer executing a program stored in non-transitory media to:

{a} sample the thermal-radiation power measurements and temperatures of the
temperature adjustable stage at a set of sampling times and different emission source
temperatures to provide a power curve as a function of temperature; and

{(b) process the power curve to characterize an emissivity of a sample object over a range

of wavelengths.

2. The optical spectrometer of claim 1 wherein the processing of the power curve

scales the power curve according to a reference power curve of an object of known emissivity.

3. The optical spectrometer of claim 2 wherein the object of known emissivity has a

substantially constant emissivity in a predeterroined freguency range of iuterest.

4. The optical spectrometer of claim 2 wherein the sample object is the emission
source and the processing of the power curve further provides a spectrum of the emissivity of the

STRISSION souree.

5. The optical spectrometer of claim 4 wherein the processing of the power curve
provides an output satisfying a solution to an equation of:
el ep{Ae Ty)] = [P(7)]
for (4, where:

P('F,) is the power curve for temaperatures (T,), and
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Is5 (R_i, ’Z;} is the intensity of radiation thermally emitted by a blackbody as a function of

wavelength 4; following Planck's law.

6. The optical spectrometer of claim 4 wherein the spectram inclades wavelength in

arange of 3 {o 13 pm.

7. The optical spectrometer of claim 1 wherein the at least one broadband light
detector provides a seusitivity that is at least 90% of a peak sensitivity spanning at least 7 pro to
14 pm.

8. The optical spectrometer of claim 1 wherein the stage provides controliable

teraperatures in a temperature range of at least 300 to 400 Kelvin and where 1n the clectronic
computer executes the program to obtain at least ten different thermal radiation energy samples

within the temperature range.

9. The optical spectrometer of claim 1 wherein the stage provides a heater and a
teraperature sensor and the electronic computer executes the program to vary a temperature of
the stage through a range of temperatares by changing the power applied to the heater and
making temperature measurements with the temperature sensor to provide the sensed

temperature.

10. The optical spectrometer of claim 1 further including an optical systew focusing
the thermal radiation from the emission source onto multiple broadband light detectors in an
array and wherein the clectronic computer executes the program to characterize the emissivity of

the sample object over multiple image points imaged by the multiple broadband light detectors.

11.  The optical spectrometer of claim 10 further inchuding an ountput display
communicating with the electronic computer and wherein the electronic computer executes the

roeram Lo ouiput an image based on the emissivities of the sample object,
o o
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12, The optical spectrometer of claim 1 further including a second stage adapted to
hold the sarmple object between the emission source and the broadband light detector to provide
at least one of reflection or transmission of the thermal radiation from the emission source by the

sample object to the at least one broadband light detector.

13, The optical spectrometer of claim 12 wherein the first reference power curve is a

power curve of an object of the emission source,

14, The optical spectrometer of claim 13 wherein the processing of the power curve

provides an output satisfying a solution to the eguation of:
e ODNR O Ips (A0 )] = [P(T3)]

for Ry(4;)

where:

£:{A;} 1s the emissivity of the emission source;

R.{A,} is the unknown reflectance or transmittance of the sample object;

P(?}) is the power curve for temperatures (1},) and

Iep (ﬁi, Tj} is radiation spontancously emitted by the by a blackbody at the temperature of

the omission source as a function of wavelength 4; following Planck’s law.

13. The optical spectrometer of claim 12 further including at least ove polarizer
positioned between the emission source and the object to be analyzed and/or between the object

to be analyzed and the broadband light detector, respectively,

16. The optical spectrometer of claim 1 wherein the electronic computer executes the
program to operate
(a) in a first mode to determinge the emissivity of the sample object; and

{b) in a second mode to determine a temperature of the sample object.
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