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TECHNICAL FIELD 
The invention relates to a radiation pyrometer for 

measuring the true temperature of a body by detecting 
and measuring thermal radiation from the body, and 
more particularly to a polaradiometric pyrometer based 
on the principle that the effects of angular emission and 
reflection on the polarization state of radiation are com- 
plementary. 

reflected and emitted radiation. The true temperature of 
POLARADIOMETRIC PYROMETER IN WHICH the sample body is then determined from the calibrated 

THE PARALLEL AND PERPENDICULAR measurement of radiation provided the black body and 
COMPONENTS OF RADIATION REFLECCED the sample body are maintained at the same tempera- 

FROM AN UNF'OLAREED L I G m  SOURCE = 5 ture. In that special case, the total thermal radiation 
EQUALIZED WITH THE THERMAL RADIATION (emitted and reflected) detected from the sample body 

EMI'I'IXD FROM A MEASURED OBJEKT TO is the same as if the radiation detector received emitted 
DETERMINE ITS TRUE TEMPERATURE radiation from only the black body which is at the same 

temperature as the sample body. However, that assump- 
lo tion is believed to be erroneous because of random 

scattering of radiation from the black body by the sam- 
ple body due to its surface characteristics. See the back- 
ground discussion of U.S. Pat. No. 3,442,673 titled AP- 

ORIGIN OF INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub- 
jeCt to the provisions Of Public Law 96-5 17 (35 USC 
202) in which the contractor has elected not to retain l5 PERATURE~ by Thomas p. Murray. 
title. 

PARATUS AND METHOD FOR MEASURING TEM- 

To overcome that erroneous assumption, Murray 
discloses a system which uses a rotating polarization 
analyzer 52 which generates from the combined re- 

2o flected and emitted radiation a cyclical resultant beam. 
Then successive measurements of the cyclical resultant 
beam are made while the black body temperature is 
varied until a null measurement is reached. That null 
identifies when the black body temperature equals the 

25 sample body temperature. While this use of a rotating 
polarization analyzer overcomes what is believed to be 
an erroneous assumption, the apparatus is complex and 
cumbersome to use not only because of using a rotating 

BACKGROUND ART 
a conventional radiation pyrometer, part of the 

thermal radiation emiffed by a hot body is focused onto polarization analyzer but also because of using a con- 
a thermopile where the resultant heating of the thermo- 30 trolled black body reference- 
pile causes an electrical signal to be generated in pro- h alternative approach for the implementation Of an 
portion to the thermal radiation. n e  signal thus gener- optical pyrometer of the second type is disclosed in U.S. 
ated may then be calibrated for display and recording of Pat. No. 3,462,224 titled POLARIZATION PYRoME- 
temperature. The problem is that thermal radiation TER by W. W. Woods et al. There a laser 11 replaces 
from the body depends not only on its surface tempera- 35 the black body source of radiation incident at a conve- 
ture but also its surface characteristics. nient angle. Reflected radiation from the laser is frrst 

Pyrometers are classified generally into two types. measured together with thermal radiation from the 
One type referred to as a total-radiation pyrometer reflecting surface through a polarization state analyzer 
requires that the field of view be filled and the other (PSA) alternately set for measuring the component of 
type does not. In the one type, a comparison is made 40 polarization p in the plane of incident radiation from the 
between the radiation of the body whose temperature is laser and the polarization component s perpendicular to 
to be measured and the radiation of a reference body. that plane. The difference between measured p and s 
For an Of that One as an optical radiation is taken by a difference amplifier 26 and used 
pyrometer, an image Of the body is focused in the Plane to adjust the laser intensity until that difference is 
Of a &Itlent that is heated by current the amplitude of 45 nulled. After that laser intensity adjustment, the radia- 

merit can be 
which is controlled by a calibrated rheostat. The fda- tion emanating from test surface corresponds to that 

current heats the filament to a temperame at body. Then the p and s components of reflected radia- 
which its radiation blends into the image of the body. tion from a standard lamp 2o are similarly measured 

brated rheostat. However, the accuracy of such an from the reflected laser radiation to a standard lamp and optical pyrometer will still depend upon its surface a difference amplifier 30 is used to measure the differ- emissivity. 
One approach for the implementation of an optical ence between the p and s components of light reflected 

pyrometer of the second type, which does not require 55 this time by a member Of the chopper 19. That 
the field of view to be filled, is to measurements of second measured difference is used to adjust the inten- 

(color) regions. A difference is nulled. The radiation from the lamp is then 
ments is then accepted as the true temperature of the assumed to also correspond to radiation from a black 
body. The assumption is that the effect of surface char- 60 body at the temperature of the test surface (Col. 4, lines 
actenstics cancels out in the ratio measurement suffi- 176 to 26). BY alternately switching the chopper 19 
ciently to provide a measurement close to the true tem- between laser light reflected by the test surface and 
perature. reference light reflected by the chopper member 1 9 ~  

Yet another approach for implementation of a PY- and automatically adjusting the laser and reference light 
rometer of the second type assumes that thermal rad& 65 to bring the system to a stable condition, the energiza- 
tion from a black body falls on a sample body whose tion of the standard lamp 20 is assumed to be propor- 
temperature is to be measured at a convenient angle of tional to the temperature of the test surface 10. That 
incidence and that a radiation detector measures total assumption is believed to be inaccurate. 

viewed in that plane until the con- of a black body at the &own temperature of the test 

Temperature Of the is then read from the 50 -ing a chopper 19 to switch the polarizer and detector 

the radiation emiffed by the body in two wavelength sity of the standard lamp until the second 
ratio of the two 
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Another example of an optical pyrometer which de- 
termines the temperature of a body from its thermal 
radiation and seeks to overcome the effects of surface 
characteristics of the body is disclosed in U.S. Pat. No. 
5,011,295 titled METHOD AND APPARATUS TO SI- 
MULTANEOUSLY MEASURE EMISSIVITY AND 

MOTE OBJECTS by S .  Krishnan et al. That system is 
even more complex than the two discussed above. It 
seeks to separately determine emissivity, reflectivity 
and optical constants as well as the apparent brightness 
temperature of the sample with a single instrument in 
order to correct the brightness temperature of the sam- 
ple and thus provide a true temperature free of effects 
due to surface characteristics. 

THERMODYNAMIC TEMPERATURE OF RE- 

STATEMENT OF THE INVENTION 
An object of the present invention is to provide a 

simple pyrometer for measuring true temperature by 
eliminating from the pyrometer measurement the ef- 
fects due to surface characteristics of emissivity as well 
as diffusivity by inherent characteristics of instrument 
design rather than by external processing of brightness 
data separately determined. 
This is accomplished by the unique design of a 

polaradiometer which is defined as an instrument for 
measurement of polarized radiation. It has been known 
that thermal radiation detected along a viewing axis 
that is not perpendicular to the surface of a hot body is 
partially polarized, just as radiation from a source emit- 
ting unpolarized radiation is partially polarized upon 
being reflected from the surface of that body. The es- 
sence of the present invention is the utilization of the 
principle that the effects of reflection and emission at an 
angle a<90" on the polarization state are complemen- 
tary, thereby eliminating the effects of emissivity and 
diffusivity at a null condition. Thus, by measuring the 
combined emitted and reflected radiation through a 
stationary polarization state analyzer (PSA) and radia- 
tion detector, the present invention provides a polaradi- 
ometric pyrometer that eliminates the need to sepa- 
rately measure emissivity or diffusivity. The essential 
elements are a PSA with radiation detectors positioned 
with a viewing axis at an angle a less than 90" to the 
surface of a hot body for detection of p and s polarized 
thermal radiation and a variable source of unpolarized 
radiation positioned to reflect its variable radiation from 
the surface of the hot body through the PSA into the 
radiation detectors Partially polarized radiation emitted 
by the hot body and received by the PSA combines 
with partially polarized radiation reflected through the 
PSA to the radiation detector such that, when the inten- 
sity of both are made equal by adjustment of the vari- 
able source, the radiation received by the PSA is unpo- 
larized, and so the radiation passed through the PSA to 
the detector is nulled. The calibrated power driving the 
variable radiation source at the null condition is thus the 

4 
ponents of the partially polarized radiation intensities I1 
and 12 can balance in such a way that the radiation 
received by the PSA is unpolarized for the null condi- 
tion 11p+12p=11s+I~, where the subscripts s and p 

5 refer to polarization components perpendicular and 
parallel to the plane of incidence of the reflected radia- 
tion. The true temperature of the hot body is thus deter- 
mined by measuring the calibrated power driving the 
variable source of radiation. 

To automatically reach a null condition, the com- 
bined polarized components 11p+12p and Ii,+Ia out of 
the PSA are separately detected to provide a signal 
+-Is is that integrated and used to control the power 
driving the variable source, which may be an incandes- 

15 cent lamp. That driving power is then calibrated to 
display the true temperature of the hot body. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 illustrates diagrammatically essential elements 

FIG. 2 is a schematic diagram of a conventional po- 
larity state analyzer (PSA) shown in FIG. l. 

FIG. 3 is a graph of output voltages of detectors 13 
and 14 in FIG. I as a function of temperature of a hot 

FIG. 4 is a graph of variable source power required 
to null polarization of incoming radiation as a function 
of temperature of a hot body. 

20 of the present invention. 

25 body. 

30 DETAILED DESCRIPTION OF THE 
INVENTION 

Referring to FIG. 1, the essential elements of the 
polaradiometer, a simple pyrometry device for measur- 
ing true temperature, comprises a variable source 10 of 

35 unpolarized light, such as an incandescent lamp posi- 
tioned to reflect partially polarized radiation 12 from 
the surface 11 of a hot body at an angle a<90" through 
a polarization state analyzer @SA) 12 to detectors 13 
and 14. Partially polarized thermal radiation I1 emitted 

40 at the same angle and in the same plane as the incident 
radiation I2 combines with the reflected radiation 12 to 
provide into the PSA combined polarization compo- 
nent signals: 

45 Ip=I1p+I2p 

IS'IlS+lLr 

When I u ~ p  is adjusted such that Ip equals I,, the com- 
50 bined radiation received by the PSA is unpolarized. The 

difference between the signals Ip and I, , from the detec- 
tors 13 and 14 is formed by an amplifier 15 and inte- 
grated by a circuit 16 designed to be a lossy integrator 
and used to control intensity I u ~ p  of the source 10 via 

55 a power driver 17, the output of which is processed 
through a linearizer 18 and calibrated for display in a 
temDerature disdav unit 19. The effects of emissivity as 

true temperature of the hot body became the effects of Weli aS diffusiviy of the Surface 11 are eliminated from 
emissivity as well as diffusivity of the hot body due to the measurements by the inherent characteristics of the 
surface characteristics is eliminated in the combined 60 design rather than by any external post processing of 
unpolarized radiation at the null condition. brightness temperature data. 

In a preferred embodiment, the PSA is implemented Other systems measure true temperature by determin- 
with a pol-ing beamsplitter to provide from the in- ing the emissivity or emissivity ratio of the hot body and 
tensity I1 of emitted radiation entering the PSA from Using the measured value to correct the reading from an 
the hot body light polarized in two directions Ilpand 11, 65 otherwise Standard Pyrometer. That approach has two 
and from the intensity 12 of the reflected radiation enter- weaknesses. Systems are extremely complex since emis- 
ing the PSA from the hot body light polarized in two sivity measurements involve cumbersome calculations, 
complementary directions. Thus, the polarization corn- and the algorithms used to correct the pyrometer out- 
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put for emissivity effects add post measurement compu- 
tational requirements. The second drawback is that 

radiation intensity measurement. These can suffer from 
a lack of accuracy. The polaradiometer shown in FIG. 5 
1 eliminates the need for any post calculations since no 

Since the polaradiometer uses a nulling approach rather 
than a simple intensity measurement it has the potential 
for greater accuracy. 

larization of radiation emitted from a surface due to 
thermal emissions and the polarization of radiation re- 
flected from the surface are complimentary. Thus when 
the polarization of a combination of emitted and re- 15 larized but when combined the polarization 
flected light is random the intensity of the reflected 
beam before reflection represents the brightness tem- 
perature of the surface. 

As noted with reference to FIG. 1, the two main parts 
of the polaradiometer are a light source 10 emitting 2o 
unpolarized radiation and a polarization state analyzer 
12. The light from the source is reflected from the sur- 
face of the sample into the polarization state analyzer 
along with the thermal emissions from the sample. The 
optical axis of the analyzer must be at an angle a<W 25 
to the surface 11 of the sample, however, the value of 
that angle is not critical and can be varied without recal- 
ibration or changes to the polaradiometer. This greatly 
simplifies operation of the system since no cumbersome 
optical alignment is needed. 

Due to the reflection at an angle, the radiation enter- 
ing the PSA from the source is partially polarized. The 
emitted radiation received from the sample at the same 
angle is also partially polarized in the same way since it 
is emitted at the same angle. As noted hereinbefore, the 
essence of the function of the polaradiometer is to uti- 
lize the fact that the effect of reflection and emission at This relation holds for any surface emissivity. The 

received at the PSA 12 are complementary and there- 4o determining IuMp such as by a measurement of the 
fore eliminate the effects of emissivity in radiation from power driving the lamp or by providing a separate light 

detector offset from the axis of incidence for the light the sample surface 
reflected to the PSA. In either case, the true tempera- 

ILAMFPS 
I& = - 2 

and 

standard pyrometric measurements constitute a simple 

ILAMFPp 
2 I2, = - emissivity measurements or corrections are necessary. 

where the subscript s and p refer to polarization compo- '' nents perpendicular and parallel to the plane of inci- 

emission. The Greek letters ~ ~ ~ i l ~ ~  and mo ( E  and p) 
stand for emissivity and reflectivity respectively. Both 
beams of radiation intensities 11 and I2  are partidly PO- 

nents can balance in such a way that the radiation re- 
ceived by the PSA is unpolarized. The condition for 
this is: 

This polaradiometer is based an the fact that the Po- dence and reflection which is common to the plane of 

I , ~ + I ~ ~ ~ I ~ ~ + I ~  

substituting and rearranging: 

I@p + ILAMPP = I@* i LL4MFPs 
- ex) = ILAMdps - pp)  

since: ps = 1 - eS; p p  = 1 - ep 
ps - pp = cp - 6 
Ib = ILAMP 

30 Using Planck's law, a relationship between IaMpand T 
is expressed as follows: 

2hcO2 
I u ~ p  = Ib = 

35 hS[exp(%)- 1 1  

the Same On the polarization state Of radiation polaradiometer shown in FIG. 1 works by measuring or 

If is the temperame Of the 
and I1 the intensity Of the radiation from the ture T of the sample can be found from that measure- 

45 ment of I u ~ p  quite easily: entering the PSA Planck's law states: 

where h is the wavelength Of the radiation and Ibis the 
CO~~Pond ing  black M Y  radiation intensity. The f ~ c -  
tion Of the PSA is to decompose the polarization Of the 
light into two mutually FTendicular dkctions: 

There is no need to determine the emissivity of the 
sample and correct measured brightness temperatures. 

After the discovery of the basic principle of operation 
55 for this invention, a working model was made to dem- 

onstrate its feasibility at a wavelength of 1064 nm. This 
wavelength was chosen because it is the longest at 
which off-the-shelf optical components are available 
and because silicon detectors are sensitive to radiation 

60 at this wavelength. In general it is advantageous to 
choose longer wavelengths since thermal emissions 
from samples at all but extremely high temperatures are 
most intense at the longer wavelengths. 

where the subscript p and s refer to polarization compo- For the light Source 10, a tungsten halogen lamp was 
nents parallel and perpendicular to the plane of emis- 65 chosen because it offers sufficiently intense radiation at 
sion. the 1.064 nm wavelength. Low cost and ease of opera- 

tion with a tungsten halogen lamp were additional con- 
being reflected to the PSA: siderations. 

I @ P  
I lp  = -j- 

and 

Ils = - 2 
I@S 

A s 0  for the radiation emanating from the Source and 
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The PSA 12 was built as shown in FIG. 2 and pro- 
vided with solid state detectors 13 and 14 as shown 
schematically in FIG. 1, but preferably housed within 
the enclosure for the PSA as shown in FIG. 2. The light 
entering the PSA is focused and filtered by a unit 20 
through a pinhole 21 onto a collimating lens 22. An 
interference filter 20a is included in front of the pinhole 
for passing only 1064 nm light. The emerging light from 
the pinhole is collimated by the lens 22 and the resulting 
beam is polarized and split into two beams in a polariz- 
ing beamsplitter 23. The two polarization components, 
p and s impinge on detectors 13 and 14 implemented 
with silicon detectors. When the output signals from the 
two silicon detectors are equal, the two components of 
polarization are balanced, and so the output of the dif- 
ference amplifier 15 is zero or nulled. 

The output signals from the two detectors after ap- 
propriate amplification are compared to obtain the po- 
larization state of the light. Since this polaradiometer 
does not require a measurement of the actual polariza- 
tion state, the magnitude of the difference between the 
detector outputs is not important. The instrument 
merely has to achieve a state where the detector output 
signals are equal. When this state 11p+12p=11s+I~ is 
reached, the light intensity IuMpfrom the so represents 
the temperature measurement. As noted hereinbefore, 
the lamp intensity may be determined by measuring the 
driving power to the source which may be made by 
measuring the driving voltage and current from the 
power driver 17 or by the use of a separate detector for 
detecting light intensity directly from the source itself. 
Thus, the polaradiometer automatically adjusts the in- 
tensity of the lamp 10 until the outputs from the detec- 
tors 13 and 14 are equal. At that point the lamp intensity 
is converted to a temperature display in an analog or 
digital unit 23 as shown schematically in FIG. 1. 

In summary, amplifiers 13a and 14a couple the detec- 
tors 13 and 14 to the amplifier 15. The output from the 
differential amplifier is connected to the integrator 16 
which in turn controls the intensity of the source 10 via 
the power driver (transistor) 17. If the output of the 
amplifier 15 is nulled, the output of the integrator 16 and 
thus the intensity of the lamp remain constant. As soon 
as the polarization state just noted above is out of bal- 
ance, the output of the integrator 16 will adjust the lamp 
intensity back to the condition where the polarization 
state is in balance. Since the intensity of the lamp is 
represented by the electrical current through it, the 

5 
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8 
the source (tungsten halogen) input power W (voltage 
times current) needed to cause the two detector output 
voltages to be equal. This graph of power input to the 
source 10 versus temperature is thus the temperature 
measurement that is to be calibrated (linearized) for 
display. The data presented in FIGS. 3 and 4 were 
repeatable to within 5% with the prototype electronics 
used for the model but could be significantly improved 
in a final design of the electronics. 

The invention thus has the potential of making accu- 
rate true temperature measurements without cumber- 
some computational requirements. The cost of a com- 
mercial polaradiometer built in accordance with this 
invention could therefore be far below that of any py- 
rometer available for true temperature measurements. 

What is claimed is: 
1. A method for measuring true temperature of a 

body based on the principle that the effect of reflection 
and angular emission on the polarization state of radia- 
tion are complementary at an arbitrary viewing angle 
less than 90" with respect to the surface of said body, 
thereby eliminating at a null condition the effects of 
emissivity and diffusivity due to surface characteristics, 
where said null condition is defined as a condition when 
the partially polarized intensity of said radiation energy 
reflected from said surface is made equal to the partially 
polarized radiation energy emitted by adjustment of 
intensity of incident radiation from an unpolarized vari- 
able source comprising the following steps: 

30 positioning a polarization state analyzer to view re- 
flected radiation from an unpolarized variable 
source incident on said surface of said body at a 
selected angle less than go", said polarization state 
analyzer having first and second detectors, said 
first and second radiation detectors being posi- 
tioned to detect mutually perpendicular p and s 
components of both radiation reflected from said 
body at said selected angle and radiation emitted to 
provide combined polarization signals 

Ip=Ilp+I2p 

Z,=I1,+ZL, 

35 

40 

45 where Ip is a detected sum of the analyzed intensity of 
polarization components of said radiation emitted and 
said radiation reflected Ilp and 12p, respectively, parallel 
to the Dlane of incidence of said radiation reflected. and 

preferred means for measuring the lamp inten&y IS is a selected S U ~  of the analyzed intensity of polariza- 
to simply Sense the current amplitude since the voltage 50 tion components of said radiation emitted and said radi- 
applied will in the usual implementation be constant. In ation reflected hsmd 12, respectively, perpendicular to 
any case, the value of this intensity measurement is 
processed through the hearizer 18 and then calibrated adjusting the intensity of radiation from said UnpOlar- 
and displayed in analog or digital form in the display ked variable source incident on said surface of said 
unit 19. body until said null condition is satisfied where Ip 

The amplifiers 130 and 14a are preferably imple- equals Is, and 

justable zero position and gain. The zeroes and gains are source at said null condition as a measurement of 
then adjusted by supplying the PSA only a source of an true temperature of said body. 
unpolarized beam of light and ensuring that, with the 60 2. Apparatus for measuring true temperame of a 
light Source turned off, both amplifiers read zero, and body based on the principle that the effect Of reflection 
with the Source turned on, the outputs of both amplifi- and angular emission on the polarization State Of radia- 
ers are exactly equal. tion are complementary at an arbitrary viewing angle 

For testing the model described with reference to less than 90" with respect to the surface of said body, 
FIG. 1, a heated plat ina strip sample was installed 65 thereby eliminating at a null condition the effects Of 

such that the optical axis of the PSA was at 45" to the emissivity and diffusivity due to surface characteristics, 
surface of the strip. FIG. 3 is a plot of the two output where said null condition is defined as a condition when 
voltages versus sample temperature and FIG. 4 shows the Partially polarized intensity of said radiation energy 

the plane of incidence of said radiation reflected, 

55 

mented as high g h ,  low noise amplifiers with an ad- determining the intensity of said unpolarized variable 



5,436,443 
9 10 

reflected from said surface is made equal to the partially 
polarized radiation energy emitted by adjustment of 
intensity of incident radiation from an unpolarized vari- 
able source comprising: 

a variable source of unpolarized radiation incident on 
said surface of said body, 

a polarization state analyzer positioned to view re- 
flected radiation from said unpolarized variable 
source at a selected angle less than go", said polar- 10 
ization state analyzer having first and second detec- 
tors, said first and second radiation detectors being 
positioned to detect mutually perpendicular p and s 
components of both radiation reflected from said 
body at said selected angle and radiation emitted to 
provide combined polarization signals 

Ip=Iip+I2p 

I*=Iis+Ii5 

means for determining the intensity of said unpolar- 
ized variable source at said null condition as a mea- 
surement of true temperature of said body. 

3. Apparatus as defined in claim 2 wherein said means 
5 for adjusting the intensity of radiation from said unpo- 

larized variable SOUTCe incident on said surface of said 
body until said null condition is satisfied comprises 

means for detecting and amplifying a signal propor- 
tional to the difference between said analyzed in- 
tensities of polarization components I p  and Is, 

means for regulating the intensity of said variable 
source of unpolarized radiation incident on said 
surface of said body until said difference is reduced 
to zero, and 

means for measuring the intensity of unpolarized 
radiation emitted by said variable source. 

4. Apparatus as defined in claim 3 wherein said means 
for regulating the intensity of said variable source of 
unpolarized radiation comprises means for deriving a 

20 control signal from said amplified difference and a 
power driver regulated by said control signal derived 
from said amplified difference to produce a power sig- 

condition. 
5. Apparatus as defined in claim 4 wherein said means 

for deriving said control signal comprises a lossy inte- 
grator for accumulating a running average of said dif- 
ference, thereby producing a control signal that stabi- 
lizes when said 

6. Apparatus as defined in claim 5 further comprising 
means for sensing said power signal, and means respon- 
sive to means for sensing said power signal for display- 

temperature of said body. 

15 

where IP is a detected ofthe analyzed intensity of nal that drives said variable Source to reach said null 
polarization components of said radiation emitted and 
said radiation reflected 11, and I 2 p  raPectivelY, paallel 25 
to the plane of incidence of said radiation reflected, and 
I, is a selected sum of the analyzed intensity of polariza- 
tion components of said radiation emitted and said radi- 
ation reflected I1,and 12, respectively, perpendicular to 
the plane of incidence of said radiation reflected, 

condition is reached. 
30 

for adjusting the intensity of radiation from 

surface of said body until said null condition is 
s'' incident On said ing calibrated temperature conesponding to said true 

* * * * *  satisfied where I p  equals Is, and 35 
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