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CALIBRATION OF AN INFRARED PYROMETER
G. A. McCoy, R. A, Olstad and D. R. Olander .
Inérganic Maﬁérials Résearcthivision; Lawrénce_Radiation Laboratory,
Department of Nuclear Engineering, College of Engineering,
University of California, Berkeley, California
ABSTRACT
The purpose of this work was to investigate the behavior of an InSb

infrared‘ﬁyrometer and obtain a calibration curve in the temperature

‘range 200°C to 2200°C. The detector responds to radiation in the 2 - 6u

range.

At temperatures'beiow 1000°C the calibration was carried out using a

" commercial black body source. For calibration above 1000°C, two graphite

black.bbay bonfiéurations'wére used, and'calibration consisted of matching
the iﬁfrared pyfomefér signal with thé correséonding temperaturé measured
by aﬁ‘optical pyrometer. |

All:Calibiations’éreffor a black body hole 0.156 inches diameter with
room'temperatﬁre sﬁfrduhdings;'ét a pyromeferato—sourcé distance of 2k
inches.' A correction factor was derived for blackvbody holes of various
sizeé with éurroundings hotvenough to contribﬁte_to the detector signal.

A response time of less than 1ou sec was measured. The repeatability

/

varied from *2°C at low tempefatures to *8°C at 2000°C; The uncertainty
is largely due.to:the opératpr's[ékiil in aligning the instru@ent, An
error.aﬁ higher ﬁeﬁpergtures'is due to the uncertainty in‘the bptical '
pyrométer measurements.

. A comparison between the theoreticaily.predicted signal and

measured signal was made. Agreement was within 5°C at low temperatures.

¥ In partial fulfillment for M. S. Degree, U. C. at Berkeley, Sept. 1970.
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I. METHODS OF TEMPERATURE MEASUREMENT
An accurate knowledge of the temperature at which a particular
phenomenon occurs is necessary in many experiments. In light of this
several methods of making high temperature measurements have been
developed, some of which have'edvantages in particular situations.

VA, Electricai Devices

The thermocouple is a popular temperature measuring dev1ce con51st1ng.

'of two diSSimiler wires 301ned together to form a loop. If the junctions

are held at different temperatures an emf will be generated. 'Thermo—_

. couples are simple,'relatively inexpensive, can measure wide temperature

.rsnges‘and can be reedily‘connected to many types of indicating or

controlling devioes. ‘Disadvantages'are aging, an upper temperature
limited by existing thermocouple materials and a large mass which causes
response-speed problems. Since electrical connections must be made to

the thermoeouples, they are not suited for applications involving moving

objects. In"edditiongfthe-temperatureyof the junction may vary from

the temperature bBeing measured, especially in surface-temperature

'meaSUrements.

The thermistor or thermally sen51t1ve re31stor, generally has a
temperature span in the neighborhood of 200°C, and has its greatest use
below 300°C. High sensitivity (i.e. large resistance changes per degree
of temperature)vcan_Be combined with very smell thermistor_beadsito
give low heat capacity and»fast'response; Thermistors avoid reference
junction‘eompensation.difficulties, polarity checks, and lead-length

compenkations.l
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B;'“thieél'beviEes“

Optical devices ere those in ﬁhich the measurement depends upon the .

radiant energy emitted by the hot source.' The radiant energy emitted by |
a black body is.giten'by Planck's Law |

o ~1 | R
' A (exp T - ,1) '

where be is the ameunt>ef egergy,tadiated at wevelength A per unit areea
and pet unit time; and T isbthe absolute temperatﬁre of the radiator,
Cl and 02 are‘the.firet and second’fadiation constants._

In the visibie range,:for temperatures less than 3000°K, Wieh's

approximation may be used

T, s s-clx‘s.exp(-CQ/AT) S - (2)

Most real surfaces are not perfect emitters; the emission from a

non-black surface may be expressed in terms of black-body emission by

o fbe epectral-emissivity.-ex is a function of ﬁavelength‘and

5 tem@erature. Emigsivity is generally thought of as being aibulk or

vﬁaterial property, a property of an ideal body. In practiee,'surfeces

are not optically flat,‘and in edditieh may centain some film or oxide. v
The'term "emittenee" is used to describe this non-ideal state. Emittance
is not evconstant characteristic of the material. It refers to the
materialvsurface at the time'ef observation and under specific

environmental conditions.
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A brighfness orboptiCal pyrometer measures the tempéréture by 
comparing the apparent brighfnéss or flux of radiant éﬁergy of a hot
object with' the known brighfhess of a calibrated filament. Oﬁe of the
major dis;dvéntages of,an optical pyrometer is_that the emittance of
the targét gbjgcthmust be known. Anothgrlis the requirement of a human
operatbr. |

A'ratio or two-cblofvéyrometer makes two Brightﬂess temperature

measurements using two wavebands of energy. Since the emittance of most

~ surfaces varies slowly with wavelength, the ratio of the two

measurements is relatively unaffected by the emittance of the object.

Using Eq. (2) at Xl aﬁd Ayt

A eldlkls eXp(—C2/AlT)

= _ . (%)
~ =5
Ay €557 exp(-C,o/A,T)

If the emiésivities at the two wavelengths are equal, the ratio R

depends entirély'on T, the desired temperature. A typical ratio

byrometef‘uses one photomultiplier to detect the intensity at two wave-

léngths. .A filtér rotates in front of the photomultiplier, alternately
admitting red and biue light.. 7

Thé'ratio éyrometér concept minimizes the problem of emittance and
eliminatés thisbproblém'ehtirélj for gray bodies. Electronic senéing
also eliminates thé'requirémépt of an operator. However, both optical
and rat;Q‘pyrometers have a limited response time;‘ In addition, neither
cen be used below epproximately 750°C, since the intensity in the

visible region is not sufficient for comparison below that temperature.
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c. .Infrared Pyrometers

In some applicatioﬁs,:none of'thenabove.tempéfature.measuring
devices érevadequéte.‘vOne‘stch'instance is the measurement of the
surface témpéréturé of a rapidly rotating disk. .Thé thefmocoupie or
thérmisﬁor ¢cannot be attached to the disk'becausé of its motion. The
opticél ﬁyrometer cannot be used below T50°C.

A sécond-inétancevinvol§es the rapid heating of solid surfaces by
a lasérwﬁulée; Sincé thé iéser pulse gné resultant tempefature trénsiehtl
'é;e'in,the ﬂilliéecdnd ranée, a dete§t¢r wit£ a fast reéponse tiﬁe'
is required. |

Avsémicohductor infrared pyfometer, ﬁith its fést response time
(microsecond time constant as compared to one hundredth of a second for
a8 thermocoﬁﬁle), wide tempe?ature range, and ability to determine surface

temperatures directly is ideal for these applications.
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II. - PHOTODIODE ‘CHARACTERISTICS

A. General Description

Semiconductor -detectors generally work in two ‘modes - photd—

conductive andvphotpvditai_c.2 "In a photovoltaic detector, an electrié
field is built into thé detéctor by way bf a p-n Jjunction. .‘Phétons
‘incident on the junction create holé-electron‘fairs Which;;fé_ééparated
by thg éctipn‘bf'thé“field before they can recombine, thué'establishing
'a'currént,soﬁrcé.* | |

For a photovolfaié-ihdium antimonide photodiodé usedain the
détéctor déscfibéd hémeg photons with energy greater than the band gap
will créaté eléctron—hole yaifs. The holes;if created within the
diffusion length to the junction, flow to and fall down the potential
hill to the p side. The electrons remain in the n region and eventually
recombine, the‘nét effect being a current flow across the junétipn.

The InSb photodiode is prepared by the reactionvof-purified
‘stoichiometric proportions of indium and antimony. The compound is
- grown iﬁtb.single crystals; and elements of the desired dimensions are
thén'Cut from‘the crystal. The sensitive'p-n Junction is.formed by
diffusing p-type impurities onto the surface of the ﬁ-typé'InSb crystal.2
iThe photbdiode used here is the Philco-Ford Corp.‘model LhShO.h Thé

diode is mounted in a small vacuum dewar to permit cooling to liquid

nitrogen temperature.

¥ An external battery maintains a current in a photoeconductive detector.
In this mode no p-n junction is needed, just a semiconductor. Incident
photons free additional change carriers from atoms of the crystal when
valence electrons are raised to the conduction band.
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When examining a detectivity versus wavelength plot'for indium
antimonide (Flg 1), it is found that the maximum response 11es between

two and six microns. . According to Wien's dlSplacement law,
x0T = 2897.6u°K_ - - (5)
the maxlmum ‘of the Planck distribution falls within the

'photodiode spectral range in the temperature interval between 500 and

1500°K, The InSb photodiode cen be used for temperatures above 200°cC.

¥ The d6t90t1v1ty is deflned as the signal to noise ratio per watt of
incident power.
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 Fig. l.' Detectivity of InSb diode at T7°K as a functidn of wavelength,

Curve taken from Philco-Ford Product Sheet E0O-112. =
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B. Detector Response

Typically, the'detector is connected in a circuit such as that
'shown in Fig. 2. The output voltage signal dependS“ﬁpon the I-V
characteristics of the diode and upon the external éircuit. The diode

5

I-V characteristic is given by~

I=-I* 1 exp(ng _%] + V/RdiOde : (6)
where I is the éurrent‘throﬁgh the circuit, V is the'voltagé.QCross the
diode andfléc iS the current source due to the incident radiation from

is the

the hot target. IS is the reverse saturation current and Rdiode

diode resistance. Both are peculiar to the partiéular diode. Td is the
temperature of the detector:(usually 77°K). The electronic charge is
denoted by e and k is the Boltzmann constant.
Theiload line of the external circuit is determined by:
V==-IR+V - o
o]
The operating point is the intersection of the I-V curve with the

load line.. Typical situations are shown in Fig. 3. ' In the present

experiments, no bias voltage was employed (Vo = 0) and load resistors of -

1k, 10k, and 100k were used.
The I-V characteristic curve of the present detector with 300°K
background radiation impinging on the diode is shown in Fig. L. From

this plot and Eq. (6), the diode parameters were found to be:
Rdiode

I
s

20 M

6 x lO—lh amps

Td was.77?K in these tests.

The current induced by the incident radiation from the hot target
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Fig. 2.  Typical circuit used with the detector. .
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. Fig. 3. Ty'pical detector I-V characteristics and load lines.
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is obtained aé'foiléws.' Aééﬁhé that the lens system of tﬁe ﬁyrdmeter

viéws a séot of aréa A'anv§~hb£:sﬁ}facé at temperatﬁre T, ‘The.pyrémeter

colléctﬁ rédiatién 0véf’a ébiid_angle AQ from the hot target. If€ X is

thé’spéctral émissivity'éfvthe target and UA is the number of eléctron—

hole pairs generated by:é unit df energy input of photons of wave

length A, the induced curremt is: o

| e Amax : .

Tge = ej): sxrA_UAJbA(T) dx AQA (8
min

2% eﬁand'fk_isﬁ%ﬁéﬁt&&nsmﬁgsiﬁity»of the7elémenté.of'the

7ﬁ iértheflongest‘ﬁﬁwelepgth‘to ﬁﬁich thé7diqde_responds

optical system. A

and is determine@;bﬁlﬁﬁé béndfgap o?]ﬁﬁgﬁgégiconductdr matéfigla Amin'is the
shortest wavelength t5:which the diqd§ £esp§nds. Choice of Xmin is somewhat
arbitrary, sincé_thé;déﬁécﬁor matéfial:simply becdmeé monévffanspafent

asg thé waveléngﬁh,deﬁreasesu Both Amax and Amin could hgve been considéred,
as part of tﬁe éfficiénéy function U , which has the general shape of
-the detectivify curve of Fig. 1. An approximate,expression for UA taken
from the curve of Fig. 1 is: o

Uk ~ constant X e-a/l- : (9)

Using Fig.fl as a guide,v)\ma.x ~ 5.2, Amin ~ 2y, and a - J3u.

Thé présént system was utilized with operating points essentially
on the f;at portion of £he I-V curves, which implieé that the last two
terms on the right of_Eq. (6) wére negligible. Consequently, I~-I_,
and with no biaé voltage (Vé#o), thé output voltage is: -

V = IscR (10)

According to Eq. (10), the output signal should increase rapidly with’
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source temperature.* This'behevior was indeed observed up to the'pOinﬁ
at which the voltage was large enough to cause the last two tefms.of

Eq. (6) to beeome-significent. This ogcurrence pleces the operetiﬁg
points on the steeﬁly rising portion of the I-V curves of Fig. 3 and
saturation occurs (i.e., ne-further increase in signel as the source
~.tempera£ure:is increased); At this point'it is necessary te sﬁitch to

a smaller‘loed resistpr,tq get back on the flat portioﬁs of the I-v
curves,“where Eq: (lO)ris valid and sensitivity to temperature is high.
Typical examples of the output—temperature response of .the detector are
shown in Fig. 5. Saturation for R = 200 k, 100 k, and 50 k is evident. -
The.data represented by‘these curves are for illustrative purposes only;v

they are not of calibration quality.

. ° . - h
¥ If €35 Ty and .U, were all constant, the signal would rise as T .
Detailed consideration of .the detector response with temperature is
presented in Sec. V. '
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Fig. 5. Detector gighal versus source temperature
' for various load resistances.
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III. THE INFRARED PYROMETER
A. ‘Desciiption
A schematic of the pyrémetef is shown in Figf 6. The radiatioﬁ from
thé hot ﬁarget entering.from the. upper left of the picture is collected
by a Casségrain léns syétem. The optical chafacteristics of this lens
are discusséa in detail iﬁ‘Appendix A. The radiation.impinging on £he
largé concave mirror isvféfiected to a smaller,‘cehtrally placed convex
mirror which rendéra'thé'radiation parallel. The beam is turned at
right angles'by s mirror and strikes a dichfoic mirror at 45°. This
coméonent acts as a beém splitter. it is made of Kodak IRTRAN—Z; which
transmits'most of_thebfadiationbin fhe‘2 - 6# fapge.of the_Inéb_diode
(see Fig. 7 for tfanéﬁittance curve for IRTRAN-2). Sufficient visible
light is reflected.from‘the surfacé ofiﬁhe beam splitter to the eyepiece
for visual focusing on the het target. At temperatures below 1000°C,
..ﬁowever, artificial illumination of the target is neceséarjvto view the
surface through the eyepiece.'vA §light positionvadjustment of the
pyrometer is reduired to prodﬁce the.optimum.infra;red signal when the
unit is aligned visually, since the two alignments do not exactly |
coincidé. | )
The infra-red radiation transmitted by the beam splitter is
- mechanlcally chopped at 60 Hz before being focused by & lens on the h mm2
sens1t1ve area of the InSb‘detector. The purpose of the modulation of
\thé radiétioﬁ is to prOVidé signal information in AC form while the
unmoduiated background radiatién which may iéak\into ﬁﬁe diode area
and electrical noise in the detector and électronics is DC. The electrical

output of the detector is processed by the circuit of Fig. 2. The AC
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Fig. 6. Infrared pyrometer optical system.
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(signal) component of the:tbtai output voltage ié:ﬁeasuréd by & digi£él'
voltmeter, which producéS'd.éLgnal outéﬁt_(denoted~by@S)wproportiQnai.to the
amplitude of the AC compéhént of the input (V of Eq. (10). Typical output
signal lévels are .shown in,fig. 5 as a fuﬁétion_of targeﬁ temperature.

B. Effect of Source-to-Pyrometer Distance

The variation of signal with source-to-pyrometer distance is not
the same for an infrarédvradicmeter as for an optical pyrometéf.

The témperature-meéSured with an optical pyrometer is not dependent
on distancé from thé soﬁfce since the image formed varies in si;e-so és B
tc,just,compensaté.fsrffhe 1/2,2 atféﬁu&tion'of soﬁrce flux (% = source-
‘to-pyrometer distanéé);i Therefore,.£he energy per unit area.pér second
passing through th; pian§ of the filaméﬁt is independent 6f_positibh.
This doés not hold fgr the infrared p&rometer since the signal is
ﬁiopoftional to.the'total nﬁﬁbér vaphotons impinging on‘the aefector
apéa: Fig{ 8 éhows the,éffect of focal distance on the sigﬁal for a
fixed_ta;get-téﬁﬁeraturé. The infrared pyrometer was caiibratéd for a
fixed distanéé of 2k inches.

C. 'SQOtZSize

The area of the radiation source surface viewed by the pyrometer is

! i
L

détérmined by two paramétérs:
l: Thé:distahdé_betggén the mirrors in thé‘Cassegrain optical
systém (séé_Appendix A).__' -
2. The distance from the detector to the converging lems just
| prior to the detector (Fig. 6).
Figure 9 shows ihat'thé‘Smallést spot size is obtainéd when the detector

is placed close to the lens. Inithe préesent system, the detector was located
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Fig. 8. Effect of source-~to-pyrometer distance on the output
signal. ' '
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at the.fbcél.point‘in drde#{to obtéin the largest pessible signal.
With the detector responaing-to’all radiation cpllecféd, the spot

‘diameter at éhe!soufce was calculated to be'b.ll inches (Appendix A);

This result was vgrified quali£atively by sweeping the pyrometer ovef_a
small-(0.025 in. diam.f‘biack-body.hole, The vertical and horizontal
sweeps gavé widfhs on[the;order of O;Qh in. and 0.06 in. respeétively

(the total Widthslofjtheigurves in Fiésfvio and 11 less the hole diameter)
fhe area of the hot targef-viewed by the pyrometer is this soméwhét
" elliptical in shape. 

D. Correction for Hole Size snd Temperature - of Surroundings’

In many applications, the pyrometer may be set to view a‘hole
smaller than the one required for maximum p&rometer signalﬁ The measured
signal m&y,therefore contain a coﬁtribution from the surroundings of a
- hot hole (which ma& be &t a different temperature or haﬁe a different
emissivity) in addition to the Signal from the hot hole proper. This
effect is demonstratéd by focusing the pyrometer on black body holes of
successively larger di;meter. . The plot of Fig. 12 shéws the results of -
fhis test. Thé maximum signal was obtained with the largest hole
available on the commercial black body source (3/8 in. diam.). This
regding aﬁpears to be close to the signal which would have been obtained
from an infinitely large surface (or hole), and is denoted by S If
was noted that the signals from smaller.holes, denoted by S, were

related to the maximum signal by the relation:

g‘ = i%x - k (11)

~ o]

where the correction factor A depends upon the diameter of the black
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Fig. 10. Pyrometer signal as function of vertical position of
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Fig. 11. Pyrometer signal as function of horizontal position
of a 0.025 in. diameter black body hole.
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Fig. 12. Pyrometer signal as function of black body hole
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body hole, but not upon the temperature. The data of Fig. 12 can be

correlated by the correction factors shown in the following table:_

hole diameter,

inches _A

0.100 0.133

0.156 0.065

0.200 0.045 |

0.375 . 0.000 (by definition)

All final calibrations were made with the 0.156 in. diam. hole on
the black body sourcesi(both above and below 1000°C).

The correctien factor A was obtained for the black bedy holes of
the eommercialiblack body source. The holes of this sou?ce are surrounded
' by a surface esseutially at room temperature, which contributes nothing
to the signal. If, however, the black body hole is surrounded by a
surface at a temperature which is appreciably greater than room tempera-
vtufe, an additional correction'for this contribution to the total -
signal must be made. To make this correction, two measurements must be
made. PFirst the pyrometer is centered on the hole, and records a

signal denoted by S Then the pyrometer is focused on the area

1
surrounding the hole (far'enough‘away from the hole so that radiation
from the'hole is not received). This signal is denoted by 82. If the
surroundings are at room temperature or below, this signal is essentially
zero.

Consider the signal 'S It can be regarded as the sum of the

1

signal due to a hole with room temperature surroundings, Sh, plus a
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signal due to the werm_surr6hﬁdings; I

Now consider the sighal'due to the surroundinés, Ss' This can be
viewed as the difference.between the signals that would be measured.if:
(i) the pyrometer vieﬁed a large expapee of surface at the seme_
temperature as the surrouqdingS’apd (ii) the pyrometer viewed a disk of
the surface of diameterﬂequal to that of the black body hole.but with
the temperature and emissivity of the surroundings. The signal dte to
the large surface areef((i) sbove) is what is actually measured and is
therefore equal to Séi>fThe signal due to the circuiar element is
related to the 51gna1 from the large expanse of surface by Eq. (ll)
Thus S may be ertten as:

. .8 '
' 5_=8 -ﬁé-l-é—A—sg - o (13)

s 2

Inserting Eq. (13) into Eq. (12), 5, is found to be:
Y o
®p = 51 - (1+A) S

Thus, the two measuremeﬁte'S and S ?plus the hole size correction
factor can be comblned to determlne What the 51gnal would have been
had the surroundlngs of the hole been at room temperature. The signal
Sh can now be-eorrected by Eq. (11) to account for the difference in
the diameter of the hole under cbnsideration and the hole size for
whlch the callbratlon curve was prepared (by multiplying by the faetor

(1+A)/(1+A ), where Ac is the correction factor for the calibration
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hole and A is the correction factor for the measurement hoie).

Thé procedure outliﬁed above was needed to make the_calibrations
above 1000°C ocbtained with"the graphite black bodies consistent with the
' calibration curve obtained ﬁelow-lOOO°C with the commercial black body
source.‘ It is also necéssary when measuring the temperature of black
body holes with warm surroundings. Even if the surroundings are at
thé same temperature as the hole, they will appear cooler because the
surface emissiyity is less than the effective emissivi£y of the bottom
of a hole.

L. Determination of Emissivity

If the surface and the hole are at the same temperature, and the
hole has 8 length;to—diémeter ratio sufficiently large to be considered
a black body (or if it is in fact a cavity), the on-hole and off—hblé
measurements described'in the preceding section can be utilized to
determine the emissivity of the material. To accomplishathis end, it
must also be assumed that the spectral emissivity is independent of
'Wavé léngfh_ovef the 2 - 6l bandpass of the detector (i.e., the body
is gray over this range). If this is so, € may be removed from the
integral of Eq. (8). The integral then represents the current generated
by a black body shining on the detéctor. The voltagé across the detector
(V of Eq. (10)) and hence the signal S, is simply proportional to the
emissivity.

To détefmine the emissivity, assume the measurement Sl and 82 have
been made and S computéd by Eq. (lh). S, represents the signal from a
large surface at the same temperature as the black body hole but of
émissivitye ‘instead of uhity. S

h represents the signal from a black
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body hole, which when multiplied by 1 + A, represents the signal which
should have been observed if the hole were infinite in extent. The
emissivity is simply the ratio of the signal from the infinite surface
to that from the infinite black body hole:

82 ' SQ

If the hole is large (A+0), € = S2/Sl.

F. Tempéréture Megsurement of & Piahe Sufface

If the pyromefer ié sighted on a.iarge élane surface, the émiésivity
must be known if the_temperature.is to be obtained. If 82 is the signal
A'from the plane sufface, 82/28 is'the signal which would havé,been
measured had theAsurféée been black. If the calibration of the pyrometer
was performed on black bbdy holes with cold surroundings and the hole |
size correction factor was Ac, SQ/k:(l+Ac)] is the signal which would
" have been observed from a black body hole of the correct diameter and at
:thé‘temperature of the plane surface under eonsideration. Thié quantity
is ;sed in conjﬁnétion with the calibration curves to determine the. |

~ temperature of the surface.
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IV. 'CALIBRATION’
A. Below 1000°C

Below lOOO°C’the;pyrometer was calibrated with an Infrared Industries
model 4OL Biack bbdy. ‘The black body source was itself calibrated with
a calibrated thermocouple. The cavity emissivity was specifiéd as
99% *.1% and the cpntfol accuracy as * 1°C. The calibration is shown in
Fig. 13.

B. Above 1000°C .

The two black body configurations shown in Fig. 1k = a cylindrical
cavitj and a cylindrical hole - were used for calibration above 10006C.
Both were constructed of graphite.

The éraphite was heated in an induction heéter. An argon flow was
supplied to prevent oxidation. . The graphite black boay was then
éimultaneously viewed by the infrared pyrometer and an optical pyrometer
as shown in Fig. 15. The high temperature calibration consisted .of .
matching the corrected voltage output from the infrared pyrometer with
the corresponding temperature measured by the oétical pyrometer.

1. Emissivity eof Hole

Becaﬁse of the small solid angle subtended by the optical system,
both the infrared and optical pyrometers view only the bottom of the
hole. ©Sparrow, Albers aﬁd Eckert6 have calculatéd the effective
emissivity of the bottom of cylindrical holes with gray, diffusely
emitting surfaces. For a hole of length to diameter ratio of 4 in a
material of emissivity 0.5, the effective emissivity of the bottom of
the hole is 0.988.6 Since the emissivity of graphite7

is greater than 0.5 between 0.65H and 6u, (the range at which both the
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Fig. 13. Temperature calibration of commercial black body source.
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above 1000°C,
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optical and infrared pyrometefs are sensitive), a cylindrical hole in

graphite is an excellent approximation to a biack body.

2. Emissivity of Cavity

Quin-n8 has calculated.ﬁhe emiésivity of cylindrical cavities closedv
at one end and having an opening on the other end equal to or smallér
than the radius of the cylinder. |

For the cavity shown in Fig. 1b with surfaceé of emissivity of 0.5,
a minimum value of 0.987 was ;alculated for thé emissivity of the-
bottom .of the cavity (which is viewed by the pyrometer).

3. . Nén—BlackneSs Correction

For the optical pyrbmeter, the relationship between the brightness

temperature (Tapp)_andfthe true temperature (T).is

11 A 3 IR
- ? = —(-C—) in € (16)
app :

=

2

Whére A =‘OI65u and C,, Planck's second radiétion cqnstanﬁ, equals
1.h38bcm/°K. . An emissivity of 0;988 will yield a correction to
the brightness temperature of 0.6°K at lOOO°K; and 2.4°K at 2000°K. A
correctidh of this magnitude is insignificant since itvlies within the
range of accgfacy of ﬁhe optical pyrometef. |

For the infrared pyrometer, operating under chditions that Eq. (10)

is wvalid, the_measufed signal should be increased by ~1.2% to account
for an effective emissivity of 0.988 (assuming the body is gray). This

small correction has been neglected in the calibrations.
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The ca.librétion curves obtained with the blé,ék"-‘t}ody sources are
shown in Appendix B, ,Theéé ;ﬁfvés wére obtained with,black'body holes
of 0.156 in. diam. »With-tﬁe commercial source, the surface adjadeﬁt to
the hole was at room temperature. Two readings were made én the‘graphité
blaékfbody-sources; one'op_the hole énd one on tﬂe surface adjaéent to
the'hoie; These two resﬁlts and ﬁq. (14) were used to correétvthe
meésurement to what #oﬁld‘have been obtained if.the surroundingé of the
hole had been cool. inftﬁis manner the calibration from the commercial
black body and therg?ﬁphite biack bodies were boﬁh placed oﬁ_thé saﬁe
basis. When the calibration curves are used tb determine températures
ffbm measuremenféiof pyrbméfef outpﬁt, caie must be téken to correct for:

il. EmissiVity of’ﬁhevﬁaterial '

| 2.,h Size of hole (if différeﬁﬁ from 0.156 in. diameter)

3. Temperafure-of the surface adjaéent to the hole

" The calibratiohs are valid only for 2k in. beﬁweenvsource and pyrometer.
At other distaﬁces, the curve OfVFig. 8 may be used to correct readings to
Zh in., butjwith loss of acéﬁracy.

To avoid the satgrationfproblem shown in Fig.‘S;-ﬁhe system was caii—
ﬁrated for’fhfee load_resisfors: ’ldOk up to 500°C; 10k from 500°C to 1200°C
.énd lk for highér tempgﬁaturesf ‘Thevacfuélvioad resistance in the éircuit
" of Fig. 2 is less than these valﬁes because of the éécilloscopé and digital
vbltmetér, whosé lM imput resistancés were in parallel with R. Thus, the

calibration curves refer to load resistances given by:
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V 'THEORETICAL OUTPUT VS, TE_M’ERATUREI

s it is of'intérést'fovascértain whethéfrthé calibration curves of
Appendix B show the expeéted_Qariation of signal strength with SOu:ce
temperature3 'The‘connectipn between these two quantities was developed
in Sec. II-B.

If the infrared pyromefer is 0perat¢d in the range where Eq. (10) is

valid,_the output signal is proportional to thg integral of Eq;v(B).
Using Eq. (9) for the detector responsé functiqn end approximatiné the

black body spectrumbby Eq. (2), Eq. (8) may be integrated analytically

to yield:
K 1 \[ 2 3 b
° " ;f_'jj €XP-o O‘ma.x-":wma.x 6amax 6amax (17)
nax max
- ), XD +30°, +605, +6ah.v
X o . min ~ min = min = min
min min

A
£ . e—— = e
max .Cgh*? min 02
i a+-,i,f'v . a.+-T - "

Figs. 16 and 17 present a comparison between Eq. (17) and the measurements
in both thé high and low temperature'fegions. The coﬁstant of proportion-
ality K was determined by matching;a measurement wifhlEq. (17) at a
convenient temperature. Valpes of" xmin = 2U, Amax'= 5.2u and a = 0.3u
were used. Thesé parametérs.(which ére not known accurately) may be
slightly varied to obtain a:closer match of theofy‘ahd experiment. At

high temperatures, better agreement would have been obtained if Planck's

law, Eq.'(l), were used instead of Wien's approximation, Eq. (2).
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Fig, 16. Comparison between measured and calculated

signal at low temperatures.
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Figures 18 éna 19 éhoﬁléhéé the data are cmoseljlapprokimﬁted»by
a straight line oﬁ,a plét,qf%the'iégarithm of the signal versus the
reciprocai temperatpfé;»,Tﬁé?efére, an équapion'of the form:
S = Soex@(QA/T) may bé £tili?ed for'ektrginafion toAtemperatureé beyond

the upper limit of the calibrations perforﬁed‘here.
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VI. 'RESPONSE TIME

The time constant of an infrared detector is generally determined
by the. square pulse technique. Square pulses of radlation_can be Obt&lQed‘
by reflecting radlatlon from a rotating‘mirror onto the detector.

Lacking the optics necessary for the égﬁare radiation.pulse technique, the
-eleotrical analog~showg{in;Fig. 2Q Wés used.3 The time cohetant measured was’
fhe ﬁC time constant of the-signal—pfocessing circuit rather than the
time constant determined by.the_transit time of.thé-eharge cafriers of
the photodiode. It'wa5~assﬁmed that the diode capacifance for incident
llght was the same as that for an applled voltage and that the capac1tance
was 1ndependent of the magnitude of the applled voltage.»

o A square wave generator was used to provlde input pulses of rise and

fall time lesé than .1lu sec. _When 0.03 or 0.06 volts was applied across

the circuit of Fig. 20, the following respohse times were measured

T = l.hﬁ sec wit

/diode in circuit
Td = O;7u sec without diode in circuit.

According to Figf?QG, e

-
= C
o s {1 1 1
tRtw
1 2 s

where Cslie the capacitahce:of:the oscilloscope and stray capacitance in

connecting cables. Therefore,

with the diode in the eircuit,

T = (C + C

diode)




RéﬂObk‘
(Y 80a 3 R=IOKk S Ryepe .~ . S ReIM
q> | , DI00E Coooe 55

o 'Fig., 20. Circuit for measuring system response time.

 XBL 708-1893
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Rdiode was measured_as‘ZQ,M. Therefprg
The time constant of an RC circuit is simply RC. TFor the actual detector

circuit R is the net parallel resistance of R and the resistance

diode

used in the circuit of: Fig. 2. The time constant for the detector is:

0.08ﬁ sec for 1k
0.8 ﬂ-sec for 10k
8 U sec for 100k
Stray capgcitancé ﬁés been.neglgctgd in these estimates. TFor measﬁre—

ment of rapid temperaturé transiehts, the chopper in Fig. 6 is removed

_‘and the signal is measured on an oscilloscope.
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" APPENDIX A
CASSEGRAIN LENS~SYSTEM: THEORETICAL SPOT SIZE
The paraxial ray'equationbfor a mirror is:
L L __z2
s s' R
where S = source to mirror distance
S'= mirror to image distance
R = mirror radius
For the configuration shown in Fig. 21,
%_._ §27.= %‘ (A-1)
1 1 71
and
%‘——:_%;. - . (A-2)
2 2 .
since 82 is infinite for the convex mirror because the beam produced by

it is parallel to the optical axis. Since both 5, and Sl' on Fig. 21 are

negative,

8, =8, +0D - (A-3)
the above equations give:
I, 1 _2 | (A-b)
Sl 4,R2 Rl
. ?2'—+D

The problem is to calgulaﬁe the focal spot radius, hmin’ for which
all of the rays emitted from hmin and incident onvthe concave mirror also
impinge on the convex mirror and are eventually detected. It is assumed
that the»fequirements are just met for a ray impinging on the far side of

the concave mirror which barely intercepts the convex mirror.
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Fig. 21. Mirror geometry for spot size calculation.
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’

Consider the bottom ray in Fig..21 and its reflection from the. concave

mirror. By'examinationfofbthe relationships among the pertinent dimensions:

t ) : ]
“min _ _ vj2 _ a/2
X x + lszl D+ [5,] +x

(A-5)

where hmin is the 1mag§ helght of hmin formed by the concave mirror and x
is the distance along the axis between h;in and the intersection of reflected
bottom ray with the axié.

Using Eq. (A-2) yields:

' L : R, (a-b) o '
- n', =2_.2 (a-6)
min = 2 LD : 7
The magnificatiqn_df the optical system is given by:
” ' : s, : :
_ n'_ ™ B :
T The 7§ " -1

Therefore with Si' from (A-2) and (A-3):

' R .
N , v
hmin - hmin Sl/ P *D _ v (A—8)
or substituting h', from (A-6):
> “min T
AP B . s (19)
min R2 2 D :
.-2-—+D :

Following the same type of procedure for hﬁax (not shown on Fig. 21),
the focal spot radius'at:which no emitted rays falling on the concave

mirror may be detected, gives:

. =. Si E.+ R2(a+b) ‘ (4-10)
max. . R2 2 1D : :
7 *0D

By meking various measurements on the optical system it was found

that:
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a. =1.3"
b = 0.25"
- 1
Rl 12
- 1
| R2 2.5"
P D = 6.2N

, was calculated from (A-L) to be 31 in.,

-Utilizing these numbers, S
which cbrresponds to a'nofmal 24 in. source-detector distance.. Values
of h . = 0,058" and h___ = 1.1k in. were calculated. Therefore, when

min T max o -
the pyroméfér is ‘calibrated at 24 in., all of the radidtion falling on
the concave lens within a focal spot radius of 0.058" will be detected.
A part of the rédiation falling on the concave lens up to a spot radius
of 1.1k inches will be detected.

These results are expected to overestimate the spot size since not

all of the rays incident on the convex mirror are actually detected.
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 APPENDIX B
CALIBRATION CURVES
For a‘0.156.in. black body hole with room temperature
surreundings at a distance of 2k in. Also see note ﬂconce'r_ningb

load resisté.n_céS- in Sec. IV-C.
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