
Radiometric calibration 
By J. H. Taylor 

There are three basic problems in either spectroscopy 
or radiometry, namely: (a) measurement of wave
lengths, (b) measurement of intensities, and (c) in

terpretation. This article is about intensity measurements, 
i.e., "how much" radiation there is. In particular, this arti
cle deals with the radiometric calibration of radiometers, 
spectrometers, and thermopiles. It is specifically slanted 
towards undergraduate experiments in infrared physics. 

The chief purpose of this article is to outline certain fun
damental concepts and methods of radiometry and spec
troscopy adequately so that they can serve as a guide to 
further study. The author is concerned that many under
graduate students, for one reason or another, never really 
learn how to measure a "watt" of electromagnetic radia
tion. Unless a teacher is careful in this matter, it is quite 
likely that students will graduate without ever really learn
ing how to quantify radiation. Most of the undergraduate 
laboratory manuals, particularly those dealing with opti
cal physics, are completely lacking in this area. 

Radiometry as discussed herein relates to the measure
ment of radiant energy in any part of the electromagnetic 
spectrum. If the radiant energy being measured lies in the 
visible part of the electromagnetic spectrum, it is referred 
to as "photometry." 

The author likes to approach radiometry with vigor 
rather than with rigor. For example, the wavelength cali
bration of spectrometers is pursued only to the point of 
giving modest results in the measurement of wavelengths 
and he likes to convey to the student some of the very 
interesting possibilities in this area of physics. 

Most of the emphasis in this article is on infrared radia
tion. It is in the infrared region of the electromagnetic 
spectrum that so many physical phenomena can be inter
estingly demonstrated and also it is the spectral region 
where the radiation laws can be pedagogically presented. 

Unless a teacher is careful in this matter, 
it is quite likely that students will 

graduate without ever really learning how 
to quantify radiation. 

Harder to measure intensities than wavelengths 
It is much more difficult to measure intensities accurate

ly than it is to measure wavelengths accurately. The state-
of-the-art is such that wavelengths can be measured to 
about 1 part in 10 8 and intensities to about 1 part in 10 2. 
Measurements made in the infrared and longer wave
lengths are particularly difficult. Operation in this region 
of the spectrum has been compared to carrying out mea
surements in a sea of radiation where all objects are radi
ating and exchanging energy with each other. Hence, the 
experimenter has to be extremely careful. Activity in this 
area of physics causes a student to become quantitative in 
thinking about radiation. Without this type of experience, 
many students never really learn how to quantify radia
tion. 

Let us assume that our spectrometer to be radiometrically 
calibrated is a Perkin-Elmer Model 12-C infrared 

spectrometer. These spectrometers have been commercial
ly available for many years, certainly since the 1940s. As a 
dispersing element let us assume we are using a sodium 
chloride (NaCl) prism and that our detector is a thermo
couple. 

Since this article is primarily about the radiometric cali
bration of this spectrometer, we also must assume that the 
spectrometer has been wavelength calibrated. However, 
we need to say a few things about its calibration. In cali
brating spectrometers for use in the visible and, ultraviolet, 
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one uses primarily the techniques of emission spectrosco
py. In the very near infrared, say to about 1.5 µm, one 
also uses emission techniques. As one goes to longer wave
lengths in the infrared (say beyond 1.5 µm), the wave
length calibration is carried out by using absorption tech
niques. If one is involved in the wavelength calibration of 
a commercially manufactured spectrometer, the first thing 
to do is to consult the instruction manual accompanying 
the spectrometer. 

Other laboratory needs 
Various gases or vapors such as mercury, sodium, po

tassium, helium, neon, thallium, xenon, zinc, cadmium, 
rubidium, cesium, iodine, bromine, argon, krypton, water 
vapor, and nitrogen should be readily available in most 
laboratories along with Osram lamps, gas discharge tubes, 
etc. The emission lines from these gases and vapors will be 
quite useful in wavelength calibration. To use these emis
sion sources, it is necessary to drill and tap two holes in 
the base of the spectrometer so that the radiation chopper 
can be located in front of the entrance slit rather than in 
front of the globar radiation source as the instrument is 
normally used. 

An accessory item that accompanies this spectrometer is 
a 10 cm long absorption cell (about 5 cm in diameter). 
This absorption cell is used to obtain the absorption spec
tra for such gases and vapors as C O 2 , C O , N H 3 , HCl , and 
HBr. The manufacturer's instruction manual provides 
these calibration spectra. The article by Plyler, et a l . 1 tabu
lates suitable bands of common gases, remeasured wher
ever necessary, from 2 to 16 µm to obtain an accuracy of 
about 0.03 c m - 1 throughout the region and to provide 
good calibrating points at frequent intervals. The sub
stances used are the following: H 2 O , C O 2 , C O , HCl , HBr, 
N H 3 , C 2 H 2 , C H 4 , N 2 O , and polystyrene film. (See also 
references 2 and 3.) 

In carrying out wavelength calibration, one needs to be 
aware of the importance of interference phenomena, in 
particular, the so-called Edser-Butler technique. 

Measuring recorder deflection 
To get a feeling for what we are going to do in this 

article, consider Fig. 1. Let us assume the read-out device 
is a potentiometric recorder. If the optical system sketched 
in Fig. 1 is pointed at a planet, say, we are going to get a 
reading (i.e., a pen deflection) on the recorder. What we 
would like to be able to do is to measure the recorder 
deflection and, knowing the electronic gain setting of the 
amplifier used with this system, somehow be able to say 
that the pen deflection corresponds to a certain amount of 

FIGURE 1. Schematic sketch indicating the use of a radiometrically 
calibrated spectrometer being used with a 

cassegrain telescope 

radiation (i.e., a certain power level expressed in watts) 
striking the detector. 

It should be noted that a potentiometric recorder pro
duces a deflection on the paper that is proportional to the 
voltage appearing at the input terminals of the recorder. 
Recorders, obviously, vary in their full scale sensitivities. 
We have found useful the recorders (Leeds & Northrup— 
Type G) that require a 10 millivolt (direct current) signal 
for full-scale deflection. This means, of course, that a re
corder deflection of half of full-scale would correspond to 
an input of 5 millivolts. Therefore, any radiation coming 
into the spectrometer will produce a certain signal level on 
the recorder paper that can be measured and expressed in 
millivolts. 

Let S = the deflection on the recorder (measured in mil
livolts, mv) produced by a beam of radiation falling on the 
detector. What would be desirable is to know by what 
factor (say " K " ) the deflection, S, needs to be multiplied to 
yield the number of watts falling on the detector. This cali
bration factor, K, will have the following units: 

K = calibration factor (watts/millivolt) 
and if we let P = power falling upon the detector, we can 
write 

P = K (watts/millivolt) S (millivolts) = K S (watts). 
To carry out the determination of this calibration factor, 

K, it wil l be necessary to deal with radiation whose spec
tral characteristics can be calculated theoretically. One 
will recall that Planck's Radiation Law enables us to cal
culate the distribution of radiation from a blackbody (or 
hohlraum) provided we know the temperature of the 
blackbody. Fig. 2 will help to clarify what our procedure 
will be. The "Reference Radiation Source" shown in Fig. 2 
is either a commercially available blackbody or a home
made blackbody. Further details of our procedure are 
sketched in Fig. 3. 
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FIGURE 2. Pictorial representation of some of the key 
ideas involved in radiometric calibration 

FIGURE 3. Sketch showing additional ideas involved in 
radiometric calibration 

FIGURE 4. Perkin-Elmer Model 12-C infrared prism 
spectrometer (Littrow arrangement) (S = Globar Source, 
C = Radiation Chopper, M1; M4; M5; M6 = plane mir
rors, M2= spherical mirror, M3 = parabolic mirror, M7 

= elliptical mirror, D = thermocouple, P = sodium 
chloride prism) 

Working with an infrared spectrometer 

Let us begin our theoretical discussion by considering 
the infrared spectrometer shown in Fig. 4. Let us assume 
that all optics to the left of the entrance slit, S 1 , have been 
removed (i.e., M 1 , M 2 , C, and S). We then have what is 
called a "monochromator." Imagine that we have a refer
ence radiation source located just outside the entrance slit 
of the monochromator. 

Consider the simplified spectrometer shown in Fig. 5 (a) 
and (b). 

Let s = width of the entrance and exit slits 
(Note: in the Perkin-Elmer spectrometers they 
open and close together) 

L = length of entrance and exit slits 
A = aperture of collimating lens and telescope lens 
f = focal length of collimating lens and telescope lens 
P = power intercepted by the collimating lens. 

The expression for P is given by the following: 

In this development we shall not try to account for absorp
tion, scattering, and reflection loss in the system because 
these losses are inherently involved in the measurement of 
the calibration factor (or sensitivity factor), K. 

To complete our radiometric calibration, we need to 
know the "spectral slit width" of the spectrometer. By this 
we mean the "wavelength interval embraced by the exit 
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where 
c1 = first radiation constant = 3.732 x 10-12 watt cm 2 

= 2πc 2 h 
c 2 = second radiation constant = 1.436 cm deg 

= h c (Note: h = Planck's constant 
k c = velocity of light 

k = Boltzmann constant) 
sL = area of entrance slit 
A_ = solid angle subtended by the collimating lens at the 
f 2 entrance slit. 

If we let W (λ,T) equal the "spectral radiant emittance" 
of the source, then equation (1) can be written as follows: 



FIGURE S. A simplified prism spectrometer 

FIGURE 6. Basic components of a radiometer (cassegrain 
arrangement) 

FIGURE 7. Experimental set-up for measuring the radiant 
reflectance of a piece of glass 

slit." Fig. 5 (b) will assist in visualizing the concept of spec
tral slit width. From this figure one notes that 

θ = s/f 
λ = wavelength interval embraced by the exit slit 

It should also be noted that 

where 
n = index of refraction of the prism. 

Radiometric calibration step-by-step 

In carrying out this radiometric calibration the follow
ing procedure is suggested: 

(a) Set the temperature of the reference radiation 
source. Once the temperature has been set one can 
calculate W(λ) by using the Planck Radiation Law 
or else by using some of the published tables giving 
these data in the literature.4 , 5 

(b) Set the width of the entrance slit (and hence exit slit) 
to give an easily measured deflection on the record
er. 

(c) Put on the recorder an input signal of known direct 
current voltage (in millivolts or microvolts). 

(d) Calculate the spectral slit width from knowing the 
mechanical width of the exit slit, of the prism 
and the focal length of the telescope lens. 

(e) Make this spectral slit width calculation for various 
wavelengths throughout the spectral region to be 
covered by the particular prism and detector. 

(f) From a knowledge of the spectral slit width, calcu
late the power striking the detector. 

(g) From a knowledge of the power striking the detec
tor at the various wavelengths and from the various 
recorder deflections produced, calculate the calibra
tion factor (or sensitivity factor), K, at various 
wavelengths and make a graph of " K versus λ". 

Let (λ 2 - λ1) = λ = spectral slit width (or spectral 
bandpass). For purposes of simplification we shall assume 
that 

where W (λ) is evaluated at the mid-point of the wave-
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length interval, λ1 to λ2, and is considered constant over 
the interval λ. 

Suppose, for example, that one wanted to calculate the 
power striking the detector at 10 µm. One could either 
calculate W (λ) at the k n o w n temperature of the source 
using Planck's Radiat ion L a w or look up the value in 
some appropriate table (such as the tables by Pivovansky 
and Nagel) . One next multiplies by λ at 10 µm for the 
particular pr ism and spectrometer involved. 

Calibrating for other sources 
We n o w have a spectrometer that is radiometrically cal i

brated in case we choose to locate a source immediately in 
front of the entrance slit. Suppose, however, that we be
come interested in something other than this, say, for ex
ample, in the radiat ion f rom a distant planet collected by a 
telescope and fed into the entrance slit of the spectrometer, 
as shown in F ig. 1 or as sketched in F ig . 6 in the case of a 
radiometer. The obvious compl icat ion that has been intro
duced by the systems shown in Figures 1 and 6 are " t w o 
addit ional reflections." 

M o s t mirrors used in spectroscopy and radiometry are 
coated wi th a luminum. A s we have noted, the reflectance 
of a mirror increases as one goes to longer wavelengths. 
For certain applications in the far infrared, mirrors are 
coated wi th gold because gold has a greater reflectance in 
these regions than does a luminum. 

Let us pause briefly in our theoretical discussions to ex
amine h o w one might measure reflectance experimentally. 
For our first experiment, suppose we want to measure the 
reflectance of a piece of dielectric (say a piece of glass) for 
a particular angle of incidence of the radiat ion. Consider 
the experimental arrangement shown in F ig. 7. Let us as
sume that we want the spectral radiant reflectance of the 
glass measured in the 0.5 to 15 µm region. This type of 
experiment could very easily be done using a sodium chlo
ride (NaCl) pr ism, a thermocouple detector, and a globar 
source of continuous radiat ion. The dynamic range of 
wavelengths to be covered (5 octaves) is so great that wi th
in this range of wavelengths the spectral radiant emittance 
of the globar w i l l vary greatly. W h a t this means is that to 
get sufficient deflection o n the recorder to be able to mea
sure it accurately one w i l l have to change, several times, 
the amplifier gain settings and the w id th of the entrance 
and exit slits. 

It is absolutely imperative that one notes the amplif ier 
and slit width changes that are necessary (i.e., record them 
on the chart paper when they are made) because it w i l l be 
necessary to use these data again shortly. Starting first 
wi th the plane aluminized mir ror located behind the mask 
(Note: the purpose of the mask is to set accurately the area 

of the reflecting surface being measured), one wou ld ob
tain a hypothetical curve similar to curve a in F ig . 8(A). 
One should adjust the amplif ier gain and the slit opening 
to give as large a recorder deflection in the case of a lumi
num as possible. Nex t , one carefully substitutes the piece 
of glass for the aluminized mir ror (being very careful not 
to rotate the mount hold ing the mask) and repeats the 
experiment, being sure to use for the piece of glass the 
same amplif ier gain settings and slit settings that were used 
wi th the aluminized mir ror for each of the wavelength re
gions scanned. One w o u l d obtain a hypothetical curve 
similar to curve b shown in F ig . 8(A). One then takes the 
two curves shown in Figure 8(A) and divides the recorder 
deflections obtained f rom curve b by those for curve a at 
various wavelengths throughout the region of interest and 

FIGURE 8. Hypothetical radiant reflectance data for glass 
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finally obtains the reflectance curve for glass as shown in 
Fig. 8(B). 

This method for measuring the reflectance of a dielectric 
is sufficiently accurate for most experiments. Our proce
dure, of course, is equivalent to saying the reflectance of a 
freshly deposited film of aluminum is 100%! 

Measuring the reflectance of aluminum 
For our second experimental problem, let us complicate 

the situation by asking how to measure the reflectance of 
aluminum. Because we have no material with which we 
can compare aluminum, we must resort to an experimen
tal scheme different from that used in Fig. 7. One possibili
ty is the scheme shown in Fig. 9. 

In this method, one scans the spectral range of interest 
using the set-up shown in Fig. 9(a) and gets a series of 
recorder deflections (curve a) as shown in Fig. 8(A). One 
then uses the set-up shown in Fig. 9(b) and gets a series of 
recorder deflections (curve b) as shown in Fig. 8(A). From 
these two curves one can again obtain the reflectance us
ing the same technique that led to Fig. 8(B). It is impera
tive in this scheme that the optical path followed by the 
radiation be the same in both Fig. 9(a) and (b). 

We have just seen how to obtain the reflectance of a 
plane aluminized mirror. Referring back to Fig. 1 and Fig. 
6, it will be seen that what we really want is the reflectance 
of a parabolic mirror and a hyperbolic mirror. One possi
ble way around this difficulty is the following—when the 
parabolic mirror (or hyperbolic mirror) is placed in the 
bell jar used for its aluminizing, be sure to include along
side it a plane piece of glass to be aluminized at the same 

FIGURE 9. Experimental set-up for measuring the radiant 
reflectance of an aluminized mirror 

time. One then measures the reflectance of the plane alu
minized piece of glass. In this method at least the age of 
the aluminum coating of the plane mirror and the para
bolic, or hyperbolic, mirror will be the same. For most 
purposes this procedure will suffice. For those very few 
cases where it will not suffice, one must resort to more 
elaborate schemes that we shall not pursue here. 

Using two collimators 

Let us next consider the optical systems shown in Fig. 
10. A moment's contemplation will convince the reader 
that the use of two collimators is a convenient method of 
transferring a real image from the collimator on the left to 
the collimator on the right and conversely. The lower part 
of this figure will help to make this clear where lenses, 
instead of mirrors, are shown for pedagogical reasons. 
The reader should see that the reflective and refractive col
limators shown in Fig. 10 are equivalent regardless of the 
separation of the collimators. This statement is true, of 
course, only if one can neglect any atmospheric attenua
tion in the optical path between the two collimators. 

Total power intercepted by Mirror A1 = 

Let R1 = reflectance of each mirror in the collimator on 
the left. 

Total power density at Position 1 = 

This power density is now incident at Position 2, i.e., the 
collimator on the right. Suppose we next calculate the 
power (in watts) intercepted by the mirror of area A 2 and 
focused in the focal plane into an image whose area is 
given by the following: 

Area of image formed in focal plane of collimator on the 
right = a 2 = a1 (f2/f1)2. (5) 

Let R 2 = reflectance of each mirror in collimator on the 
right. 
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FIGURE 10. Reflecting and refracting collimators (linear 
magnification = image distance/object distance = f2 /f1; 
area magnification = (f2/f1)2) 

FIGURE 11. Experimental set-up for radiometrically cali
brating a reflecting radiometer 

Total power incident on focal plane in collimator on the 
right 

In our discussions concerning Fig. 10 we were interested 
in transferring "total radiated power" from a reference ra
diation source located in the focal plane of the collimator 
on the left to the collimator on the right. Perhaps it should 
be emphasized that a collimator is basically a "telescope" 
and that a collimator is also basically a "radiometer" ex

cept it is lacking a filter, a detector, and a radiation chop
per. 

Let us suppose that we now take the collimator shown 
on the right in Fig. 10 and make it into a radiometer, i.e., 
we add a detector in the focal plane and in front of the 
detector we locate a radiation chopper. For the present, let 
us assume, that no filter is to be used in front of the detec
tor. 

What we would like to do is to allow known power 
levels of radiation to fall on the collimator (now consid
ered our radiometer) on the right and observe the recorder 
deflection (measured in millivolts) that is produced. This 
procedure, of course, enables us to determine its calibra
tion factor, or sensitivity factor, K, in watts/millivolt. In 
this case we would like to make this determination not for 
total power but for known power levels in various wave
length intervals. In other words, we shall have to make an 
additional change in the experimental set-up shown in Fig. 
10. In particular, we shall have to move the reference radi
ation source as shown with the collimator on the left and 
where the reference radiation source is shown we must 
locate at that point the "exit slit" of a spectrometer. At the 
"entrance slit" of the spectrometer we place the reference 
radiation source. Fig. 11 shows the experimental set-up 
we would use. 

Radiometric calibration of a thermopile 
Suppose we next consider the radiometric calibration of 

a thermopile. In particular, let us consider a thermopile 
manufactured by the Eppley Corp. It wil l be recalled that a 
thermopile consists of two or more thermocouples con
nected in series. These are low impedance devices (a few 
ohms) and are non-selective detectors. The time constant 
is long (as far as detectors are concerned) so that one can
not use them with chopped radiation. In other words, they 
are used with direct current applications. Fig. 12 shows an 
experimental set-up for carrying out our experiment. In 
performing this radiometric calibration, it is imperative 
that the background does not change during the process of 
calibration. 

Let T1 = temperature of the reference radiation 
source 

a = area of opening in aperture plate located in 
front of the reference radiation source 

A = area of thermopile receiver 
D = distance between reference radiation source 

and the thermopile 
P1 = total radiant power incident on thermopile 

due to the reference radiation source 

OPTICS NEWS • NOVEMBER 1987 23 



FIGURE 12. Experimental set-up for radiometrically cali
brating a thermopile 

FIGURE 13. For a given spectral slit width, (λ 2 -λ 1 ) , the 
"hatched" area in the figure represents the difference in 
output of a reference radiation source when operated at 
two different temperatures (Curve a corresponds to a 
higher temperature than curve b.) 

Let P 0 = total radiant power incident on thermopile 
due to background radiation (watts) 

P' = total power incident on thermopile due to 
all causes 

P' = P1 + P0 (8) 
This P 1 produces a certain reading on the potentiometer. 

L e t M 1 = potentiometer reading (in millivolts). 
We continue our experiment and raise the temperature of 
the reference radiation source to some higher temperature, 
T 2 , i.e., T 2 > T 1 . 

Let P 2 = total radiant power incident on thermopile 
due to the reference radiation source being 
operated at temperature T 2 

This P" produces a certain reading on the potentiometer. 
Let M 2 = potentiometer reading (in millivolts). Since P' > 
P' it follows that M 2 > M 1 . To eliminate the contribution 
due to the background (and incidentally, we do not know 
what this contribution is), we calculate (P" - P'). 

To arrive at a value for the sensitivity factor, K (watts per 
millivolt), we proceed as follows: 

Choosing a reference radiation 
source temperature 

In carrying out radiometric (or absolute) calibration one 
should attempt to calibrate using a reference radiation 
source temperature as close as possible to the temperature 
of the radiating source to be spectroscopically or radio-
metrically studied. Since the highest temperature of com
mercially available reference radiation sources is about 
1700°C, this could introduce a problem if one needs to 
calibrate at higher temperatures. Higher temperature ref
erence radiation sources are difficult to maintain and oper
ate. One could, of course, calibrate the positive crater of a 
low intensity carbon arc against one of these higher tem-
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perature reference radiation sources and use the carbon 
arc positive crater as a secondary standard. 

From our discussion one sees the general approach to 
carrying out radiometric calibrations, namely, choose two 
different temperatures at which to operate the reference 
radiation source and for each of these two temperatures 
record the deflection produced by the spectrometer (or ra
diometer) and detector on the recorder. Then calculate the 
power falling upon the detector at each of these two tem
peratures for a particular spectral slit width (or spectral 
bandpass) and subtract these two values. 

It should be emphasized again that this subtraction 
process eliminates the contribution due to the back
ground. The "hatched area" shown in Fig. 13 indicates 
what one obtains in this process of subtraction. One also 
subtracts the recorder deflections to get the recorder de
flection corresponding to the "hatched area" shown in 
Fig. 13. 

For various reasons one might not have access to a ref
erence radiation source. Fig. 14 is a sketch of a homemade 
reference radiation source that can be operated at the tem
perature of "ice and water" and at the temperature of 
"boiling water" (both temperatures, of course, being con
verted to degrees Kelvin). It is quite useful in undergradu
ate teaching laboratories and is easily constructed. 

Radiometric calibration experience at the undergradu
ate level can be quite open-ended. For example, once a 
student has radiometrically calibrated a spectrometer, 
such a system could be used to measure the spectral radi
ant emittance across the face of the sun as a function of 
wavelength. Another possibility would be to measure the 
spectral radiant emittance of the positive crater of a low 
intensity carbon arc. Most undergraduate laboratories are 
probably not equipped with the direct current electrical 
power capability to operate a high intensity carbon arc. 

Another suggestion that is less demanding in the way of 
electrical power requirements is the measurement of the 
spectral radiant emittance of a globar infrared source and 
a Nernst filament infrared source as a function of wave
length. If the student has access to a thermopile, the solar 
constant could be measured. 

Using a collimator 

Collimators are extremely useful instruments to have 
available in the laboratory. You have seen some uses of 
collimators in this article. Two other uses for them are the 
following: 

• for focusing telescopes and radiometers for use in 
parallel light 

• for measuring the field of view of a telescope and 
spectrometer system or a radiometer. 

FIGURE 14. Homemade reference radiation source (typi
cal dimensions of the copper cone might be an opening 
of 1 1/2" and a length of 6". By changing this ratio, one 
can change the radiant emissivity of the cone.) 

A moment's contemplation will convince the reader of 
the difficulty in keeping a large and heavy optical system 
pointed at a distant planet at night while the system is 
focused. However, it is simple and straightforward to di
rect toward the telescope, or radiometer, mirror a beam of 
parallel light from a collimator. 

It is also easier to measure the field of view using a colli
mator. Referring again to Fig. 10, suppose the collimator 
on the right is a radiometer and we want to measure its 
field of view. By rotating the radiometer about a vertical 
axis and measuring the output of the system as a function 
of angle turned through, the azimuth scan can be ob
tained. A similar, but more difficult, procedure can be car
ried out to obtain the elevation scan. 
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