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SPECTRAL IRRADIANCE OF

TOTAL AND SPECTRAL ENERGY STANDARDS

M. P. Thekaekara
A. R. Winker
T. A. Riley

ABSTRACT

A program of measurements of the spectral irradiance of different types of
tungsten filament lamps and a carbon filament lamp was undertaken. A total of
sixteen sources of spectral and total irradiance were scanned in the wavelength
:-ange 0.235 to 4.85,u. The techniques of extending the range in the UV and IR
beyond that usuall y covered in calibration tables are discussed. The results are
presented in a series of graphs and tables. The limits of accuracy of these
measurements and of the accepted standards of spectral irradiance are
discussed.
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SPECTRAL IRRADIANCE OF
TOTAL AND SPECTRAL ENERGY STANDARDS

I. INTRODUC'T'ION

The spectral irradiance of sources of radiant energy is of great importance
in space simulation research. The test object in a simulator is subjected to
electromagnetic radiation which approximates as closely as possible in both
total energy and its spectral distribution the radiation encountered in space.
The measurement of irradiance requires total energy detectors and mono-
chromators. The total energy detectors tend to change their calibration with
long use and require a sui-'able standard source of total irradiance for periodic
recalibration. The monochromators require a reliable standard of spectral ir-
radiance with which to compare the simulator source in signal output.

Standards of total and spectral irradiance have been developed over a period
of many years by the National Bureau of Standards, Washington, D. C. The
earliest of these is the carbon filament standard of total irradiance (Reference 1)
which was developed in 1914 by W. W. Coblentz and still serves as a convenient
source of calibration for low levels of irradiance. Operating at about 40 watts,
it has an irradiance of about 40 4W cm - 2 at a distance of 2 meters. A detailed
account of the different types of standards which were since developed and is-
sued by the NBS was published by Stair, Schneider and Jackson (Reference 2) in
1963 when the new 200 watt tungsten filament quartz iodine lamp for spectral
irradiance was introduced. The 200 watt lamp has since been replaced by a 1000
watt lamp. Calibrated sources of spectral irradiance are now being issued by two
other laboratories, the Eppley Laboratory, Newport, R.I. and Optronic Laboratories,
Waltham, Mass. These standards are also 1000 W quartz idoine lamps, and are
calibrated with reference to a group of "primary" standards maintained at the
respective laboratories; the primary standards are presumed to represent a
radiation scale in exact agreement with that of the NBS lamps to which they have
been compared.

A parallel development is that of sources of total irradiance. Calibrated
originally at the NBS, they are now being issued by Eppley. These standards
are of three types, 100 W, 500 W and 1000 W. There are also high intensity
calibration source units, which are tungsten filament projection lamps of 1000 W,
2000 W and 5000 W. The 5000 W lamp has an irradiance of about 8.6 mW cm - 2 at
a distance of 2 meters. This is over 200 times the irradiance of the carbon fila-
ment lamp at the same distance. The 1000 W quartz iodine spectral irradiance
standard of Optronics is also calibrated as a standard of total irradiance.
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II. OBJECTIVES OF THE MEASUREMENT PROGRAM

A program of intercomparison of the spectral irradiance of a large number
of these sources was recently undertaken in our laboratory. Such a study serves
several purposes.

The calibrated sources are relatively expensive and should be kept as shelf
items to be used only sparingly. Lamps essentially similar to them can be set
up as working standards for routine measurements. A calibration table for the
working standards should be obtained by comparing their output with that of the
shelf items.

Our calibrated sources of spectral irradiance have been obtained at differ-
ent times and have a history of varying amounts of burning time. Lamps tend
to increase in irradiance with number of burning hours. It is important to com-
pare periodically the output of lamps with longer burning time with one which
has little been used.

The standards and calibration source units of total irradiance have a spectral
distribution of energy which is characteristic of the lamp and differs considerably
from that of spectral irradiance standards. The tungsten filament operates at a
slightly lower temperature than the 1000 W quartz iodine lamp, and the envelope
being larger is also cooler. The calibration table supplied along with the lamps
gives the total irradiance in MW cm -2 at different distances from the lamp. But
the total irradiance is not the only parameter which determines the output of a
total energy detector. Most detectors have a window of quartz, sapphire or
other optical material covering the sensitive element in order to protect it from
air currents. The energy transmitted by the window is a function of the incident
spectral irradiance and the spectral transmittance of the window. Even for
windowless detectors it would be inaccurate to assume that the absorbance of
the detector surface is independent of wavelength. In the wavelength range longer
than 2 µ, the changes in the source spectrum, absorbance of the detector surface
and transmittance of the intervening air are all important parameters which affect
the response of the detector. Thu>, the calibration of a total irradiance detector
is dependent not only on the characteristics of the detector and total incident

energy but also on the spectral distribution of the energy.

For certain applications the 1000 W quartz idoine lamp is highly useful as
a calibration source for total irradiance. Its primary use is for spectral ir-
radiance measurements. But since the tungsten filament and the lamp envelope
are both considerably smaller than in the projection type lamps used for total
irradiance calibration, it is more nearly a point source and hence permits the
application of the irverse square law to shorter distances. Calibration tables
of these lamps extend to 2.5 µ only. If the irradiance of these lamps can be

T -^

^f
t
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determined in the longer wavelength range, the total irradiance of the lamp can
be computed by integrating the area under the curve of spectral irradiance vs
wavelength. This value can be compared with that obtained by a detector which
has been calibrated with reference to a total irradiance standard. This method
has been discussed in detail in a report of the Goddard Summer Workshop (Ref-
erence 3).

III. DESCRIPTION OF THE LAMPS MEASURED

Figure 1 shows a photograph of representative lamps from each of the dif-
ferent groups which were measured. Shown in the figure are, from left to right,
1) IITS lamp with ceramic holder, 2) E2K, 2000 W, 3) ETK, 1000 W, 4) carbon
filament lamp, E 6511, 5) ESK, 5000 W, and 6) 1000 W quartz iodine lamps,
tyl)es EPI and SS.

A total of 16 lamps were measured. They are referred to by their type and
serial number, and are listed below, NOth a brief description of each. EPI-1095,
EPI-109(, and EPI-1111 are quartz iodine lamps of rated power 1000 watts,

IIIIiI

Figure 1. Showing six of the calibration sources of which the spectral irrodiance was measured.

From left to right: on HTS lump in its ceramic holder; 2000 watt E2K lamp; 1000 watt ETK lamp;

carbon filament lamp; 5000 watt E5K lamp; an EPI lamp.
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manufactured by the General Electric Company, GE type DXW. These lamps
have each a calibration table supplied by the Eppley Laboratory, which gives
their spectral irradiance at a distance of 50 cm in the wavelength range 0.25
to 2.5 µ. The lamps are operated at 8.3 amps. Four lamps similar to the above
are SS-116, SS-117, SS-118 and EPI-1112. The letters SS stand for Space Sim-
ulation; these lamps are intended for use in the Space Simulation Research
Section as working standards, while the iirst three EPI lamps are shelf items
to be used only occasionally. EPI-1112 though it is labelled EPI has no Eppley
calibration table and hence for practical purposes is of the same group as the
SS lamps.

Another calibrated lamp is HTS-25, supplied by Optronic Laboratories. It
is also a GE 1000 watt type DXW lamp mounted in a concave ceramic holder.
The inner surface of the holder is a diffuse reflector with a coating of flame
sprayed Al 2 O 3 . The calibration table supplied along with the lamp gives the
irradiance at a distance of 40 cm. The wavelength range of the calibration for
the HTS lamp is 0.3 µ to 2.5 µ. Two other lamps similar to HTS-25 are HTS-A
and IITS-B, both 1000 W quartz iodine lamps, mounted in the ceramic reflector
but %%ith no calibration table supplied by Optronic Laboratories. Like the SS lamps
these are secondary working standards while HTS-25 is to be kept as a shelf
item.

Five other lamps which were measured were ETK-6704, ETK-6705, E2K-671,

E2K-672 and E5K-674. These are also tungsten filament coiled coil lamps,
with the radiating; surface covering a larger area than in the quartz iodine lamps.
Tile bulb is larger and is of pyrex; it has no halogen gas filling and operates
at a sli ghtly lower temperature. The ETK lamps are standards of total ir-
radiance, and the E2K and E5K lamps are high intensity calibration source
units. They were obtained from the Eppley Laboratories. The wattage of the
lamps is 1000 W for ETK, 2000 W for E2K and 5000 W for E5K. The ETK lamps
are operated with a specified shutter and baffle system and the E2K and E5K
lamps are mounted in a lamp house unit which is water cooleu, forced air
ventilated and fitted with a quartz window.

The last tamp included in the present series of measurements was a carbon
filament standard of tWd irradiance E -6511, also obtained from the Eppley
Laboratories. It „,as operated at about 40 watts. It is of the same type as was
originally developed by Coblentz.

IV. EXPERIMENTAL ARRANGEMENT

The experimental arrangement was essentially the same for all lamps. The
lamp was mounted at a known distance from a diffuse screen. The diffuse screen

4



was made of aluminum evaporated on a ground glass surface. The illuminated
surface of the diffuse screen was viewed by a Perkin-Elmer monochromator
Model 112. The normal to the diffuse screen was at 450 to both the incident
beam from the lamp to the screen and the reflected beam from the screen to
the entrance slit of the monochromator. In front of the monochromator slit was
mounted a diaphragm of area 1.1 x 0.7 inch at a distance of 4.0 inches from the
slit. Thus the monochromator could receive light from only a limited area at
the center of the diffuse screen. This area subtended an angle of 14° in the
vertical plane and 100 in the horizontal plane at the center of the entrance slit.
The distance of the diffuse screen from the slit was 9 inches for all 16 scans.
The distance of the lamp from the diffuse screen was 40 cm for the HTS lamps,
50 cm for the lamps of the series EPI, SS, and ETK and for the carbon filament
lamp, 100 cm for the E2K and E5K lamps. The reference point in the lamp from
which the distances were measured varied slightly with the type of the lamp. It
was the front of the ceramic holder for the HTS lamps, the axis of the tungsten
coil for the EPI and SS lamps, the central plane of the filament for ETK, E2K
and E5K lamps and for E 6511. These points were chosen in accordance with
the operating instructions for the respective lamps.

The lamps were operated at voltage and current as specified in the instruc-
tions. For the EPI, SS and HTS lamps a constant DC current was provided by a
Hyperion power supply model HY-T1-130-10; the current was monitored by a
Weston digital voltmeter model 1420 reading the voltage across a Leeds Northrup
0.1 ohm: precision shunt. A current of 8.3 amps was maintained with a stability
.)f =0.001 amp. For the total irradiar standards a constant voltage supply was
rov;ded by an Allis-Chalmers A.C. motor generator, type GBB; the 110 volt

input to the lamps was maintained with a stability of f0.1 volt.

The Perkin-Elmer monochromator was used to scan the spectrum contin-
uously in the wavelength range 0.235 to 4.86 µ. Each scan took 23 minutes. The
dispersing element of the monochromator is a lithium fluoride prism. A littrow
mjrror is mounted behind the prism and rotated at a pre-selected speed to di-
ect different )arts of the spectrum to the detector. The detector is a photo-

multplier tube 1P28 for the UV, risible and near IR from 0.235 to 0.630 µ and a
thermocouple for the IR from 0.528 to 4,86 µ. The entrance and exit slits were
in the PbIT range, 0.5 mm for the range 0.235 to 0.362 µ, 0.1 mm from 0.362 to
0.63 µ, and 2.0 mm for the TC range. The signals were recorded on a Leeds
Northrup chart. A drum count :parker was superposed on the chart to indicate
the wavelenth. Gain settings in the detector amplifier circuit were adjusted to
keep the pen deflection within about 30 to 90 percent of the maximum range of
the chart paper. Further details about the Perkin-Elmer monochromator and
its use may be found elsewhere (Reference 4).
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V. DATA REDUCTION

All data were reduced manually from the Leeds Northrup charts, without
the aid of magnetic tape record and computer analysis. This method proved
to be time consuming, but permitted a continuous check on the accuracy of the
data and was believed to yield more reliable results. Signals were read along
with the gain settings at intervals of 20 drum counts on each of the sixteen
charts. The corresponding wavelength intervals increase gradually from about
0.0025 p at 0.235 µ to 0.1 µ at 1.1 µ and thereafter decrease gradually to 0.034 µ
at 4.8 µ. The total number of readings on each chart was 112. After a pre-
liminary comparison of these data with the calibration table of the three EPI
lamps and HTS 25, it was decided to use EPI 1096 as a working standard to which
each of the other lamps, calibrated and uncalibrated, could be compared.

Let A 5 be the signal oi amplitude of the pen deflection due to the standard
lamp EPI 1096 at a given drum count and let A x be the signal at the same drum
count due to any of the other lamps. If th% other lamp is measured at a different
gain setting from the standard, the signal is reduced to the same gain setting
as for EPI 1096. The ratio A x /A S is plotted as a function of drum count. The
points showed very little scatter. A smooth curve is drawn through the points,
thus to give an average value of the ratio R,X of the signals as a function of the
wavelength. Nearly 90`/0 of the observed points were seen to lie within plus or
minus 1/2% of the curve. This amount of variation about the mean can be readily
explained as due to the uncertainties in reading the spectrum charts. The pen
deflection is between 3 and 9 inches and the smallest division on the chart paper
is 1/10 inch. In the wavelength range longer than 3 µ where signals are weak
and noisy a wider scatter of 5 to 10 percent was observed.

Let P k , denote the spectral irradiance of a calibrated lamp as given in the
table, and Pkm the irradiance of a lamp as determined from our measurements.
By multiplying P ktof EPI-1096 by R X of any other lamp, say EPI 1095, PXm of
EPI-1095 can be obtained. Thus measured values of P Xm for three lamps EPI-
1095, EPI-1111 and HTS-25 are obtained. These values were compared with
P Xt of the same lamps as given in the respective calibration tables. A detailed
comparison at each wavelength between P^,. and P X t for the two EPI lamps 1095
and 1011 showed that the differences were well within the margin of error that
could be expected from their longer hours of burning and the estimated accuracy
of the calibration tables. For HTS-25, however, the differences were greater.
The ratio Pam/PXt decreased from a maximum of 1.14 at 0.32 µ to 1.01 at 0.7 µ.
For longer wavelengths the ratio was between 1.00 and 0.98. The relatively
high values of the ratio in the UV and visible may be due to errors in the present
set of measurements. In the UV and visible the irradiance of the HTS lamps is
between 3 to 4 times that of the EPI lamps, whereas the other types of lamps
SS, ETK, etc. have practically the same irradiance as the EPI lamps at the

6



respective distances at which they were measured. Hence our measured values
of PXm for the HTS lamps are less reliable. The difference may also be partly
due to experimental errors in the calibration tables of the two lamps HTS 25
and EPI 1096 or a difference between the two scales of radiometry maintained
at the two laboratories. Both scales of radiometry are traceable to NBS lamps
of the QM series, and comparison between two individual lamps is quite in-
adequate to establish any difference between the two scales.

Because of the relatively large differences between P km and P X,e of HTS-25,
it was decided to ignore the valu es of Pa m of HTS-25 in the wavelength range
0.30 to 2.5 u, and retain instead Pk,^ given in its calibration table. In the wave-
length range below 0.30 µ our measured values were scaled up by 14.8% as in-
dicated by the difference between the two sets of values for k > 0.30 p-

A similar correction was applied to the measured values P ^m of HTS-A and
HTS-B by multiplying them with the ratio (P k, /P,\ ) of HTS-25. This in effect
changes the reference of the two HTS working stand9rds from EPI-1096 to HTS-25
which has nearly the same irradiance.

The calibration table of EPI lamps, following the pattern set by the National
Bureau of Standards, is over the wavelength range 0.25 to 2.5 p. For HTS lamps
the range is 0.30 to 2.5 µ. These wavelengths are at intervals of 0.1 µ for wave-
lengths greater than 0.9 µ and at closer intervals in the shorter wavelength
range.

For the purposes of this study it was highly desirable to obtain values of
P^, in the IR beyond 2.5 4. Two independent methods were tried to determine
the spectral irradiance of EPI 1096 in the range 2.6 to 5 ^,. One was to com-
pare the signals of the tungsten lamp with those from two black body sources,
one operating in the range 800° to 1400°K, manufactured by Infrared Industries,
and the other operating in the range 1700° to 3000°K manufactured by Astro-
Industries. The major sources of error in these measurements are that the
diffuse screen receives a certain amount of radiation from portions of the
black body cavity which are at a lower temperature and that the temperature
determination of the cavity is open to some uncertainty. Another method is to
estimate the temperature of the tungsten filament and the quartz envelope and
to determine the energy emitted. This method has been discussed in detail else-
where (Reference 3). In the wavelength range beyond 3 µ where quartz begins
to be highly opaque the energy from the quartz bulb is more significant. Air
currents in the room seem to affect the tei.iperature of the bulb, so that meas-
urements made at different times do not always yield the same value. We have
adopted a table of values for the spectral irradiance of EPI 1096 in the range
2.6 to 5.0 µ which is based on several sets of measurements. These values
are valid for normal operating conditions, and in view of the uncertainties in
the measuring technique, should be considered provisional.
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er An attempt has also been made to extend the spectral irradiance table of
the EPI and SS lamps to the UV range below 0.25 µ. A plot of the log of the
irradiance vs wavelength in the range 0.25 µ to 0.30 ,u is nearly a straight line
so that an extrapolation to lower wavelengths can be made. Another method is
to assume a temperature of 2900°K for the tungsten filament and to multiply the
radiance of a black body at that temperature by the emissivity of tungsten and
the transmittance of quartz. Both methods yield practically the same values.
They are provisional. The uncertainty is t10%, The irradiance of EPI 1096 at
50 cm in units of f1W cm - 2 nm -1 is 0.00913 at 0.24 µ, 0.00425 at 0.23 4, 0.00181
at 0.22 4, 0.000702 at 0.21 µ and 0.000245 at 0.20 µ. For the other EPI and SS
lamps the ratio of irradiance to that of EPI 1096 in the shorter wavelength range
may be assumed to be nearly the same as in the range 0.25 to 0.30 µ. This per-
mits an extrapolation to the shorter wavelength range for these other lamps as
well. This method cannot however be applied for the HTS lamps. The ratio of
the irradiance of HTS 25 to that of EPI 1096 decreases rapidly from 3.2 at 0.4 µ
to 2.6 at 0.35 µ and 1.8 at 0.25 µ; this is due to a corresponding decrease in the
reflectance of the ceramic holder. Hence extrapolation to lower wavelengths is
less reliable for the HTS lamps. No attempt has been made to extend the cali-
bration table of the HTS lamps below 0.24µ.

VI. RESULTS

The results of the measurements are presented in Table 1. The values of
spectral irradiance are in units of microwatts cm 2 nm- i . The spectral range
covered is from 0.24 to 4.8 A. The wavelength intervals up to 2.6 µ are the same
as in the NBS tables.

Data are presented on sixteen lamps. As stated earlier, the values for EPI-
1096 and HTS-25 are P k t from their respective calibration tables. For the other
lamps the values are P k,, as determined from the present series of measurements.
The reference standards are HTS-25 for HTS-A and HTS-B, and EPI-1096 for
all the other lamps.

For six of the sources the results are also presented graphically in Fig',ires
2 to 7. Note the scale change in the x-axis for X > 1.0 µ.

In Table 1 the last row gives the area under the spectral irradiance curve
for each of the sources. The area is computed from the expression

A = L PX '^"\ i
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where P hi is the spectral irradiance & i and 0X i is the wavelength interval.
For ^, i = 0.24 µ, 0X i is 0.01 µ and for k i = 4.8 µ, Ak i = 0.2 µ. Thus the total
irradiance or area is for the wavelength range 0.235 to 4.9 u. The units are
milliwatts per cm 

The accuracy of these measurements depends primarily on the reference
standards EPI-1096 and HTS-25 and secondarily on the methods used to extend
the wavelength range in the UV and IR beyond that of the calibration table of
the reference standards.

The two reference standards are traceable to the NBS standards of the QM
type. The QM type lamps like the earlier 200 W QL type lamps were established
as calibration standards by reference to the tungsten strip lamps and the radiance
of the tungsten strip lamps was determined by comparison with a black body.
Thus the primary standard is a black body. Hence arises the question, what was
thy; melting point of gold assumed for computing the Planck functions of the black
body. The International Committee of Weights and Measures approved in October
1968 the International Practical Temperature Scale of 1968, JPTS-68) according
to which the melting point of gold is 1337.58°K (Reference 5). The NBS standards
of reference were established several years earlier at a time when the accepted
value for the melting point of gold was, as defined by the International Tempera-
ture Scale of 1948 (ITS-48), 1063°C or 1336.15°K. However, the NBS text of the
International Temperature Scale of 1948 recognized that significant differences
e.,dsted between ITS-48 and the Thermodynamic Kelvin Temperature Scale (TKTS).
Various corrections were applied to make temperatures measured on ITS-48
to agree as closely as experimentally possible to TKTS. Thus, the primary
standard for the irradiance standai is is a black body of which the temperatures
are defined on the Thermodynamic Kelvin Temperature Scale.

Afore recently attempts have been made by H. J. Kostkowski at the NBS to
compare the 1000 W quartz iodine irradiance standard directly with a black body
(Reference 6). The black body temperature is defined on the IPTS-68 which
agrees N\dth the TKTS. Significant differences have been observed between the
irradiance values as determined from these measurements and those given in
the earlier NBS tables. The earlier values have to be decreased by 6.5% at
2500 A, by 4.5% at 3000 A, 0% at 4500 A,2% at 6500 A and 4% at 8000 A. These
findings are claimed to be Vreliminary; no measurements have been made in the
wavelength range X > 8000 A.

Two other questions to be considered are the accuracy claimed for the
calibration tables of the NBS lamps and the agreement between the NBS standards
and those issued by Eppley and Optronics. It is generally assumed that the ac-
curacy of the commercially available standard lamps is essentially the same as
that of the primary standard lamps maintained at the NBS. The values of accuracy
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quoted by Eppley Laboratory are: between f4% and t8% for the range 2500 to
2900 A, t3%o for the range 3000 to 4500 A, t2% for the range 4500 to 7500 A and
between t2% and t4% for the range 7500 to 25000 A (Reference 7). Stair, Schneider
and Jackson (Reference 2) had estimated for the 200 W QL lamps a maximum
uncertainty ranging from about 8 0/0' at the shortest wavelength, 2500 A, to about
3% in the visible and IR.

An estimate of possible differences between the lamp standards maintained
at the NBS and other calibrating labs can be obtained from the results of a Round
Robin of spectral irradiance measurements recently sponsored by H. J. Kostkowski
of NBS (Reference 8). Three lamps calibrated at NBS were sent to three labora-
tories, Redstone Arsenal, Eppley and Optronics. Measurements were made at
five wavelengths. The maximum values of the differences in percentage are given
in Table 2. They are of the order 1 to 3 percent. It would seem that differences
of this order of magnitude are to be expected also in individual standard lamps
issued by the labs.

Table 2

Maximum Value of the Difference Between Measurements in Four Laboratories.

PXL - PXB
Durex -	 p^B	 x 100

PA,L = irradiance as evaluated by the laboratory other than NBS.

P>,B = irradiance as evaluated by NBS, both values for the case where the dif-
ference was maximum.

Dmax
Max Diff.
Between
Any Two

Standard
Deviation

Redstone Eppley Optronics Labs

.25 -2.5% -1.9% 4.5% .5%

.45 2.4% -2.5 -0.9 4.9 .8

.65 1.5 -2.3 -1.5 3.8 1.5

.9 1.3 +1.4 -1.1 3.4 .5

2.5 2.9 +1.0 + 1.1 2.9 .9

12



The precision of our measurements as may be estimated by the graphs of
R. vs k is of the order of t1/2 percent over the wavelength range 0.25 to 2.5 µ
since as was stated earlier, nearly 90 0/0 of the points lie within t1/2 0/0 of a smooth
curve. In the wavelength range of k < 0.25 and X > 2.5, the points show a wide
scatter. Both precision and accuracy are considerably less in these ranges; we
estimate the errors may be as high as 10 or 1590' at the two extremes.

The Figures 2 through 7 show clearly the major differences between the
`	 different types of lamps. The maximum irradiance is at 0.9 µ for the quartz

iodine lamps, at 0.95 µ for the ETK lamps and at 1.5 µ for the carbon filament
lamps. The effect of the water vapor absorption band at 2.8 µ in pyrex is shown
by the ETK lamps and even more strongly by the E5K lamp where there is the
added effect of 100 cm of pathlength in air.
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