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Effects of Recent Knowledge of Atomic Constants and of
Humidity on the Calibrations of the National Bureau
of Standards Thermal-Radiation Standards

Ralph Stair and Russell G. Johnston

The National Bureau of Standards thermal-radiation standards, as established and
maintained since 1913, are based primarily upon the emission of a blackbody, using the
Stefan-Boltzmann constant of total radiation ¢=25.70 X102 watt/(cm? deg?).

The present status of this constant is reviewed in relation to the recent experimental
evidence for more accurate values of the velocity of light and for the other atomic constants

effecting the value of o.
is unimportant at this time.

It is concluded that any change in the Stefan-Boltzmann constant

An investigation is reported on the effect of the atmospheric water vapor on the trans-

mitted radiant intensities of these lamps at the working distance of 2 meters.

The usual

variations in laboratory humidities will affect the certified calibrations of these standard
lamps less than 0.3 percent and hence may be neglected in all radiometric work wherein they

are employed.

One section of the paper is given to general instructions for the use of these standards

in precision work,
1. Introduction

A convenient standard of thermal radiation was
early recognized as an important requirement in
scientific laboratories engaged in researches involving
the use of radiant energy. Toward this end such a
standard was set ap at the Bureau by W. W. Cob-
lentz four decades ago [1, 2]' This standard con-
tinues to be used for all radiometric work, not only
in this country but throughout much of the scientific
world.

The choice of a carbon-filament lamp for this
standard was a wise one. This type of lamp was in
general use for illuminating purposes in this country
during the early years of the present century. No
other type has been found to equal the carbon-fila-
ment lamp in ruggedness and stability, although many
styles and types of lamps have been developed by
industry through the years. A study was made both
of lamps under carefully controlled laboratory con-
ditions [3] and of a number of lamps returned after
years of service in various laboratories. This study
established that these standards retain their original
calibration with no significant change for more than
200 hours if not mechanically or electrically abused.
A supply of these lamps acquired by the Bureau in
World War I days has been extremely useful in
the preparation of standards for use in many gov-
ernmental and other scientific laboratories. They
are preferred to some of the more recently manu-
factured carbon-filament lamps.

This standard [1, 2, 3] is based upon the radiation
from a blackbody operated in the range of tempera-
tures between about 1,000° and 1,150° C. For the
original calibration it was assumed that the Stefan-
Boltzmann constant of total radiation was ¢=>5.70<
1072 watt/(cm? deg?). Auxiliary measurements
made directly, using an absolute thermopile [2],
wherein electric-energy dissipation provided the

1 Figures in brackets indicate the literature references at the end of this paper.

basis of the calibration showed no systematic differ
ences from those with the blackbody. Other meas
urements with a nocturnal-radiation instrument
constructed for the United States Weather Bureau
likewise showed agreement with the original black-
body calibrations.

2. Present Status of the Radiation Constants

The fundamental law of the blackbody, the Stefan-
Boltzmann law, relates the total radiant flux, W,
from a unit area of a blackbody to the absolute
temperature by the relationship

W=qaT"

The precise value of the Stefan-Boltzmann constant
of total radiation is based mainly upon factors as-
sociated with atomic structure according to the
relationship

where

c=the velocity of light in cm/sec;

h=Planck’s constant of action in erg sec;

c;=the second radiation constant in em deg K;

o=the Stefan-Boltzmann constant in w/(ecm? deg*

K.

In the recently published least-squares summaries
of fundamental constants [4, 5], the value given for ¢
is 2.99793 10 em/sec, h is 6.6252>107% erg sec,
¢, 18 1.4388 em deg, and ¢ is 5.6686 <1071 w/(cm?
deg* K). Hence as a result of recent investigations
the value of ¢ is placed approximately 0.55 percent
lower than that employed in 1914.2 This difference,
however, is near the level of the experimental error

2 Because the temperature scale in the region of 1,100° C, that is near the values
of temperature employed in the blackbody calibrations of the original standards
of thermal radiation, requires alteration by an insignificant amount [18, 19], no
correction for temperature appears to be required at this time.
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assessed in the original calibration. Because meas-
urements with an absolute thermopile, in which only
electrical constants entered, were in precise agree-
ment with the blackbody determinations [1, 2], if
any correction to the data were made at this time it
probably should be based on a mean value between
the two, namely, of an order of less than 0.3 percent.
Taking into account the level of precision normally
obtainable in radiometric work, it must be concluded
that no correction to the original data is warranted
at this time because of new information and changes
in the value of the velocity of light or of the other
atomic constants entering into radiant-energy emis-
sion.

3. Effect of Humidity

A knowledge of the precise radiant-energy output
of these standards under conditions of variable
humidity has recently been dosired in a number of
laboratories. Although it was pointed out by
Coblentz [1] in 1914 that th(\ radiation transmitted
by the glass bulb of these lamps was confined
princ 1pallv to wavelengths less than 3.5 microns, and
would therefore be affected but little by variations in
atmospheric humidity and hence no correction for
water-vapor absorption would be necessary, neverthe-
less, questions have arisen from time to time regard-
ing the magnitude of this absorption. This possibly
results from the fact that a number of water-vapor
absorption bands are present in the near infrared
spectral region. The present investigation was
undertaken, therefore, to ascertain the amount of
the attenuation of the radiant flux from the NBS
standards of thermal radiation to see if any correction
should be applied to the data.

3.1. Instruments and Method

As it was known that any humidity effect upon the
calibration of the NBS standards of thermal radiation
must be small, as indicated above, special precautions
were taken in setting up an experiment to measure
precisely the radiant energy from a group of lamps
as a function of atmospheric humidity in a manner
little affected either by temperature changes, or air
currents within the laboratory, or by stray light from
the sun or other sources. Toward this end a ply-
wood box, approximately 24 by 36 by 120 in. painted
a dull black inside and fitted with a Suitable arrange-
ment of diaphragms, was set up to house the 2-m
optical path between the standard lamp and the
thermopile. The box was arranged with a suitable
window through which a self-recording hydrothermo-
graph could be viewed without disturbing the humid-
ity or temperature conditions within the box.
Motor-driven fans were employed to stir the air
within the box from time to timwe to insure relatively
constant temperature and humidity conditions
throughout.

Desired changes in humidity were accomplished
partly by working at different seasons when different
outside weather conditions existed. Thus the lowest
humidities were obtained on clear, cold days during
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Ficure 1. Electric circuit employed in the potentiometer for

the radiant-energy measurements.

the winter, with outside air being brought into the
box through a filter-trap, which was further cooled
by dry ice. Additional absorption of water vapor
within the box was accomplished by the use of P,O;
and other commercial driers. The highest humidi-
ties were obtained during the summer season by
additional heating of the enclosure with electric coils
and by adding live steam.

In the tests each lamp was subjected to a complete
series of measurements without touching its adjust-
ment in the sockei, because it had been found that
a significant error is sometimes attributable to a
slight misalinement of the source relative to the
thermopile.

In this work the standards were set up according
to the general instructions applicable to their use.
A special Lindeck type potentiometer [6] having a
sensitivity of 0.005 to 0.5 uv per scale division, when
used with a high-grade microammeter (mngvs 0 to
50 pa and higher), was employed for measuring the
lamp output. Thus the scale readings of micro-
amperes corresponded directly to microvolts. This
instrument, whose essential circuit elements are
shown in figure 1, was employed in preference to
the direct use of a galvanometer to avoid errors
resulting from changes in circuit resistance and
galvanometer sensitivity.

3.2. Results

Measurements were made on five lamps over a
wide range in humidity. For each measurement the
temperature and relative humidity were recorded.
Then from the curves of figure 4, which was prepared
from the Smithsonian meteorological tables [7]
giving the density of water vapor at saturation as a
function of temperature, the amount of precipitable
water (the absolute humidity of the atmosphere)
was determined in grams per cubic meter. The
summer measurements on two lamps covering a
humidity range of about 10 to 26 ¢ of water per
cubic meter are shown in figure 2, whereas the winter
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Ficure 2.

Summer measurements at high humidities, using thermopile 2028.
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Ficure 3.

Winter measurements at low humidities, using thermopile 2650.

data on three lamps given in figure 3 cover a lower
range extending from about 4 to 22 g/m®. The
lowest value (4 g¢/m?) corresponds to the condition
of the atmosphere for a room temperature near 70°
F and a relative humidity of about 20 percent. The
highest value of 26 g/m? corresponds to a tempera-
ture of approximately 85° I and a relative humidity
of about 90 percent. A value of 10 corresponds to
a room temperature of 70° to 75° F and a relative
humidity of approximately 55 percent—the value
normally expected in Washington during July, at
which time the original blackbody ecalibrations were
made.* The differences in microwatts (per square
centimeter) per microvolt in the two cases (see figs.
2 and 3) result because of the use of different thermo-
piles having unequal sensitivities.

An analysis by least squares, of the data for the
five lamps studied, given in figures 2 and 3, shows a
mean change of 0.017 percent per gram of water per
cubic meter. As the work in the original calibration
of the lamp standards is thoaght to have been per-
formed under conditions of a humidity of approxi-
mately 10 g of water per cubic meter, any correction
of the original data should be made on the basis of
that humidity. The data illustrated in figure 4
indicate that the range in humidities ordinarily en-

3 The distance at which the original standard lamps were calibrated, namely,
2.0 m, was not the same as that used for the calibration of the detectors by the
blackbody. The latter distance varied from about 40 to 70 cm, and the air path
was thoroughly dried by the use of P20s.

HUMIDITY, PER CENT

RELATIVE

1 v 1 e 1 '
€ 8 10 12 14 16 18 20 22 24 26 28 30
WATER VAPOR, GRAMS/M3

1 L L L I li

Ficure 4. Total atmospheric humidity as a funciion of
relative humidity and temperature.

From Smithsonian Meterological Tables.

countered in laboratories in this country will seldom
exceed a change of more than 5 g/m * from the basic
ralue of 10 g on which the original measurements
were made.  As a difference of 5 g/m * in humidity
corresponds to a change in radiant energy of only
0.085 percent, no consideration need be taken of
normal atmospheric humidities in the use of these
standards in ordinary radiometric work.

A word of caution should be given at this point,
however.  Although no correction need be made for
humidity in the use of these standards, the worker
is often concerned with the measurement of radiant
energy from sources rich in short ultraviolet or long
infrared rays. In the former case, although water
vapor may not be troublesome, transmission factors
of radiometric windows require careful attention.
In the infrared, especially at wavelengths longer
than 4,000 mu, the absorption of water vapor, CO,,
and other gases [8, 11], as well as the transmittance
of window material [12] and the spectral efficiency
of radiometer detecting surfaces [13], must be taken
mto account.

4. Operation of the Standards

As noted above, the carbon-filament lamp is em-
ployed as a standard because of its proved stability
[14]. Calibration and operation at voltages (and
currents) below the normal rated value add much to
its life and general stability. Proper handling and
:are, further insure its reliability.

In operations wherein a galvanometer is employed
directly, extrancous currents may be kept balanced
by the use of an auxiliary control current from a
special battery-operated shunt arrangement [15] to
improve accuracy and linearity of the response
(galvanometer deflection).  Where a potentiometer
setup can be employed, slightly higher accuracy may
be obtained. The use of a light modulator and low-
impedance tuned a-c amplifier may be found to give
sufficiently accurate results and is to be highly rec-
ommended where noisy conditions prevail or where
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speed of operation is important. The potentiometer
or galvanometer is to be preferred for quiet locations
where accuracy or precision in results is at a premium.

The lamps employed (rated at about 50 w) are
first seasoned, then marked for orientation (because
the radiation is not the same in all directions), and
then calibrated for the density of radiant flux at a
fixed distance (usually 2 m) in the specified direction.

In operation, the lamp is screwed into an ordinary
metal socket that is held upright by some convenient
support, which cannot reflect light into the radiom-
eter. The entire lamp bulb is to be exposed to the
radiometer. Sufficient time must be given (say
5 min) for the glass base, which supports the filament,
to become thoroughly warmed, otherwise errors will
be introduced into the radiant-energy measurements
The distance of the lamp is measured from the radi-
ometer to the center (glass tip if present, the etched
mark, or other special mark noted in the NBS report
on a particular standard lamp) of the lamp bulb.

A black cloth, about 1 m? should be placed about
1 m to the rear of the lamp. An opaque shield about
1 by 1 m, having an opening about 10 ¢cm wide and
15 em high, 1s placed at a distance of about 25 cm
in front of the lamp. To screen this opening, a
shutter, about 20 by 20 em, is placed between this
shield and the lamp. Facing the opening in the
shield, the radiometer is placed at a distance of 2 m
from the lamp. The shield and shutter may be
made of air-separated sheets of cardboard, asbestos
board, metal, or other suitable materials.

Before the lamp is lighted, the shutter should be
opened and closed to determine the amount of stray
thermal radiation falling upon the radiometer. This
test may be applied at any time, provided the lamp
has been given sufficient time to come to room tem-
perature. The wall and screen to the rear of the
lamp may be cooler than the shutter, which will
cause a negative deflection. The correction to the
observed lamp deflection is, in that case, positive.
It is desirable to make the calibration in a dimly
lighted room to avoid errors from sunlight that is
continually varying with cloudiness, thus varying
stray radiant energy within the room as well as the
temperature of the walls, and also causing air
currents near the radiometer.

The measurement of the current through the lamp
is, of course, sufficient to determine the radiant flux,
the voltage being useful mainly to determine whether
the lamp has remained constant.

To conserve the calibration, which gradually
changes with use, these lamps should be kept as
reference standards only, and other lamps used as
working standards in all cases where extensive
radiometric comparisons are made.

These instructions and standards of radiation
apply to radiometers used in air. If a window is
used on the radiometer, for example, as in a vacuum
radiometer, then a correction has to be made for the
radiant flux absorbed by the window [16, 17], for
the particular lamp used as a standard, and for the
source measured. This absorption is a function of

the temperature of the lamp filament. For example,
it was found that for a glass or quartz window about
1.5 mm in thickness, the transmission amounted to
about 83 percent when a certain standard lamp was
operated on 0.35 amp, and increased to 84 percent
when the lamp was operated on 0.40 amp. Using
a fluorite (Cak,) window, the transmission is higher
(about 91.5 percent) and varies somewhat less with
the current ordinarily used in the lamp. For ex-
ample, using a certain standard lamp, the transmis-
sion through a fluorite window varied from 91.0
percent on 0.25 amp to 92 percent on 0.4 amp, with
an average value of 91.6 percent on 0.35 amp.

The transmission of the window varies also with
the spectral quality of the radiant flux emitted by
the source under investigation. This must also be
taken into consideration.

The thermal-radiation sensitivity of a surface
thermopile varies with the degree of evacuation;
when highly evacuated this sensitivity may be several
times as great asin air. Because at low air pressures
the sensitivity is variable with the pressure, great
care must be taken to test the sensitivity of the
thermopile under the exact conditions existing during
its use.

The identical area of the radiometer receiver
should be exposed to the standard of radiation as is
used in the measurements of the unknown source.

5. Example of a Thermopile Calibration

The thermopile was exposed, at 2 m, to the stand-
ard of radiation that was operated on 0.350 amp,
under which conditions the radiant flux was 84.9 <
1078 w/em? or 20.3XX107% g cal/em?/sec. As the
thermopile was covered with a fluorite window, only
91.6 percent was transmitted, or 0.916 X 84.9 X 10 %=
77.8X107% w/em?. Under these conditions, the
galvanometer gave a scale deflection of 3.15 cm.
Hence, a deflection of 1 em indicated that 77.8
1070+3.15=24.7X10"° w/em® was incident on the
thermopile element.

Suppose that the radiant flux of a source rich in
infrared rays is being measured, in which the fluorite
window transmits only 80 percent of the total.
Under this condition, a deflection of 1 ¢m indicated
24.7X107%=+-0.80=230.9X107% w/cm? was incident on-
the thermopile window.

If the radiometer window is of quartz, then the
spectlal correction for losses by reflection is about
8.5 percent for all wavelengths from the ultraviolet
to 2 u in the infrared, w here absorption begins.

Owing to the Iargc heat capacity of the filament
there is no appreciable difference in the radiation
emitted by this type of lamp on 60-cps a-¢c and on
d-c generators. The use of lower frequencies is
questionable. In order to maintain a constant
voltage it is preferable to use a storage battery.
However, by the use of a small-voltage regulator and
a small-variable-voltage transformer, satisfactory
voltage and current control may be obtained on
standard 110 v, 60-cps circuits.
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