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WATER-VAPOR TRANSPARENCY TO LOW-TEMPERA-
TURE RADIATION

By F. E. FOWLE

The main purpose of this research was to determine the trans-

parency of water vapor, mider atmospheric conditions, to radiation

such as the warm earth sends toward space. Upon the absorptive

property of water vapor rests in part the virtue of the atmosphere

as a conservator of the heat which the earth receives from the sun.

Radiation from the sun reaches the earth's surface diminished by

a certain portion scattered toward space and certain other portions

absorbed in the gases and vapors of the atmosphere. The return of

the energy of this radiation back to space is an indirect process. The
warmed earth is cooled partly by convection currents playing over

its surface and partly by direct and indirect radiation through the

constituents of its atmosphere. Of these the principal hindrances

to free radiation are aqueous vapor and carbonic acid gas.

The radiation from the sun, at an apparent temperature of 6,000

to 7,000° K.,^ passes through the atmosphere wnth comparatively

little true absorption. Nearly all of the radiation of a body of this

temperature lies at wave-lengths shorter than 2 fi. At sea-level on a

clear day when the sun is in the zenith only about 6 to 8 per cent is

absorbed from the direct solar beam within the great infra-red bands

par, ij/,
(f>
and O in its passage to the surface of the earth.' The amount

scattered from the direct solar beam by the dust and molecules of the

air amounts to considerably more but after subsequent reflections in

considerable part reaches the earth."

The radiation from a body of the temperature of the earth, which

may be taken as about 287° K., is of wave-lengths nearly all greater

than 2 /i, and is hindered by quite a different series of absorption

bands in its passage outward through the air. These absorption

losses are caused principally by the water vapor and carbonic acid

gas present in the atmosphere. This present research will treat

^ In what follows the symbol K. denotes absolute temperature in centigrade

degrees.

^ Astrophysical Journal, 42, p. 406, 1915.

" See Annals of the Astrophysical Observatory of the Smithsonian Insti-

tution, Vol. 3.
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chiefly of the transparency of water vapor at wave-lengths greater

than 2 fi.

Figure i shows graphically the relative positions and intensities

in the normal spectrum of the energy radiating from two bodies of

!/<. 2345678 9 10 II 12 13 14 15 16 17 Ig 19 tO/j.

Fig. I.—Computed black-body energy curves for two bodies of equal size, one
at 6,ooo° K. (sun), the other at 287° K. (earth).

equal size, one at the temperature of the sun, the other at that of the

earth.

HISTORY OF THE PRESENT RESEARCH

At first thought it might seem easy to obtain the main object of

this research by observing in the laboratory the total radiation of

a body at the temperature of the earth, after that radiation had passed

through various amounts of atmospheric aqueous vapor. However,
the complication then introduced by the radiation from the vapor

itself renders the analysis and interpretation of the results difficult

if not ambiguous. So recourse is necessary to the use of the radiation

from a source at a high enough temperature to make negligible the

radiation from the vapor itself and its low temperature surroundings.

But then a new trouble arises for the total radiations of bodies at

different temperatures are of different qualities and differently

affected by the absorption powers of the aqueous vapor. In order

to apply the results to the case of the earth's radiation, it is there-

fore necessary to know the absorptions from wave-length to wave-

length and the comparative distribution of energy in the spectrum

of the laboratory source of radiation and of the earth. This requires

the introduction of the spectroscope with its attending difficulties.

Preparations for observing quantitively the transmissibility of

radiation by aqueous vapor in the spectrum region of the earth's

emission were begun in 1908. The radiation which it was proposed
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to observe in the region between 2 jx and 20 fx is wholly invisible and

very feeble even in the emission from the hottest terrestrial sources

so that extremely sensitive measuring apparatus was necessary.

Few substances are transparent to it. Glass as a rule is non-

transparent for wave-lengths g"reater than 2 fi, quartz for those

greater than 3 ix, and fluorite for those greater than 10 /x. A plate of

rock salt i cm. thick absorbs 50 per cent at 17 fx. and one of silvite

50 per cent at about 21 /x. As silvite was not available it was neces-

sary to use rock salt of which the Observatory, through the courtesy

of the Russian Government, possesses a number of large and beau-

tiful prisms.

Preparations had to be made for observing a great range of

intensities. The radiation from a Nernst lamp, such as was used in

this research as a source of energy at a temperature of about

2,200° K., is at 20 fi only 1/100,000 as intense as it is at 2 /x. The
difficulties inherent in finding proper means for observing accurately

over such a range of intensities will be discussed when the means are

described.

No mirror perfectly reflects an incident beam in one direction. An
appreciable portion of the beam is scattered in all directions as may
be easily noted by looking from any direction at a silvered mirror

upon which a beam of sunlight falls. This scattered light becomes

more and more troublesome as that part of the spectrum is ap-

proached where the intensity is only 1/10,000 that in the brightest

part. Field Hght, as it is usually called, finally amounts to the

whole of the observed energy. Means had to be provided either for

eliminating or measuring it.

In order that the air, the transparency of which was to be meas-

ured at normal atmospheric conditions as to temperature and pres-

sure, should contain sufficient water vapor, it was necessary to make
most of the observations during the hotter summer months. Air

of 50 per cent relative humidity at a summer temperature of 40° C.

contains 12 times as much water vapor as of the same relative

humidity and a winter temperature of 0° C. Even then, with the

length of path possible in these laboratory experiments, the air

column contained only as much vapor as may be found in the atmos-

phere during the winter months along the zenith path of the sun's

radiation to the earth. On a summer day there may be 10 times as

much vapor as this in the sun's path.

In 1908 preliminary experiments were made at intervals between

the regular work of the Observatory. During 1909 and 191 1, in the
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lack of sufficient sensitiveness of the apparatus for measuring the

feeble radiation of the longer wave-lengths, certain measures were

made connecting the amounts of absorption in the bands of the upper

infra-red, 0.7 fx to 2.0 /x. with the quantity of water vapor producmg

them/ These bands are those affecting the incoming radiation from

the sun.

In the early part of the summer of 1913 attempts were made to use

a vacuum bolometer which Dr. Abbot had meanwhile prepared. The

air-pump, then in the possession of the Observatory, was not suitable

and the summer became so far spent that the experiments were finally

carried on without a vacutun. When the results were reduced the

next winter a serious discrepancy Avas found, the cause of which was

so obscure, that it escaped detection for some time. It necessitated

the repetition of the experiments in the summer of 1914. This source

of error lay in the circumstance that in the form of lamp then used

for the radiation source, the bolometer was exposed to a source of

somewhat different effective temperature when the radiation passed

through the water-vapor tube than when it passed through the

spectroscope alone. The comparison of the observed energies in

the two cases was to serve as a measure of the absorptions due to

the water vapor and thus the change in quality of the rays just

explained caused error. This error was avoided by the use of proper

diaphragms and the construction of a more suitable and far more

effective form of lamp. Some doubt as to the matter of field light

required further observations during the summer of 1916. Because

of complications resulting from the absorption of the radiation by

carbonic-acid gas, further observations were made during some very

cold days of the winter of 1916-17. On such days the losses due to

^ The results of these oljservations were published in a series of articles in

the Astrophysical Journal discussing the transmission of radiation through

moist and dry air and water vapor between the wave-lengths 0.35 and 2.0 fi.

The first (1. c. 35, p. 149, 1912) gave the laboratory calibration, with known
amounts of water vapor, of the intensity of energy in the bottom of certain

absorption bands, the depths of which could be accurately measured bolo-

metrically. The second (37, p. 359, 1913) gave applications of the first paper

to the spectroscopic determination of the water vapor above Mount Wilson

^nd a comparison of these values with determinations by Hann's formula.

The third (38, p. 392, 1913) treated of the non-selective scattering of dry air

and water vapor for the spectrum region 0.35 and 2.0 \i. The fourth (40,

p. 435, 1914) was concerned with the application of the dry-air transmission

coefficients to the determination of Avogadro's constant, the number of mole-

cules in a gram-molecule of any gas. The fifth (42, p. 394, 191 5) gave the

corresponding selective absorptions in the spectrum region 0.35 to 2.00 \i.
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aqueous vapor would be at a minimum, whereas the carbonic acid

gas would be practically as effective an absorber as in the summer
time. Finally, because of both the unexpectedly small absorption

of radiation at the longer observed wave-lengths and the too-small

quantity of aqueous vapor possible in the laboratory experiments,

observations were made in April, 1917, of the atmospheric absorp-

tion of the radiation from the sun itself.

The necessity of the right-working of so many unruly processes,

the galvanometer, the bolometer, the source of radiation, a trans-

former working far beyond its capacity in furnishing current for the

lamp, the need of sunny weather, not too damp for the use of rock

salt nor too windy for the galvanometer or bolometer, and without

too man}' of the ever-prevalent summer cumuli—all these require-

ments tended to make the securing of good observations a tedious

])rocess. Often, too, all the difficulties had to Ije attended to single-

handed.

Before proceeding the writer wishes to express his gratitude to

Dr. C. G. Abbot, the Director of this Observatory, who not only

suggested the research but at all stages was ever ready to help with

suggestions and criticisms in the many perplexing" problems.

WORK OF OTHER INVESTIGATORS

Although less than i per cent of the sun's incoming energy lies

at a wave-length greater than 2 jx, nevertheless the intensity of the

sun's heat is so great that measurable energy would be expected at

greater wave-lengths unless lost in passage through the constituents

of the earth's atmosphere, or possibly in the gaseous envelopes about

the sun itself. Langley,^ in his solar and lunar spectrobolometric

researches, found indications of energy between 2.0 and 2.5 jii, 2.8

and 4.0 jx, and 4.5 and 5.3 /x. Beyond the maximum at 4.6^1, Langley

states, " lies the longest break of all, stretching from 5.0 to y.y /x."

BetWeen 8.4 and 9.1 /x and at lO.y fx there is practically complete

transmission as indicated by observations to an air mass of 3.76, and

the observed decrease in transparency for greater air-masses is

probably due to the smoke in the atmosphere.

^ The Solar and Lunar Spectrum, Alemoirs National Academy of Sciences,

IV, p. 159-170, 1888. Note: The longer wave-lengths given by Langley are in

error and have been corrected by means of his recorded deviations and a

deviation-wave-length curve computed from the dispersion data for rock

salt given in Vol. I of the Annals of this Observatory.
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Paschen ' investigated the transparency of carbon dioxide and

water vapor. He used a column of steam 7 cm. long- at atmospheric

pressure. Between the wave-lengths i and 9 /x he showed definitely

the absorption due to each absorbent. He also gives four curves

showing the energy curves to about 9 /x of a blackened platinum

strip at 450° C. observed through an empty fluorite cell and with the

cell containing films of liquid water, o.oi to 0.02 mm., at least

0.03 mm., and 0.08 mm. thick. The principal liquid water bands

of this region lie at 2.9, 4.7, 6.1 fx.

Rubens and Nichols ' found but a small absorption due to water

vapor for the energy from a terrestrial source selectively reflected

from fluorite at 24.4 jx. Energy of this wave-length could not have

been found in the solar spectrum by the earlier observers owing

to its absorption in their prisms of rock salt or fluorite. Rubens and

Aschkinass ^ pursued the experiments using selectively reflected

sun-light of the same wave-length, 24.4 /x, with purely negative

results, no deflections were obtained. They then proceeded to the

examination of the transmission of energy from a laboratory source

through 40 cm. of steam at atmospheric pressure. The results of

Rubens and Aschkinass and of Paschen will be given later in more

detail in connection with the results of the present research. Their

results were all obtained with steam at 100° C. and 76 cm. pressure

whereas the results of the present contribution were obtained at

atmospheric conditions both as to temperature and to total and partial

pressures.

Rubens later, using the residual radiations selectively reflected

from various crystals, found that water vapor has strong absorption

between 45 and 120 fi, this being especially intense at 50 /x, 66 fx, and

79 fji. Relatively high transparency occurs at 47 fi, 54 fi, 62 fi, 75 fi,

91 /i,, and at 115 /x.* In an earlier research with Wartenberg' he

found that a column of steam 40 cm. long and at atmospheric pres-

sure transmits radiation as follows : 39.6 per cent at 23 fx, 0.7 per

cent at 52 /x, 19.6 per cent at 1 10 fi, and 49.2 per cent at 314 /x. These

results are not necessarily at variance with the earlier statement that

with selectively reflected sun-light purely negative results were

obtained at 24.4 fx by Rubens and Aschkinass. For some other

^ Annalen der Physik und Chemie, 51, p. i, 1894; 52, p. 209, 1894.

" Idem., 60, p. 418, 1897.

^ Idem., 64, p. 548, 1898.

* Berichte Kgl. Preuss. Akademie der Wissenschaften, 1913, p. 513.

° Verb. Deutsche Physikalische Gesellschaft, 13, p. 797, 1911.
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atmospheric absorber than aqueous vapor may have removed the

energy of this wave-length from the solar beam.

TEMPERATURE AND PRESSURE EFFECTS

The effect of pressure on the absorption of radiation by gases has

been investigated principally by Miss Eva von Bahr.^ In general

the absorption of the same quantity of gas is increased by increasing

its pressure. The absorptive power exerted by a gas present in an-

other gas does not depend merely upon its partial pressure but upon

the total pressure of the mixed gases as well. For instance, let the

absorption of a given quantity of a gas in a tube be measured ; if the

gas be then allowed to expand, in such a manner that the weight of

gas in the path remains the same, the absorption would in general

decrease. If a non-absorbing gas be then admitted until the total

pressure is restored, the original value of absorption will be regained.

This absorbing power of a gas in general increases with increasing-

pressure somewhat rapidly at first, then more slowly, and the maxi-

mum constant power of absorption for a gas in not reached until

under pressures ranging from 50 cm. for CSo to 400 cm. for CH^
and COo.

Unfortunately the variation of the transmission with the pressure

has been determined for only one of the absorption bands now under

consideration. Miss von Bahr gives for the water-vapor band at

2.^ fi the following values for the absorption of a constant amount

of vapor under the varying pressures

:

105 mm. 4.6 per cent.
I 405 mm.

235 " 7.2
"

{

570 "

370 " 8.6 " 755 "

8.5 per cent.

10.6 '

12.0

The increase in pressure was produced by introducing dry air

which exercised practically no absorption at this place in the spec-

trum. Miss von Bahr states that the " change of its absorption as

dependent upon the total pressure is in general (for the same gas)

the same in the diiTerent bands."
^

The present research is carried out on vapor at y6 cm. total pres-

sure whereas part of the vapor in the atmosphere is at a considerably

^Annalen der Physik, 29, p. 780, IQ09
; 33, p. 585, 1910; Verhandlungen der

Deutsche Physikalischegesellschaft, 15, p. 673, 1913.

' Die Anderung der Absorption auf Grund des Gesamtdruckes ist in

allgeraeinen die Gleiche in vcrschiedenen Banden.
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reduced total pressure. It may give a fair estimate of the error

committed in using these laboratory values for the transmission of

the atmospheric water-vapor in the path of the sun's or earth's radia-

tion, to use the observations of Miss von PJahr just tabulated. Using'

the distribution of aqueous vapor at different altitudes as given by

Humphreys/ a vertical column of air, which would give a transmis-

sion of 88 per cent with a total pressure uniform throughout at 76 cm.,

would give, with a distribution of pressures such as actually exists in

the atmosphere. 90 per cent in summer, 89 in winter according to the

measures of Miss von Bahr. With the distribution of vapor above

Mount Wilson, the transmission comes out 90 per cent for both

summer and winter. That is, it would take a slightly greater amount

of vapor to produce an absorption noted in the spectrum of a celestial

body than would be expected from the laboratory data. If the

observations are made at the surface of the earth, the difference

would be I or 2 per cent and about 3 per cent if made at Mount
AVilson.

Of the effect of temperature on the amount of absorption of gases

comparatively little is known. Miss von Bahr ' considers that its

eft"ect is certainly different from that of pressure. She interprets

her results to mean that an increase of temperature causes a consider-

able damping by the absorbing particles whereas an increase in pres-

sure up to a certain limit merely influences things by increasing the

number of absorbing particles. A comparison of the results obtained

with steam with those obtained under atmospheric conditions as

regard to temperature indicates that less absorption would be ex-

pected at the lower temperature.

APPARATUS AND METHOD OF OBSERVING

The arrangement of the optical apparatus is shown schematically

in figure 2. Radiation from the source N, composed of Nernst

lamps, passed 42.5 meters through the tube T, containing the water

vapor, to the mirror M^, 51 cm. in diameter, thence, collimated, 16

meters to the flat mirror Mo, 76 crn. in diameter, thence back to M^,

and then to focus on the slit of the spectroscope at S. Before enter-

ing the spectroscope the beam could be returned over the path

through the water vapor by means of two flat mirrors, F^ and Fo,

close beside the slit. The first arrangement gave a path through

the water vapor of about 117 meters, to which must be added the

^Bulletin of the Mount Weather Observatory, 4, p. 121, 1911.

Annalen der Physik, 38, p. 206, 1912.
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path through the spectroscope making a total path of 128.5 nieters

(422 feet). The second arrangement totaled 245.5 meters (806

feet). The source N could be turned towards the slit and its radia-

tion passed directly into the spectroscope. Its path through water

vapor then amounted to only 11.5 meters (38 feet).

The differences of the observed intensities of the spectrum energy

after passing over the various paths served to measure the energy

absorbed in the water vapor.

In consequence of the long path of aliout 43 meters to the colli-

mator M^, but a small part of the energy sent out by the lamp was

utilized. A shorter focus collimator would have been no better

except with a point source of radiation ; for as the source was 10 cm.

tall, the extreme divergence of the bundles of parallel rays from the

Fig. 3.

—

F, principal focus of lens ; b, colHmated rays from point source

;

C, colHmated rays from linear source.

two ends of the source would have overbalanced the gain in incident

energy on the collimator from the lamp (see fig. 3). Unfortunately

there was a serious vibration of the image of the lamp formed on

the slit due to the great magnification of the small tremors of the

mirrors. These two causes, the small angular aperture of the mirror

and tremor of the image, went far to limit the accuracy obtainable

in the observations.

The energy, after entering the slit of the spectroscope, passed to

a cylindrical collimator (straight elements vertical) of 543 cm.

focus, diaphragmed down to 12 by 9 cm. ; thence it passed to a rock-

salt prism with Wadsworth minimum-deviation attachment, then to

the concave mirror of 75 cm. focus which formed the spectrum on

the bolometer. All the mirrors were silvered on glass.

THE WATER VAPOR
The water vapor was contained in a large double-walled galvan-

ized-iron tube, open at its ends. Suitable compartments being pro-

vided in the double wall, and numerous holes leading from these
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into the inner tube, a 22 horse-power rotary blower served to

thoroughly stir the air and aqueous vapor. Alternate compartments

were supplied with pressure and exhaust. This stirring was neces-

sary in order to prevent stratification of the air and the consequent

blurring and drift of the image of the lamp. It was not desirable

to run the blower during an actual spectrum record because of the

tremors communicated to the mirrors and to the galvanometer.

The amount of water vapor was determined by wet and dry

thermometers at the spectroscope, at the mirror shelters and at

several places in the tube. These were read while the air in the

tube was stirred by the i)lower. Check determinations were made
several times by Mr. L. B. Aldrich, who absorbed and weighed in

tubes of calcium chloride and phosphorus pentoxide the water vapor

from known volumes of air taken from the tube. The following table

gives the water per cubic meter as measured by the two methods

:

By wet and dry thermometers
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SOURCE OF RADIATION

The radiation used in the following experiments was finally fur-

nished by a lamp of 44 Nernst-lamp double-glowers or 88 filaments.

It would have been impracticable to use any inclosed radiator because

of the absorption in the inclosing material of the very radiations

required.

Within a rectangular frame of soapstone (a), figure 4, was
mounted the series of filaments (b). To the rear of the filaments

the soapstone was cut away so that the radiation observed from

between the filaments was that from the walls of the room at nearly

the temperature of the rest of the spectroscope and not radiation from

the hot material of the frame of the lamp.' The glowers were

clamped between copper blocks on each side. In the under copper

blocks were ruled grooves into which the platinum ends of each

glower were carefully placed. Over these ends were laid strips of

platinum foil, then the upper blocks were clamped tightly down upon

the ends of the glowers. The foil, as well as several horizontal deep

saw cuts in the somewhat stifif upper blocks, was necessary to insure

sufficient contact on the filaments to hold them in place and to furnish

them with electrical current.

The Nernst glowers do not conduct an electrical current at

ordinary temperatures. They Were heated by a blast lamp until

they would conduct. Then when once conducting they would become

hotter and hotter, conducting better and better as their temperature

rose, until they would have melted if they had not been provided with

so-called " ballast " series resistances. These iron-wire ballasts were

so chosen that their increase in resistance with the temperature nearly

compensated the decrease in resistance in the filament due to rising

temperature. The ballasts were located in a separate box. The

lamps were pushed to their utmost, output and they frequently burned

out. Although rated at nearly an ampere each the whole 44 in the

second lamp would stand but a little over 15 amperes on an open-

circuit voltage of no volts. The black-body curve best fitting their

energy curve indicated an effective temperature of about 2,250° K.

^ This provision was important. In the earlier lamp the filaments were

inclosed in a hollow in the soapstone ; but the soapstone, although doubtless

helping to keep the lamp at a steady temperature, was not near enough to-

the temperature of the filaments to produce approximately equal radiation

intensity as a part of a black-body source and too near this temperature to

have its radiation negligible, whence the error earlier mentioned. The room

temperature was so near that of the bolometer that its radiation seen through

the interstices of the filaments was negligible.
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THE SLIT

The slit was lo cm. tall with jaws opening bilaterally. Because of

the great range of intensity to be observed, from one to a hundred-

thousand fold, from one end of the spectrum to the other, some means

had to be provided for altering and knowing accurately the amount

of alteration in the amount of energy flowing through the slit. It

was thought best not to depend upon the readings of the slit mi-

crometer screw for accurately measuring the widths of slits used.

In the earlier part of the research relating to the upper portion

of the spectrum, 2 jx to 10 /x, when the lamp used had its filaments

vertical, a lateral change of the slit opening would have been bad

because of the irregular lateral changes in the intensity in the lamp.

Accordingly a constant slit width was used just wide enough, or less,

to be covered by the lamp image, and a series of horizontal grids or

diaphragms was used to lessen the intensity of the spectrum. This

scheme had the disadvantage of giving a low purity of spectrum

corresponding to the great slit width necessary in the least intense

part of the spectrum. It had the advantage of allowing the more

accurate determination of the energy reducing value of the dia-

phragm. For the change of deflection when the diaphragm was

inserted was not complicated by changes in the purity of the spec-

trum such as would attend change of slit width. Besides this, owing

to having a wide slit, the trouble from diffraction presently to be

described did not take place.

For the observations reaching to the greater wave-lengths, a lamp

with horizontal filaments was used, the intensity of which was there-

fore uneven in the vertical direction. The largest slit width for a run

was set by closing the slit until the jaws just touched a cylindrical

template (4.99 mm., 5.82 mm., or 10.69 ^^^^- ^^ diameter). In the

more intense regions of the spectrum the slit was reduced by turning

up in succession in front of it two accurately cut slits the widths

of which had been measured on a comparator (2.36 mm. and

0.67 mm.) . Four rotating sectors could also be used for reducing the

energy, which according to their mechanically measured apertures,

reduced in the ratios, 0.333, 0.1054, 0.0501 and 0.00512 respectively.

All this provision for making reductions of intensity with accuracy

proved somewhat illusory. It has been found here and by others*

that rotating sectors do not cut down the energy proportionally to

their mechanically measured apertures as would be expected. For

instance the 0.333 sector cut down the energy by 0.344 as determined

* Coblentz, Bulletin Bureau of Standards, 4, p. 455, 1907.
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by deflections of the galvanometer before and after the insertion of

the sector. It is to be noted that the vakies of intensity transmitted

by rotating' sectors which have been observed here in several in-

stances and by Coblentz are always greater than the theoretical

value.

Further, not even the vertical slits of fixed widths proved satis-

factory and widely differing reduction values were obtained in using

them. The cause was obscure until Dr. Abbot suggested that the

wave-length of the energy might be sufficiently great to cause large

spreading" of the beam by diffraction ^ even with the wide slits

in use (e. g. 2.36 mm.). The fact that this trouble occurred only

when the energy passed through the water-vapor tube and an image

of the lamp was formed by the mirror M^ on the slit seems to sup-

port the explanation. For in this case the light just filled the

diaphragmed collimator of the spectroscope, and diffraction would,

as soon as the wave-length was great enough, spread the light

beyond both sides of the diaphragm when the narrower slit was up

and not when the wider slit was in use. The increasing spread of the

light with greater and greater wave-lengths would result in greater

and greater reducing ratios for the diaphragm as determined by

the deflections for greater and greater wave-lengths. When, how-

ever, the energy from the lamp flowed directly through the slit into

the spectroscope it so over-filled the collimator that doubtless what

was diffracted off from the mirror on one side was diffracted on,

so to speak, from the energy already oft' on the other side. Unfortu-

nately the observations were reduced, because of the press of other

work, over a year after they were made, so that there was no oppor-

tunity for full investigation of the supposed diffraction phenomena.

THE BOLOMETER AND GALVANOMETER
For the first part of the research extending to lOju. a bolometer

strip 0.1 mm. wide by 12 mm. tall was used. Its resistance was

about 4 ohms. No plate of any material whatever closed the front

of the bolometer case. For the latter part of the work a bolometer

strip 0.5 mm. wide by 12 mm. tall was used. The current of 0.04

ampere through the bolometer strip was furnished by two storage

cells in parallel. This current was increased to 0.08 and finally to

0.13 ampere for the 191 6- 17 work. The bolometer strip was placed

in an air-tight case, the front being closed with a i cm. thick rock-

^ Annals of the Astrophysical Observatory of the Smithsonian Institution,

I, p. 79, 1900; Lick Observatory Bulletins, 3, 42, 1904.
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salt plate fastened on air-tight with white wax. The transmissi-

bility of radiation through this plate will be found in table I under

the section relating to the prisms.

The galvanometer is the same as that described on page 32 of

Vol. 2 of the Annals of this Observatory. The proportionality of

its deflections to the current was tested each year and found to be

satisfactory. A time of single swing of about 3 seconds was generally

used. The sensitiveness of the apparatus was such that a change of

^BATTERY,2V0LTS

[T||—www
9-50HIVIS,0.13AMPERE5.

Fig. 5.—Bolometer circuits.

resistance in R (see fig. 5) of one ohm caused a deflection of

nearly 3 cm.

The galvanometer deflections were recorded on a photographic

plate moved by the same clock which moved the spectrum over the

bolometer. The following were the various speeds used for the plate

and spectrum

:

1908, I m. of time= 4 cm. of plate= 20' of spectrum

1914, I m. of time= i cm. of plate= 8' of spectrum

1916, I m. of time= i cm. of plate = 4' of spectrum
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ROCK-SALT PRISMS

For the work down to about lo /x two rock-salt 60° prisms were

available, one with faces 18 cm. tall by 15.5 cm., the other 19 by

12.7 cm. The former was cut from an especially clear crystal and

was generally used. For the work extending to greater wave-lengths

two rock-salt prisms of about 15° were used with faces 13.4 tall and

8.3 wide, 0.4 cm. thick at the refracting edge, 2.7 cm. thick at the

base. Further the front of the bolometer case was closed b)^ a

rock-salt plate i cm. thick. Table I gives in line (i) the coefficient

of transmission for rock salt (a, in the formula e''^^ where d is the

thickness in cm.), (2) the mean transmission for the smaller prism,

using the mean thickness, 1.5 cm., (3) the transmission for the rock-

salt plate I cm. thick, (4) the transmission for the two combined,

(5) approximate values for the amount of light reflected from the

4 rock-salt surfaces and (6) the complete transmission factor.

Table !.

—

Transmissibility of Energy Through Rock-Salt
Prism and Plate

Wave-length
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(') measured from the sharp maximum in the spectrum of the lamp

at 1.838 II. The true deviations, B, equal 39° 33.7' + A^ for the 60°

rock-salt prism and 8° 9.9' + A^ for the small rock-salt prism. The

plate distances, d, are in cm. measured from the position of the

maximum at 1.838 /* as zero. d^/dA, given on an arbitrary scale, is

for use in transforming the energy curves from the prismatic to the

normal scale, dd/da, is the change in deviation, d, in cm. for a

change in the angle of the prism of one degree. The deviations were

computed from the indices of refraction given by Paschen.'

Table 2.

—

Dispersion Data
60° rock-salt prism

X in /x. .

,

Ae in '
.

.

d in cm.
de/d\..,

I
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fall near the slit. Finer adjustments brought the image so that its

light passed centrally through the slit. The spectroscope collimator

and diaphragm were then adjusted so that the beam was central

both on them and on the prism. The last condition was best ascer-

tained by looking towards the collimator through the prism and

adjusting so that -the filament was visible over the whole extent of

the prism. The bolometer was adjusted to look centrally at the

projection of the beam on the image-forming mirror and the latter

adjusted to bring the image of the spectrum vertically on the

bolometer.

Then, when using the 60° prism, sun-light was thrown on the

spectroscope slit and the prism ^ adjusted in minimum deviation

by slightly turning it back and forth, leaving it in the position where

the A line, as seen in the bolometer eye-piece, was at its minimum
deviation. With the 15° prism the purity of the spectrum was
insufficient to show any solar lines. A Bunsen flame, colored with

sodium, was used to illuminate the slit instead of sun-light and the

adjustments were made by means of the D lines. The spectrometer

circle was then turned to bring the A or D line central on the

bolometer strip and the position was read. Energy curves (or

holographs) were started from the spectrometer positions thus

determined.

After the apparatus had been thus adjusted the blower was started

and readings were made of the wet and dry thermometers in the

water-vapor tube before beginning observations.

OBSERVATIONS .

It was originally proposed to observe alternately the energy in

the spectrum of the Nernst lamps when shining through the water

vapor in the large tube and immediately thereafter when shining-

through the spectroscope alone. It was found, however, that the

curves obtained through the water vapor in the spectroscope re-

mained so constant over the greater part of their wave-length range

that in the 1916 observations they were often omitted. The change

in aspect of the curves attending the above described change in

path of the rays gave a measure of the absorption produced by the

water vapor and carbon dioxide in the tube.

^ Before setting- up the prism it was best to give it a new coat of asphalt

and slight!}' warm it out in the sun-light to prevent the fogging of its surfaces

by the deposition of moisture from the air.
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TRANSPARENCY FROM 1.2 TO 9.0 \i

In the upper portion of figure 6 will be seen a curve drawn from

a hologram showing the distribution of energy in the spectrum of the

lamp of Nernst glowers after the passage of its radiation through the

air, carbon dioxide and aqueous vapor in the path through the

spectroscope alone.

Z.OjU 3.0/u %0m QDm

Fig. 6.

—

a, Bologram Nernst lamp, 60° rock-salt spectrum ; a, ditto corrected

for slit and bolometer widths
;
ppt. H2O, o.oi cm. ; b, ditto, ppt. H2O, o.i cm.

;

c, black-body curve, 2,200° K.

To see whether any of the energy at the longer wave-lengths was

due to energy scattered from the shorter wave-lengths, several

holograms were made with a quartz plate I cm. thick inserted be-

tween the lamp and the slit. No appreciable deflection was observed

beyond 4 fi, where quartz becomes opaque. Hence there is no appre-

ciable energy at the deviations corresponding to wave-lengths greater

than 4. fx contributed by radiation of shorter wave-lengths transmissi-

ble by quartz.
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CORRECTION FOR SLIT AND BOLOMETER WIDTHS

When a spectrum is formed with a sHt of finite width (the sHts

here in use were often necessarily wide), the energy at any point

in the spectrum includes an appreciable range of wave-lengths

depending upon the angular width of the slit. This apparent so-

called impurity of the spectrum is further increased by the finite

width of the bolometer. Indeed it is easily seen that the range of

deviations observed by the bolometer at any point of the prismatic

spectrum is equal to 2 (a+b) where a and b are the slit and bolometer

widths expressed in angular values subtended in the spectrum. In

appendix I will be found the derivation of a formula for partially

correcting for this impurity of the spectrum. This formula was

applied in every case where the resulting correction would be of

importance. Such a formula can only partially correct for errors

in the readings of the maxima and minima in a spectrum. It of

course cannot reproduce from a nearly continuous record, such as

is shown in the upper part of figure 6, a purely line absorption

spectrum such as is produced by water vapor. Such a formula is

best applicable to a continuous spectrum such as would be given, for

example, by a black body.

Having corrected the curve in the upper part of figure 6 for the

widths of slit and bolometer, it becomes as shown at a' in the lower

part of the figure. Here the ordinates of the longer wave-length

portion (5 to g fi) are magnified 10 times relatively to those of the

shorter wave-length section. Curve b, on a uniform scale with a',

records the energy passing through the air, carbon dioxide and water

vapor in the 117 meters additional path of the large tube. Curve c

on a similar scale is the black-body curve corresponding to a tem-

perature of 2,200° K.

In order to obtain the amount of energy absorbed by the aqueous

vapor it would be highly desirable to observe the energy first through

the 117 meter path in vapor, then through the same path free of

vapor. This was practically impossible. As a substitute for the

latter condition, the energy was recorded with the lamp turned so

as to observe its energy when passing through the spectroscope

alone. With such a process the deflections at any wave-length could

not be directly compared but had to be first reduced to the same scale.

This was done by making the two sets of curves coincide near devia-

tions — 5' and 4-5' in spectrum regions where the many experiments

of this observatory indicate no appreciable absorption by atmos-
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pheric gases and vapors. Curve a' of figure 6 is an energy curve so

made and it will be noted that even with the comparatively short path

through the spectroscope (11.5 meters) some of the^ absorption bands

are still quite pronounced. A black-body curve tangent to the curve

a' and corresponding to a temperature of 2,200° K. was thought to

be the best means of representing what might be expected as the form

of the energy curve were there no absorption bands present. This

is curve c which is tangent to curve a' at deviations ±5', at 100' to

140' (8 to 9 /x) and nearly so at 40' (5 /x)

.

In figure 7 are plotted the results obtained by dividing by values

read from curve c those obtained from curves similar to a' and b.

The solid points with the dashed lines connecting the mean values,

belong to the class a\ and show the absorption produced by the water

vapor and carbon dioxide in the path through the spectroscope alone.

The aqueous vapor corresponds to 0.008 cm. ppt. HoO, the carbon

dioxide, to about 7.4 grams ^ in a column of the length of the path

(11. 5 meters) and a meter square in section. The curve plotted with

open circles, squares and diamonds with the solid connecting line

corresponds to the class b. This curve shows the absorption due to

the medium contained in the path of 117 m. through the great tube.

The aqueous vapor corresponds to 0.082 cm. ppt. HoO and the carbon

dioxide to 83 grams in a column of the length of the path and of a

square meter in section. Probably the increase in absorption indi-

cated by the increase in the area of the absorption bands of the two

observed curves is more accurate than the absolute values of absorp-

tion for these involve the assumption that the black-body curve of

2,200° K. would represent the distribution of energy if there was no

absorption.

There is also reproduced in the dotted curve extending from 5 to

about /'.y jx the work of Rubens and Aschkinass (1. c.) taken with a

column of steam 30 cm. long- at 100° C. and corresponding to

0.0042 cm. ppt. HoO.

In the region shown here there are two important bands with

maximum absorption according to Paschen at wave-lengths 2.73 and

4.63 /x respectively due to carbon dioxide. Unfortunately it was not

feasible to remove this gas from either the spectroscope or the large

^The total CO^, similarly measured, vertically from the surface of the

earth outwards is about 3,000 grams.
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tube. Paschen ^ gives the following data relative to the amount of

absorption in these bands :

Table 3.

—

Carbon Dioxide Band 2.34 to 2.92 m; Maximum
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distribution of energy in the spectrum here observed with the Nernst

lamp at 2.200° K. is indicated, and this may be regarded as a measure

of the " weights " of the different parts in producing the absorption

vakie here given. If instead of a Nernst glower the sun were

observed, the upper part of the table would have even greater weight,

while with the earth as a radiator the lower part should have a

greater weight. The relative weights in the earth's 'case are given in

the last column and the absorption value in the footnote to the table.

Table 4.^Absorption by Water Vapor, 1.3 to 8.0 fi

Band

n
X

T> „ c Relative energyR^"8e of
I

.
,^ j,,,3«f.

wave-length ,1
^

radiator

Percentage absorbed

1.3 to I,

1-75
2.2

4.0

/3
2.2
3.2
4.0
4-9

2300
2150
2400
1050
640

r. • •. ui i I Relative energy
Precipitable water in cm.

i 287° K. Black
radiator

o.oc8

6.1
13.6
23.6
21.7
32.5

18

29
41

37
50

I

38
418

z
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Turning- to figure 8, there will be seen ;i re])roduction of a record

of the deflections of the galvanometer needle which measures the

amount of energy absorbed by the blackened bolometer strip, as there

passes over it. under varied circumstances, the i5°-prismatic rock-

salt spectrum of the lamp of 88 Nernst filaments or glowers. This

record was made September 19, 1916, with 0.012 cm. ppt. HoO in the

path between th^ lamp and the bolometer.

The record consists of three sets of curves : first a lower, dotted,

single-branched record indicating" the zero of the galvanometer

needle when a shutter at a temperature of about 300° K. was inserted

between the lamp and the slit ; second, an upper, five-branched curve,

Fig. 8.—Bologram 15° rock-salt pri.smatic spectrum of Nernst lamp
through aqueous vapor and carbon dioxide in the spectroscopic path alone.

7 grams CO- in m^ path, 0.012 cm. ppt. H2O.

abcdc, the observed energy spectrum of the lamp. The branch

shows the rapid rise of energy to a maximum at 1.838 /x and, for the

present record, was made with a slit 0.67 mm. wide, the inflowing"

energy being further reduced i/20th by a rotating- sector. There is

a rapid fall of energy on the right-hand or long- wave-length side,

and the sector was removed to allow sufficient energy to flow through

the slit to produce the branch b ; then for the branch c the slit was
increased to 2.36 mm., for the branch d to 5.82 mm., and finallv for the

branch e to 10.69 "I'ti-^

^ These slit-widths were obtained cither by the use of brass slits of fixed

widths inserted in front of the regular spectroscope slit, or by closing the

latter until its jaws just touched a measured cylindrical template.
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The points connected to form the third trace a'h'c'd'e' were ob-

tained by the insertion of a plane-parallel quartz plate one-half a

centimeter thick, between the energy source and the slit. Otherwise

the conditions were for curve a'h'c'd'e' the same as for the curve

abcdc. The significance of this third curve will be presently

considered.

Taking into account the widths of slit and bolometer these curves

were first corrected to represent as well as possible " pure " spectrum

conditions as described under the work relating to the shorter wave-

lengths. See also Appendix I.

The next step was the reduction of all the branches of the two

upper curves to the same scale. Provision was made to accomplish

this by arranging the observations so that in the last three branches

ordinates were obtained at the same abscissae for two successive

slit conditions. However, when the ratio of ordinates under the

wide slit to those under the narrow slit was taken, this ratio was
found to progressively increase as the wave-length increased. The
cause of this change, as stated in the description of the slit, remained

obscure for some time until it occurred to Dr. Abbot that it was
probably due to the spreading of the beam by diffraction when the

narrower slit was used to produce the lower branch of the curve.

As already stated and explained (1. c.) it occurred only when the

beam passed through the long tube containing the water vapor and

not when employing the path in the spectroscope alone. In the

former case, the beam jvist filled the collimator mirror and dififraction

caused it to spread ofif the mirror. In the latter case the beam con-

siderably more than filled the mirror and the diffraction produced

no harmful result.

This disturbance, therefore, rendered difficult the determination

of diaphragm values for the reducing of the various parts of the

curve to the same scale. With the spectroscope alone no trouble

was found, for the slit ratios as measured mechanically and by means

of the deflections agreed closely and the energy curve over the whole

range of wave-lengths could be reduced to a uniform scale. ' It was

thought best on the whole to use the same slit ratios for the tube work
that were used with the spectroscope alone. To avoid error in the

tube work as far as possible the overlapping parts of curves made
with the smaller slit were rejected. It might, however, be feared that

some error from diffraction affects the tube work even with wide

elits. This matter will be treated later, and such errors will be

shown to be probably negligible.
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It was next necessary to reduce the curves " with " and " without
"

the water vapor to a common scale. It had been intended to do this

by comparing the heights of the branches of region a and making

these heights in the ratio which the higher dispersion work already

described on this region indicated. This method had to be aban-

doned not only because of the difficulty of reducing the successive

portions of the curve to the same scale as a, but also because of the

great sensitiveness of the branch a to change in the amount of vapor.

For the branch a, extending from say about i to 4 /x, includes several

important water vapor absorption bands, namely,
<f),

ip, fl, and X,

besides several smaller bands. These bands, because of the impurity

of the spectrum, are not indicated in the smooth contour of this

maximum. Their existence is felt, however, by its rapidly decreas-

ing height with increasing amount of absorbing vapor as may be

seen in figure 8. These separate bands may be seen in the result

with the 60° prism shown in figure 7. Only the great band between

5 and 8 |U, is noticeable in the impure spectrum recorded with the i^'^

prism.

The portion of the energy curve in which the greatest interest

centers is that part wdiere the wave-lengths are greater than 10 fi,

or in other words, of greater wave-length than the part treated in

the work with the 60° prism. Fortunately this portion was obtained

generally without change of slit over its whole range. After cor-

recting for " field light," as will be presently described, all curves

were put on the same scale as follows : The assumption was made

that there is no absorption by water vapor between the wave-lengths

9 and 10 fi.

The evidence for the validity of the assumption of no absorption

of energy between 9 and 10 /x by aqueous vapor is cumulative and as

follows : The work with the 60° rock-salt prism which formed the

first part of this research indicated no absorption there. Rubens and

Aschkinass found certainly less than 5 per cent absorption with

steam.'' Further support comes from the work of Langley,' who
found at 10.7 /x, from a comparison of high and low sun (air-

mass =3.76) observations, complete transmission of the solar energy

of this wave-length. The decreased transmission which he found for

greater air-masses was without doubt due to the smoky atmosphere

of Allegheny (Pittsburgh, Pennsylvania, U. S. A.). Langley 's

results are confirmed by similar work on the sun done here and pre-

^ Annalen aer Ph3sik und Cbemie, 60, p. 418, 1897.

'Memoirs National Academy of Sciences IV, p. 159, li
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sently to be described. Additional confirmation is given by the agree-

ment in form from 9 to 13.5 /x of curves taken here with a range of

from 0.003 to 0.028 cm. ppt. H2O. All the energy curves taken

through the spectroscope alone (which involved a range of between

0.003 and 0.012 cm. ppt. H„0) were reduced and carefully compared.

Upon reducing to the same scale between 9 and 10 /x they showed a

remarkable agreement even over the whole range from 9 to 13.5 fx

indicating no change in transmission of energy within this range

of wave-lengths when the ppt. H^O increased from 0.003 to 0.012 cm.

A yet later set of observations taken on a cold winter day through

the long tube with the total ppt. H.O equal to 0.028 cm. also agreed

over this range. It would be very improbable that the percentage

absorption would be uniform over the range from 9 to 13.5 /* unless

the absorption over this whole range is zero. Any departure from

such a uniform absorption would have tended to cause the curves

to diverge at the longer wave-lengths.

In accordance with the well-grounded assumption just discussed

all curves were made to agree in intensity between the wave-lengths

9 and 10 jx.

DIFFRACTION EFFECT

It has been stated that with the energy curves made with the beam
passing through the spectroscope alone no diffraction effects were

noted in determining the diaphragm or slit ratios. It was also

stated that the curve just referred to taken with the minimum amount

of aqueous vapor (0.028 cm. ppt. HgO) in the path through the great

tube coincided in form from 9 to 13.5 n. with those taken through the

spectroscope alone. This justifies the inference that the width of the

slit (10.69 mm.) used from 9 to 13.5 /a in the "tube" observations

was sufficient to avoid diffraction losses. Beyond this wave-length

the energy in the tube curves is practically all depleted by the carbon-

dioxide band central at 14.75 /* but which produces an appreciable

effect, according to Rubens, all the way from 12 to 16.5 fx. Its effect

is most important from 14 to 15.5 /x.

STRAY LIGHT

Before proceeding with the discussion of the transparency of

aqueous vapor attention must be directed to the most troublesome

source of error of all. The intensity of energy observed at any

point in a spectrum will be due in part to the true energy of the

wave-length considered and in part to energy scattered there from
other regions of the spectrum. Naturally a portion of energy proper
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to the wave-length under observation is lost by scattering into other

parts of the spectrum. Even with the slit closed the field may not

appear dark because of stray light in the room. General field light

like this is not very objectionable, for it is present both when

observing" the zero of energy with the shutter interposed in front

of the slit, and when measuring the intensity in the spectrum, and

is eliminated.

In a well-designed spectroscope of moderate dispersion, produc-

ing a spectrum the intensity in which ranges lOO- or even i,ooo-fold,

scattered light may cause no trouble. But when, as in the present

research, the whole spectrum from the violet to 20 /x is contained in

a dispersion of only about i-l degrees and the intensities range

100,000-fold, this disturbance became exceedingly troublesome. In

the solar spectrum at 10 /x, for instance, the field-intensity due to

scattered energy may be over 100 times the true energy belonging

there. The safest expedient under such circumstances is to use a

sifting train ^ or auxiliary spectroscope forming" a spectrum on the

slit of the main spectroscope and so adjusted as to allow only that

part of the spectrum desired to pass through the main slit. The

scattered light of other wave-lengths is then deviated in the main

spectroscope to its proper place in the spectrum formed, and is

negligible.

A very large proportion of the time and labor consumed in the

research was devoted to the elimination of errors from this stray

light, but it would seriously break the continuity of the exposition

to explain it in full here. Accordingly the subject has been rele-

gated to Appendix II, but the main principles of the method employed

to correct for stray light follow.

Since nearly all of the radiation of a Nernst glower is of less wave-

length than 4 fji, it follows that nearly all of the stray light produced

by scattering is transmissible by quartz. Hence if the interposition

of a quartz plate at a point beyond 4 /x, where the ordinate of the

energy curve is y^, reduces the ordinate to y.^, the true ordinate proper

to the ray which should be found there does not exceed yi — y2-

But since a quartz plate reflects approximately 15 per cent of the rays

at wave-lengths found in the Nernst glower spectrum above 4 /x, it

is clear that the ordinate yo, which is due wholly to stray light trans-

missible by quartz, would have reached i.iSyo if the quartz had pro-

duced no reflection. Hence the true radiation could not have ex-

ceeded y^— i.i8y._,. Although rays of less wave-length than 4 fx.

* Memoirs National Academy of Sciences, IV, p. 159, 1888.
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since they constitute nearly all of the energy of a Nernst glower, and

still more its energy after water-vapor absorption, must furnish most

of the stray light, still it cannot be assumed that the stray light of

longer wave-lengths than 4 /a is negligible. Accordingly to the

ordinate i.iSy, there must be made another addition, which we may
call 2y, representing the stray light of all wave-lengths non-trans-

missible by quartz. By a special research the quantity 2y has been

determined for each place in the spectrum, as will be explained.

The corrected ordinate now becomes y^— i.iSyo — 2y. Finally each

ray is, on the other hand, depleted by sending stray light to all parts

of the spectrum. But as will be shown the depletion is so nearly the

same proportion of the intensity, namely, about 3 per cent, for all

the wave-lengths here considered that to correct for it is merely

to multiply all ordinates by the same multiplier, which may be

omitted. The increase in scattered energy, 2y, over 1. 18 times that

observed by the insertion of the quartz plate, ranges from 2 to ii

per cent according to the angular deviation. In addition its amount

varies over a range of about 2 per cent for the changes in the amount

of absorbing vapor occurring in this research.

All the observations taken during 1916 and 1917 were corrected for

stray light by the process detailed in Appendix II. The entire

absence of appreciable strAy light in the part of the research made

with the 60° prism unfortunately led to a false feeling of security

in the first work with the 15° prism, and in much of the earlier work

with it no field-light experiments were made. Accordingly the

following indirect way was resorted to for its elimination : The

1916-17 work showed that with the carbon dioxide present in the

long tube no energy at wave-lengths longer than 1$ fi should reach

the bolometer. Accordingly all of the considerable deflection ob-

served there could be considered as stray light. The stray light foi

shorter wave-lengths was assumed to bear the same ratio to this

that the ordinates at the corresponding deviations of the stray light

curve of figure 18 do to each other. This involves building up an

ever increasing correction from a somewhat small observed value.

However, fortunately the larger in absolute amount it becomes, the

less its importance, for it becomes a smaller fraction of the total

observed deflection. The validity of this procedure is perhaps

shown by the depths thus obtained in the great band at 7 /i, where the

somewhat large deflection observed should be nearly all stray light.

Before considering further troubles we will pass to a consideration

of the results as shown in figures 9 and 10. The form of the observa-

tions was already made familiar through figure 8.

3
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DESCRIPTION OF FIGURE 9

Running across the figure will be noted a heavy, black, smooth

curve just above which are indicated the wave-lengths. This is

a black-body spectrum curve of a source at 2,200° K. radiating to

one at 300° K., as computed from Planck's formula with C^ equal

to Q.23 and Co equal to 1.445 for A in cm. for a 15° rock-salt spec-

trum. The curve is in three sections, the ordinates of the second and

Fig. 9.—Energy curves showing the absorptions produced by water vapor in

the 15° rock-salt prismatic spectrum of the Nernst lamp. Ordinates are

intensities of energy. Abscissae are proportional to prismatic deviations from
1.8 M. In curves a, b, c, the ordinates are percentage transmissions. Curve a

gives the transmission percentages for the complex beam including wave-
lengths between 1.25 A* and 3 M in the lamp spectrum ; curve b, ditto for

between 5 /* and 9 m; curve c, ditto but for black body at 287° K.

third section being multiplied relative to the first by 5 and 50

respectively.^ The plate distances proportional to prismatic devia-

^ The energy curve is formed for a body radiating from 2,200° K. to one at

300° K. because the deflection observed with the lamp may be considered as

due to the radiation from a body at 2,200° K. radiating to the bolometer and

the deflection due to the insertion of the screen at 300° K. as the radiation
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tions, taking- as zero the deviation at 1.838 /x, are indicated by the

numbers at the bottom of the plot.

Underneath these three branches of the black-body curve com-

puted for a temperature corresponding to the " black-body " tempera-

ture (2,200° K.) of the Nernst lamp will be found curves repre-

senting the energy spectrum of the lamp through increasing amounts

of aqueous vapor. These amounts, as indicated in the table on the

plot, range from 0.0035 to 0.012 cm. ppt. H^O when observed

through the spectroscope alone; and from 0.028 to .261 when ob-

served through the tube. Each curve is the mean of several sets of

observations.

For the curves with 0.0035 to 0.012 cm. ppt. H.,0 there were 7
grams carbon dioxide, and in all the others, except the one with 0.254

cm. ppt. HoO, there were 83 grams carbon dioxide in a i m. sq. path

;

for that one there were 160 grams. For a discussion of its influence

on the absorption in the region of figure 9 see the work with the

60° prism.

In the small figure in the upper left-hand corner will be seen a

curve (marked a) which shows the percentage change in area of the

maximum between 1.25 and 3 /x plotted against the ppt. HoO in cm. as

abscissae. In the other small figure the similar function is plotted

for the region between 5 and 9 /x. Curve b was read from the large

plot and is for a distribution of energy for a body like the Nernst

lamp at 2,200° K. Curve c was computed for a distribution of

energy for a body at a temperature of about 287° K., which is about

the mean temperature of the earth. Table 6 gives more in detail

the data from which curves b and c were drawn. It will be noted

in the main curves of figure 9 that between 6 and 7 fx the absorption

is practicallv complete for ppt. H^O of i mm. or more.

from a body at 300° K. to the bolometer. Hence the observed intensity of the

lamp is really the difference of the deflections in the two cases and should

therefore be compared with the black-body curve as drawn. The ratios of the

radiation from a body at 300° K. to that from one at 2,200° K., both radiating

to absolute zero, are shown in the following table

:

Table 5.—Ratio of Radiation from a Body at 300' K. to that of a Body
AT 2.200° K.

Wave-length.
I

2/1 ' 6m ' 8m 'iomI2mi4Mi i6>
|
18 m 20 fi

Ratio iXiO"" .00067 -0031 .0075 .013 .020
I

.026 .033 .038

To a wave-length of about 7 m- the radiation of the shutter is negligible. At
6 |x the observed radiation of the lamp needs to be increased i/io of i per cent

and at 20 n by 4 per cent in order to represent what it would be if radiating_

to absolute zero.
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Taule 6.

—

Water-Vapor Absorption 5 to 9/x
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with different slit widths occurred, it would serve to assure the

absence of errors from diffraction in the tube observations.

Such a cold day was finally obtained in February, 191 7, with only

0.028 cm. ppt. HoO in the optical path. An excellent set of observa-

tions was obtained and the mean result of the day, so far as it

diverged from the curve of the spectroscope alone, is plotted with

simple crosses under the extreme right curve (1916-17 observations).

It shows : First, that an increase in water vapor from 0.003 to

i""
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the curves taken with and without the tube confirmed the view that

<iiffraction with the wide sHts used in this region causes Httle error

in the tube work. In table 7 will be found the percentages of absorp-

tion at various wave-lengths greater than 9 ju, as indicated from all

the experiments. The values are grouped with regard to the quantity

of ppt. HoO traversed by the beam, but the results of the years 1914

and 1 91 6- 1 7 are kept separate. The lowest line of table 7 comes

from observations of Rubens and Aschkinass in which they used an

absorbing tube containing 75 cm. of steam at 100° C. This contained

.045 grams ppt. HgO.

Table 7.—Water-Vapor Absorption 9 to 14 fx

cm. ppt. H2O

Up to 0.03
.10

.15 (I9I4)

.16 (I9I6-I7)

.25 (I9I4)

.045 rubens, steam

9-O/ft
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was made to agree with the other curve between 9 and 10 /a and

allowance has been made in it for the absorption and reflection losses

from the rock-salt prism and plate, as computed in table i.

Table 8.

—

Comparison of Nernst Lamp and Black-Body Spectrum

Wave-k-ngth ii :

Percentage drop of lamp below black-body
radiation 9

Excess of transmission of lamp black over
that at ID M 4

13
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by Rubens/ In view of these figures it seems possible that the diver-

gence of the observed Nernst lamp spectrum curve from the com-
puted black-body curve may be partly due to the increasingly incom-

plete absorption of the rays by the bolometer strip. A part of the

divergence is surely due to carbon-dioxide absorption. Although the

experiments do not indicate any absorption by water-vapor less than

0.03 cm. ppt. HgO, they are not quite conclusive. Owing to the

impurity of the spectrum, fine line absorption, like that which Abney
photographed in par, may occur here undetected, and it may possibly

produce its complete effects with very minute quantities of water

vapor. If so, a part of the discrepancy may be due to water-vapor

absorption. Finally, it is not certain that the two energy curves

should coincide, for the Nernst lamp may depart widely from being

a perfect radiator.

It will be noted that when observed through the spectroscope alone

energy from the lamp is found beyond 16 /x even after allowance is

made for the field light. The lamp curve is the mean of many
observations and no doubt is felt that there is some kind of energy

here. Although there may be in it some field light a return of energy

is to be expected in this spectrum region beyond the carbon dioxide

found where the work of Rubens indicates increased transparency

of water vapor.

ATMOSPHERIC TRANSMISSION OF SOLAR ENERGY BETWEEN
9 AND 14 n

Even with the maximum amount of water vapor possible in the

tube work (0.26 cm. ppt. H2O) the transparency observed between

9 and 14 |U, had appeared to be very great. It was thought worth

while to attempt a measure of this transparency between 9 and 14 /u,

by observing the amount of energy transmitted from the sun through

the earth's atmosphere for various air masses. In this way there

would be brought about a several-fold increase of the amount of

absorbing vapor in the path. Indeed at the maximum this amounted
to 3 cm. ppt. HoO.

Reference has already been made," in discussing the transparency

of this wave-length region to the remarkable early work of Mr. Lang-

ley. As far as air-mass 3.76 practically no absorption was found by

^ Verhandlungen Deutsche Physikalische Gesellschaft, 13, p. 88, 1911. His

values are at 2 n, 0.5 per cent transmission; 41.1, 8.6; 61.1, 16.0; 12 [a, 37.6;

26 m., 76.7; 52 M-, 91-3; 108 M, 9I-5-

' S. P. Langley, The Solar and the Lunar Spectrum. Memoirs National

Academy of Sciences, IV, p. 159, 1886.
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him near wave-lengths 8.8 [x and 10.7 /x. The apparent decrease in

transmission for greater air-masses he attributed to the smoky atmos-

phere prevalent at Pittsburgh. The great increase in sensitiveness

and accuracy of the present day spectro-bolometric apparatus made

it seem worth while to repeat these observations.

The scattered light, which in the spectrum of the Nernst lamp was

troublesome, becomes absolutely prohibitive here in a directly formed

1
5
"-prismatic rock-salt solar spectrum. At 10 /x with the large galva-

nometer deflection of 20 cm., practically all this deflection remained,

and was therefore field light, upon the insertion of the quartz plate.

In the case of the Nernst-lamp spectrum at this wave-length only

16 per cent of the deflection was found to be false. Langley elimi-

nated the stray light by using a sifting train, but this was not feasible

in the present case. Dr. Abbot suggested the use of a screen of solid

iodine, which Coblentz' work ^ showed to be opaque to the visible

radiation and increasingly transparent for the longer wave radia-

tion. Accordingly Dr. Abbot with Mr. Aldrich and the writer pre-

pared two plane parallel rock-salt plates 0.65 and 0.34 cm. thick.

These were uniformly heated, flakes of iodine placed on one, the

other plate quickly placed on top and the two plates squeezed to-

gether. After several attempts a thin, fairly uniform film of iodine

was thus obtained which micrometer measures showed to be between

0.005 ^^^ 0.007 cm. thick.

TRANSPARENCY OF IODINE

Although the direct measures on the solar spectrum were made

first, it is perhaps proper to discuss here the later measures on the

transmission of the iodine film. The measurement of this is not so

simple as might at first be thought, again because of the scattered

light. No separate allowance will be made here for the light reflected

from the rock-salt plates used to protect the iodine film. The efifect

of the insertion of the screen as a whole is wished.

The observations consisted in making an energy curve of the 15°-

prismatic rock-salt spectrum of the Nernst lamps as usual, except

that every few seconds the iodine screen was inserted, then the iodine

screen with the quartz plate, then the quartz plate alone, then all

screens removed. The significance of the respective deflections

measured were as follows when the plate was inserted at wave-length

A greater than 4 fx : A,r is used to signify the wave-length.

(a) Lamp alone: Energy of Aa; -|- scattered energy of A<4.iU,,-f

scattered energy of A>4/t.

Physical Review 16, p. 72, 1903.
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(b) Iodine screen : Energy of Xx X transmission / for A^+ scattered

energy of A<4/x, greatly diminished by opaqueness of / for A<4/a,

+ scattered energy of A>4fiX absorption for it of /.

(c) Iodine and quartz: Scattered energy of A<4/x, greatly di-

minished by opaqueness of / for A<4/a, and diminished by reflection

from surfaces of quartz.

(d) Quartz : Scattered energy of A<4 [x, diminished by reflections

from surfaces of quartz.

The point especially to be noted is that the " field-light " is not the

same in the two deflections (a) and (b) whose quotient would give

the transmission of the iodine screen if there were no field light.

Before taking the quotient (b)/(a) it was necessary to subtract
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deflections with the iodine screen in, after subtracting the field Hght,

were of course very small for wave-lengths less than 9 fx partly be-

cause of the opaqueness of the iodine itself and partly because of the

great water-vapor band preceding 9 /^.

SOLAR OBSERVATIONS

Returning now to the observations on the sun, the following

energy curves were made with the assistance of Dr. Abbot and

Mr. Aldrich:

Bgm.s. I and V. Solar spectrum made with apparatus prepared

for North Carolina solar-constant work. Bgm. I taken at hour angle

Fig. 13.—Bolograms of solar 15° rock-salt spectrum. Wave-lengths are at the

top of the plate.

Bgm. II, air mass 1.5, ppt. H2O 0.7 cm.
Bgm. IV, air mass 2.1, ppt. H2O i.i cm.

Bgm. VI, air mass 3.0. ppt. H2O 2.0 cm.

Bgm. VII, air mass 4.1, ppt. H2O 3.0 cm.

i^ 42™ W., air-mass 1.3, for purpose of determining by the depths of

the water-vapor bands p and
(f>

the amount of aqueous vapor in the

path of the sun's rays through the atmosphere. These bands have

been calibrated (see Astrophysical Journal 35, p. 149, 1912) against

known amounts of water vapor.

Bgm. II. Solar spectrum made with spectroscope as used in

the tube work, but with the iodine screen in front of slit. H. A.
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2^ 38™ W., air-mass 1.5. Proper observations were made to eliminate

the field lieht.

Bgm.
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F. Atmospheric Absorption of Solar Energy. 9 to 15 /x.

G. Collected Results on Atmospheric Absorption for Long-wave

Radiation.

H. Subsidiary Investigations.

( 1 ) Corrections for slit and bolometer widths.

(2) Field energy due to scattering.

(3) Transparency of iodine.

(4) Comparison of Nernst-lamp spectrum with that of black-body.

It is proposed first in this summary to indicate the information

available on the absorption in aqueous vapor, not only as obtained in

the present research, but also as selected from the work of others.

^iD^'v}-5|-pcDCNj(Njcnooo~a^(VQOtocooo^OinOror— >ic\j(£)Or-oocn — o-s]-'^t--oo*^, —

.

d .-A-„-..
• _•_•___ -^ cv] rg
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" Avogadro's Constant and Atmospheric Transparency," Astro-

physical Journal, 40, p. 435, 1914.

" The Transparency of Aqueous Vapor,'' Astrophysical Journal,

42, p. 394, 1915;
" Atmospheric Transparency for Radiation," Monthly Weather

Review, 42, p. 2, 1914. (See also Meteorologische Zeitschrift, 6,

p. 270, 1914.)
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the atmosphere at sea-level taken as unity. Figure 15 gives means

to compute the losses due to absorption in the bands. The scattering

losses should be computed first, and then allowance made for the

Tahle 9.—Washington. Atmospheric Absorption for Dry Air and Dry
Air Plus Dust and Various Amounts of Water Vapor

Altitude sea-level ; Barometer 76.0 cm.

Incident solar radiation, 1.93 15° C.-gram-calories per sq. cm. per minute

Air masses

Prccipitable water vapor I A ....

1

CO O

0.00 cm.
!

Air scattered 0.18
Air absorbed 01

Total lost 19

0.5 cm. February 15
UoO scattered 08
H2O absorbed 12

Total lost 39
1 .8 cm. October 4
H2O scattered 26
H>0 absorbed 15

Total 60
2.4 cm.. May 14

H:;0 scattered 38
H2O absorbed .16
Total 0.73

u
E CO

ra o

9.30.33

0.5J
.01

10. 0: .34

U CI

u O cd o
C (A

I
u enno 1-0

C !P-i

E 05
d o u o

Pi

4.II

6.21

20. oi

13.5
7.8

31.0

.15

.13

.62

.42

.16

.92

17.10.4422.80.53
0.5 .01' 0.5 .01

18.0 .4523.0 .54

7.8
6.7
32.0

.21 10.9 .26

•14^ 7.3 .14
.8042.0 .94

19-7 .56

8.3| .16
38.o'i.o6

21. 8i .53|27.5, -61

8.3J
.16 8.3 .14

48. oil. 14159. 0,1 .29

i

;

29. o| .67134.7 .74

8.3I .i5| 7.8: .14

55.011.2766.0 1 .42

27.50.6131,
0.5 .01 o.

28.0 .6232.

1

13.5 .3015.

7.3. .14I 7-

49.01.0655.

31.6 .6734.

7.3 .13' 6.

67.01.4274.

38.31 .7840.

7-3] .13I 6.

74.01.5379.

6o.73j37.8
5 -Oij 0.5
.0 .74138.0

5 .37ii9.2
3' .141 7-3
,01.2565.0

7 .74138.3

7 .11 5.7
01.5982.0

43.0
5-2

01 .6786.0

Table 10.—60° Ultra-Violet Glass Prismatic Solar Energy-Curve:
Also Dry Air and z\guEOus Vapor (i cm. Precipitable

Water) Transmission Coefficients

X . ..

Co\

an\ ,

\ . ..

Co\ .

aa\

X . ..

aa\ .

0.342 0.350
102 130

<o. 595) 1^0.626)

o
.
920 o

.
926

0.503
907

0.885
0.968

1-452
586

0.998

0.535
1044

0.898
0.972

1.603

435
0.999

o . 987 o . 987

0.360, 0.371
i60| 198!

0.655 0.6861

0.934 0.940

0.574 0.6241
1 197 1334

0.905! 0.929!
o.97or 0.975

1.738! 1. 8701

343 262!

0.999 0.999
0.987 0.9871

0.384
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B. ABSORPTION IN WATER VAPOR AND CARBON DIOXIDE FOR WAVE-

LENGTHS 1.2 TO 9.0 fi

(l) LABORATORY CONDITIONS APPROACHING ATMOSPHERIC CONDITIONS AS TO TEM-
PERATURE, TOTAL AND PARTIAL PRESSURES

Observations described in the main body of this report were made
in a 60° -prismatic rock-salt spectrum, of the effect of water vapor

and carbonic-acid gas to deplete energy from the radiation of a

Nernst lamp (at 2,200° K.) in this spectrum region. The absorbents

comprised in some experiments 0.008 cm. ppt. H^O and carbon

dioxide of such an amount that there would have been 7.4 grams in

a column the length of the path and a meter square in section ; and

in other experiments 0.082 cm. ppt. H„0 and 83 grams of carbon

dioxide. For mental comparison, the total amount of carbon dioxide

similarly measured vertically from the surface of the earth outwards

is about 3,000 grams.

The appearance of the absorption bands in the energy curve of

the lamp is shown in the lower half of figure 6. The computed

percentage absorptions are given in figure 7. The percentage ab-

sorptions in regions extending over various wave-length ranges are

given in table 4. Paschen's results for carbon dioxide are given

in table 3. It is through table 4 that the results are most easily apph-

cable. The amount of radiation available before absorption between

the wave-lengths indicated in column 2 should be multiplied by the

ratio belonging to the proper amount of ppt. HoO taken from the

columns headed " percentage absorbed " and the result will be the

amount lost in the corresponding water vapor. Table 4 may be

supplemented for greater amounts of vapor by the data in table 6

obtained from the observations with the 15° rock-salt prism.

(2) RESULTS FOR STEAM (l.2 TO Q.O ^)

The results obtained by Paschen for steam are given in the Annalen

der Physik und Chemie, 52, p. 209, 1894. In figure 7 are shown the

results for the water-vapor absorption band from 5 to 8 /a. With

equal quantities of ppt. H2O, water vapor in the form of steam

evidently produces considerably more absorption than when dispersed

at small partial pressure as in the atmosphere, even although the

same total pressure prevails. Referring to figure 7 the partial

pressure of Paschen's steam (at 100° C.) was equal to its total

pressure, 76 cm. The partial pressure of water vapor in the present

research (at 20 to 30° C.) was of the order of a centimeter, the total

pressure 76 cm.
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C. ABSORPTION IN WATER VAPOR FOR WAVE-LENGTHS 9.O /x TO I4 /a

AND BEYOND

(l) LABORATORY CONDITIONS APPROXIMATING ATMOSPHERIC CONDITIONS AS TO

TEMPERATURE, TOTAL AND PARTIAL PRESSURES

In the main body of this report will be found in detail the observa-

tions for this region made with a 15° rock-salt prism. The amounts

of vapor range from 0.003 cni. to 0.26 cm. ppt. H2O. Figure 8 shows

the appearance of a record of holographic observation, somewhat

complicated by the observations necessary to eliminate field light.

The principal results relating to the absorption of water vapor are

shown in figure 10 and table 7.

For information on the effect of carbon dioxide in this spectrum

region (partially indicated by the shaded region in figure 10) the

main body of the paper must be consulted. A path through the

atmosphere of the order of 100 meters is sufficient to produce com-

plete absorption in the carbon dioxide band between 14 and 15.5 jw

(see fig. 11). Besides the work published by Rubens and Aschkinass,

and shown in figure 11, further data will be found in " Uber das

ultrarote Absorptions-spectrum der Kohlensaure in seiner Abhan-

gigkeit von Druck und Partial-druck," von G. Hertz, Verb. Deutsche

Physikalische Gesellschaft, 13, p. 617, 1911.

(2) RESULTS FOR STEAM (7 TO 20 |x)

In figure ii will be found the results of Rubens and Aschkinass.

They show the percentage absorption due to 0.045 cm. ppt. H2O in

the form of steam at 100° C. and 76 cm. pressure. Again by com-

parison with table 7 it will be noted that the same amount of water

in the form of steam gives a greater absorption than when at a

smaller partial pressure although the same total pressure.

D. RESULTS FOR STEAM. WAVE-LENGTHS GREATER THAN 20 fx

Isolated results for greater wave-lengths have been obtained by

the use of the " Restrahlungen " from various crystals. Rubens and

Wartenberg^ found that a column of steam 40 cm. long 100° C.

y6 cm. pressure (0.024 cm. ppt. HoO), transmits radiation as follows :

39.6 per cent at 23 fx, 0.7 at 52 fx, 19.6 at no /^ and 49.2 at 314 fi.

At the same wave-lengths 20 cm. of carbon dioxide at 76 cm. pres-

sure showed no absorption. Rubens ^ later found that water vapor

in the whole region between 45 and 120 fx causes many bands of great

^ Verb. Deutsche Physikalische Gesellschaft, 13 p. 797, 1911.

• Berichte Kgl. Preuss. Akademie der Wissenschaften, p. 513, 1913.
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absorption. It is especially absorbing at 50 jjl, 66 /x and 79 /* and

apparently also at 58 /* and 103 /x. It is relatively more transparent

at 47 /^. 54 f^,
62 fx, 75 fx, 91 /^ and 115 /x.

E. ABSORPTION BY LIQUID WATER

(l) FOR WAVE-LENGTHS LESS THAN 2 ^

It has been thought worth while both for comparison and for its

practical value to include the following data for liquid water. As
already stated, in giving the absorption of water vapor in terms of

the precipitable water, it should not be inferred equivalent to that of

the same quantity of liquid water. In general the absorption of an

equivalent amount of water is different in the three states, liquid,

atmospheric vapor, and steam.

For the shorter wave-lengths data have been obtained by Kreusler,^

Ewan,'' and Aschkinass ^ from which are taken the following values

of a in the formula i— ioe~'^'^ in which d is in cm., to the original in-

tensity of a ray and i its intensity after transmission. A more com-

plete table will be found in Kayser's Handbuch, Vol. 3.

Table ii.—Absorption of Radiation by Liquid Water
Wave-lengths Less Than 0.5//.

in 11 .186
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Table 12.

—

Transmission of Liquid Water (i cm.) .8 to 2.8 m

\ in /I
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(3) ABSORPTION BY LIQUID WATER, WAVE-LENGTHS I TO 18 ^

In figure 17 are given data obtained by Rubens and Ladenburg ^

with the use of two bubble films, one (b) 3.09 fx thick and containing

10 per cent glycerine, the other (a) 1.89 fx thick and containing 25
per cent glycerine. The maxima in both curves at 7.0 and 9.5 [x

are probably due to glycerine.

inny 1
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aqueous vapor from 0.6 cm. to over 3 cm. ppt. H2O was thus

obtained. Except in the band probably due to ozone at about 10.3 /a

no systematic change appeared in this region of spectrum (see fig. 13)

and thus great transparency was indicated. This band at 10.3 /x

systematically deepens with increasing air-mass.

G. COLLECTED RESULTS ON ATMOSPHERIC ABSORPTION FOR LONG-WAVE

RADIATION

Table 13 contains a summary of the results on the absorptive

power of atmospheric water vapor and their application to determine

the total radiation outwards vertically to space from the earth when

the atmosphere contains 0.003, 0.03, 0.3 and 3.0 cm. precipitable

water. The effect of carbon dioxide and the band of unknown

origin at about 10 /x has been included

:

Table 13.—Atmospheric Abs
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H. SUBSIDIARY INVESTIGATIONS

(l) CORRECTION FOR SLIT AND BOLOMETER WIDTHS

The different angular widths of the bolometer and the slit necessi-

tated the derivation of a new formula for reducing approximately

the observed spectrum intensities to what they would have been

with an infinitely narrow slit and bolometer. This derivation with its-

limitations is given in Appendix I.

(2) FIELD ENERGY DUE TO SCATTERING

The complication arising from the immense amount of scattered

light present in a spectrum of such great range of intensities (loo,-

000 fold) and small dispersion required extended study. This dis-

cussion covered the energy scattered into any region from all wave-

lengths as well as that scattered away. It will be found in Appendix

II, where a separate summary gives the generalizations.

(3) TRANSPARENCY OF IODINE. FIGURE 12

The need of a suitable absorbing screen to cut out the intense short

wave energy, the scattering from which rendered observations other-

wise useless in the solar spectrum, led to the preparation of a thin

film of iodine, 0.005 to 0.007 cm. thick between two rock salt plates

whose combined thickness was about i cm. The results of two
measures of the transparency of the iodine film are shown in

figure 12.

(4) COMPARISON OF NERNST LAMP SPECTRUM WITH THAT OF BLACK BODY

The comparison of the radiation from a black-body radiating at

2,200° K. (apparent black-body temperature of the lamp) to one

at 300° K. (the temperature of the shutter used for zero deflection)

is shown in figures 6, 9, and 10. The agreement, with due allowance

for the absorption bands, seems satisfactory down to about 10 ;u,.

From here on the lamp curve increasingly falls below the black-body

curve. It is uncertain that the lamp radiates here as a black-body

but the departure may be chiefly due to the decreasing- absorption

of the incident radiation by the soot-blacked surface of the bolometer.

NOTE
There are two doubtful points upon which light has been thrown

since the above was written: ist, May not even the small amount

of aqueous vapor present in the path through the spectroscope

exercise nearly complete and considerable absorption in narrow lines
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in the region from 9 to 15 /a and yet the additional amounts of vapor

produce no further absorption there? 2d, In treating of the earth's

radiation outward, complete absorption for atmospheric amounts of

vapor has been assumed for wave-lengths greater than 20 fi. Is this

certain? The first point could be settled only by observing the

radiation through a path containing no water vapor. Dr. Coblentz

(Proc. Nat. Acad. Sc. 3, p. 504, 1917) has just published observations

on a black body radiating at 800° C. Comparing the radiation after

passing through a tube containing 0.00045 cm. ppt. H,0 with that

when the tube was exhausted he found the absorption due to this

amount of vapor to be about 0.9 per cent. If all the absorption had

been produced in the region between 9 and 15 /x,, the mean absorption

in this region must have been 12 per cent. 12 per cent, then, is the

maximum absorption permissible here with this amount of vapor.

Assuming the absorption in the known water-vapor bands is propor-

tional to the amount of vapor, within the range from no vapor to the

smallest amount used in the present research, the following table is

probably representative of the absorptions from wave-length to

wave-lens:th in Dr. Coblentz' case.

Wave-lengths (.fi)
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be of finite width, an intensity is observed which corresponds to the

sum of the intensities of the energy of the various wave-lengths

falHng on the observing device, a bolometer in the present case. A
correction must be determined for reducing the observed intensity

to the pure or monochromatic value. Such a correction for the case

where both the slit and the observing apparatus subtend the same
angular value in the spectrum has 'been determined by Runge." His

method of deriving the correction is not directly applicable to the

present case where the widths may be unequal and the following

modification in the derivation was suggested by Dr. Abbot and
worked out in cooperation with the writer in 1909. The resulting

equation was applied to all the observed energy curves of the present

research.

Let ,v denote the position (deviation) in the spectrum under con-

sideration. At X, then, lies the middle of the slit image of the color

wliose wave-length may be A. This slit image will extend from the

deviation x— — to x-\- ^ where a is the slit width expressed as its

angular value in the spectrum. It is assumed here, with safety, that

the spectrum on each side of x is a minimum deviation spectrum,

although this it not strictly true. Each wave-length as it falls in

succession from the center of the slit upon the center of the bolometer

is kept automatically in minimum deviation but the image of the

whole spectrum formed at any time at the bolometer is not strictly

a minimum deviation spectrum.

The amount of energy, which should appear in the deviation from

X to x-\-dx, is not condensed in the interval dx but spread over the

interval from x— - to x-\- . Let the amount of this energy be

adEx where dEx is the amount of energy flowing through unit slit

in unit time. Of this energy only the portion dEx • dx falls in the

interval between x and x + dx. However portions of the slit images

belonging to the deviations x— to .r+ to each side, do fall22
within the interval dx so that the total amount of energy falling in

the interval between x and x + dx is equal to

dx ^..= e(.+ |)-h(.v-1)U..

Ueber die Differention Empirischen Fnnctione," Zeitschrift fiir Mathe-
matik und Physik, 42, 1897 ; see also Hyde, Astropliysical Journal, 35, p. 237,

1912.
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The intensity of the spectrum at x may be defined as the energy over

an indefinitely small interval dx divided by dx. That of the impure

spectrum at x is therefore

{.(..^ )-£(..-
1)}

dE
That of the pure spectrum is ,

/' • a as a becomes infinitely small.

However, only the relative intensity from one part of the spectrum to

another is required and not necessarily the absolute infinitely small

intensity which the abstract pure spectrum would have.

In measures with the bolometer not even the intensities in this

impure spectrum are obtained directly but rather the sum of the

intensities in it over the region covered by the bolometer. If the

middle of the bolometer is at the deviation x and its width is b, then

it receives in a unit time the amount of energy

F(.v. = |j{£(.,-+.+ «)-£(.•+.- ^)}...
2

The observed intensity in the spectrum is proportional to this F{x).

A development of -, f , which is proportional to the intensity in the

pure spectrum, in terms of F{x) is desired.

dF
If f{x) is taken to denote -rr , then by Taylor's theorem

CIA'

E{x+ v+^^)=Eix)+f{x)[v+ l)+ij'(.-^')(c'+iy+-
'

•

so that

fl
E (.V+ .+ t) rf.= £(.v)ft+/(.r) f,

+/'(.v) 3»|;+
''' + . . . .

i

Making a similar development for the second term of the expression

for F{x) and subtracting, there results

F(.r)=2{/W|';-+/"(.r)?'^^«*'+...

Let b = an, a being the slit width and n the ratio of the width of the

bolometer to that of the slit, then

F(^) =2 ['^<';/(.v)
+ ""'^"^ f'M

+ '??!l3±i_0'?!+3!5*) /iv(_v) + 1^
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Similar developments may be made for F"(x), F^"'{x), . . . .
,

whence using the undetermined coefficients C-^, Q, .... as multi-

pliers and adding

:

"na*(i+w^)F{x)+C,F"{x)+C,P-{x) + 2<'^fi^) + 4!2
na- p

+ !^QJrU)+ j

Putting fei = w, k2= n{i+n^),k^= n{^ + ion- + 2>n*), and equating co-

efficients, it follows then that

a'k,fix) =F(x)-^F"{x) + iQV-Mi ^' pv(^) .... (I)
^t24 ^ k^- 5760 ^ ^ ^ -^

Now letting 2ca be the portion of the energy curve covered by the

slit plus the bolometer, c being equal to i + w and therefore 2ca to

2{^a+ b), then

c^a^F(x + ca) =F{x) +caF'(x) + "-—F^ix)

3! 4!

Forming a similar development for F(x— ca) and adding and trans-

posing, there follows

p"(..\^ 2 lF(x+ca)-\-F(x— ca)
^ ^ c^a^ \ 2

c^a*

4!

which may be put in the form

c*o^

Substituting in (
i ) there follows that

a-kJ{x)=F(x)--l^^ r27^</>i(-^)

Now

and

+
5760^1^

^^+- (2)

«/.,(.i- + ca)=(/>,(.v)+c-flc/>/(A-) + '']'|%,"rx)+
''^'l'

c^^"i(.r)+.
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making a similar development for ({>^{x — ca), adding and transposing

^."(;.) = ^-{*i(^±£f5)±M£;:i5_)_^,(,,.)|+.
. . .

which let equal, say, - ^ ^2(''*") ) but

/-2/j2

^^"{^)=^'fF'-(x) +

Whence

F'^(,r)= -^-1, </>"(*), approximately
c-'a

say
3 ^. *.(-)

Substituting in (2) there results the following development of the

energy curve f(x) as, with certain reservations, it might be expected

to appear with an infinitely narrow slit and bolometer, in terms of

the observed energy curve F{x).

+
i44ofe^^c^

^,{x) +

When w=i, or the slit and the bolometer are of the same angular

width in the spectrum, which is Runge's case, the second half of the

above equation reduces to

=F{x)-
I

<^,(.r)+ ^^~<}^,{x)+

The coefficients for the various cases in the present research were

:

Table 14.
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An example will best show the method of using the formula.

Taking the case with a slit of 0.67 mm. linear width and subtending

in the spectrum an angular width equivalent to 0.05 mm. as measured

on the plate (equal to a) and a bolometer 0.5 mm. wide and sub-

tending 0.29 mm. (equal to ^) on the plate, then the formula becomes

a^kJ(x)=F{x) -1/4- </)i(^)+o.o86(/)o(.r)

= F(v) - I iF(x+smm)-F(x-3mm) _p(^.')
^" "^ 4

[
2 ^' "^

+ o.o86| '^^^-^'+ 3^^)-^i <^-^'-3^>^^0
-d>,(^-)

[_
2 ^

Table 15.

—

Example of the Application of the Formula for Correcting
FOR THE Finite Width of the Slit and the Bolometer

X
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LIMITATIONS

It is evidently impossible by any such process as that just developed

and described to obtain, in general, from an impure spectrum, a pure

spectrum, except in the case of a continuous energy curve such, for

instance, as would be expected from an incandescent black body. A
line cannot be made to appear which has been completely obHterated

by the impurity of the spectrum although one which has been ren-

dered shallow may be deepened, and a maximum which has been

lowered may be made to approximate its proper height.

APPENDIX II

STRAY LIGHT AND ITS DETERMINATION

The most intense region in the rock-salt prismatic spectrum of

the Nernst glower lies at wave-lengths less than 4 fi. From this

region, which is transmissible by quartz, most of the field light comes.

At 4 |U, the intensity of the spectrum had already decreased nearly to

i/io. Interest in the present research centers in wave-lengths greater

than 4 fx and not transmissible by quartz. Energy proper to any place

in the spectrum of wave-length greater than 4 /* has been dis-

tinguished from that scattered into it from the intense short-wave-

length spectrum region by observing what portion of the deflection

remains when a plate of quartz is inserted between the source of

energy and the spectroscope slit. Since the quartz is opaque to

radiation of wave-lengths greater than 4 fx, the deflection observed

through quartz must be all false and due to energy of wave-length

less than 4 fi. Without the quartz, the deflection represents this false

energy, plus the true longer-wave radiation, plus certain other cor-

rections to be presently considered.'

Turning again to figure 8, the significance of the central curve

a'h'c'd'e' as a means of determining this field light will be considered.

This curve, which is essentially an energy curve of the source ob-

served through a plane parallel quartz plate 1/2 cm. thick, consists of

two parts of quite different significance, namely, region a and region

b'c'd'e'.

Region a'.—Curve a' indicates approximately the intensity of

energy in the lamp spectrum for wave-lengths between 0.6 and 4.0 fi

for which quartz is nearly transparent. The dift'erence between the

areas a and a' (after making certain correction for the absorption in

the quartz of the longer waves between 3 and 4 fx) measures the

amount of energy of this region reflected from the quartz surfaces.
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This amount can also be computed by Fresnel's and by Bouguer's

formulae for reflection and absorption, respectively, from the known
coefiicients of refraction '(Rubens)^ and transmission (Merritt).*

Several computations made before the idea of inserting the quartz

in this branch had occurred, gave this loss as about 19 per cent. Con-

sidering the uncertainties due to the great impurity of the spectrum

used for computing this loss, this is in sufficient agreement with the

mean value of 15 per cent found from subsequent curves like a and a'.

Region b'c'd'e'.—For the energy of prismatic deviations belonging

to the region b'c'd'e' quartz is opaque. The energy recorded must

therefore belong to wave-lengths for which quartz is transparent.

That is to say, the observed energy is scattered from and belongs to

region a. There must be reflected from the quartz surfaces some

of the energy scattered into the second region (namely, an amouni

corresponding to the difference in energy between the areas a and a').

Therefore the curve b'c'd'e' does not represent all the energy scat-

tered here from a' but requires to be increased by the mean observed

ratio a/a' (or 1.18) in order to represent the total field light from

region a'.^ But even this is not sufficient to give the total field light

in the long-wave parts of the spectrum for it gives only that coming

from region a and it will be directly seen that the scattered energy

of even longer wave-lengths than 4 /^ is appreciable. The somewhat

complex determination of the correction for stray light, not trans-

missible by quartz, will now be considered.

The two regions a and b'c'd'e' corrected as just described and

reduced to a more convenient scale are reproduced in figure 18 as a

and bi, c^, the latter magnified respectively a thousand fold and

three thousand fold relative to region a. With close approximation

the first curve may be considered as the energy curve of the region

producing the scattering shown in the second. The energy curve

of the region a, from which the energy is scattered, seems so sym-

metrical that it appears probable that the distribution of scattered

energy from it, b^c^, would not be materially altered if all its energy

should be concentrated at the center of the region. Let it be assumed

that the whole energy of region a is concentrated in a central strip

4' of spectrum (i cm. of plate) wide as indicated by the dotted lines

in figure 18. Let this central strip be joined to the curve b^c^ by

^ Rubens, Annalen der Physik und Qiemie, 54, p. 476, 1895.

^ Merritt, Annalen der Physik und Qiemie, 55, p. 459, 1895.

' As stated above the mean loss observed is 15 per cent. The reciprocal of

the 85 per cent remaining is 1.18.
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what seems a plausible interpolation. Then this central strip, with

its wing-like appendage h-lc^, may be assumed to represent the

energy curve of an approximately monochromatic source of radia-

tion, including the portion of its energy scattered through the

spectrum region on its long wave-length side. A symmetrical wing

should evidently stretch to its short wave-length side also.

It is proposed to use the curve just described to obtain the scat-

tering taking place at each point in the spectrum from wave-lengths

- •

1 1
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vations indicate, as the angle of incidence decreases, a much more
uniform reflective power for dififerent wave-lengths, even with such

rough surfaces. Accordingly the assumption of a comparatiA/ely

uniform scattering power at nearly normal incidence (about 3° in the

present case) for poHshp^ "surfaces is not unreasonable.

In order to compute the relative amount of true and scattered

radiation at any prismatic deviation an analytical expression for the

observed spectrum in terms of these quantities will be built up and

then modified to suit actual computations. The first term of this

equation should represent, for any deviation, the energy due to

the ordinary dispersion of the prism, the second term that lost from

the region by scattering and the third that gained by scattering".

Let 6 be the deviation taken as zero at 1.8 fx. Let S{6) represent

the function which is the analytical expression of the complete, sym-

metrical curve of scattering of approximately monochromatic light,

the central and right-hand portion of which curve is shown as a^'h^'c^

in figure 18. Let the true energy curve of the lamp be E{6) , and the

observed energy curve Eq{0).

The first term of the equation for Ef^(O) is evidently E(6), the

energy proper to the deviation.

The second term represents the energy properly belonging to this

deviation, but scattered elsewhere. To a close degree of approxima-

tion, it is equal to the area of the curve of scattering taken so that

its maximum ordinate is equal to the true intensity in the spectrum.

With the reservation stated in the second succeeding paragraph, which

also applies to the third term, it is therefore equal to S(.v)d.v

multiplied by the ratio of the ordinate of the true energy curve, E{9),

at this deviation to that at 1.8 /x, E{do), where 6^ is taken to sig-

nify O— o.

The third term represents the energy belonging to other deviations

but scattered here. To a close degree of approximation it is equal

to a sum of successive infinitessimal areas determined by S(0), the

distance of each area, infinitely narrow in abscissae, from the maxi-

mum of S(6) being determined by the distance (d+ .v) of the devia-

tion contributing the scattering. The height of the area is so taken

that the height of the corresponding maximum, S(On) , shall be equal

to the true height of the energy curve at the deviation from which

this scattered portion is derived. Analytically this is equal to S(x)dx
multiphed by the ratio of E{0 + .v) to E(0,,) and integrated over all

deviations.
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The integrals of the second and third terms will be seen to both

E(6)
contain the term S(.v) rrrn \ d-^' which is not desired but which

C- ( C'o )

fortunately occurs in the two integrals with opposite sign. In other

words, the function used for the scattered energy includes the energy

which should be observed at i9= o and which is not to be considered

as scattered energy. This energy is accounted for in E{6)

.

Accordingly the following expression is obtained

:

or transposing,

E{6) =E,(^) + 1^^ [_^
S{x)dx-

j^^-j^^ 1^^
E{d+ x)Six)dx.

All the functions on the right-hand side of the second equation

are known except E{6). For this may be substituted a first approxi-

mation to it obtained by subtracting from the observed lamp deflec-

tions the amount of scattered energy indicated by the quartz plate,

suitably corrected, as already described, for the reflections from the

surface of the plate. The resulting values, which call Ea{0) will be

found at their greatest to difi'er by only about i per cent where they

are of importance in deriving the additional scattered energy. Hence

Ea{9) will be a sufficiently close approximation for use in the second

and third terms.

Table i6 shows the process used to evaluate this expression for the

total field light. The numbers in the first column and the first line

indicate the prismatic deviations {6) measured in centimeters on the

plate (i cm. = 4' of deviation in the spectrum, zero of deviation at

1.8 /x). Each other number is a measure of the energy under the

curve S{d) summed for a difference of deviation extending from

— 0.5 to +0.5 from the indicated deviation. It represents that por-

tion of energy scattered from the deviation at the top of the column

into that indicated in the first column.

Ea{e)

Consider first the numl^ers surrounded by the rectangles and ap-

pearing like a flight of steps. These represent Ea{d), the first

approximation to the true amount of energy in the spectrum of the

lamp for the corresponding deviations indicated in the first line or

column. They represent also the terms common to both integrals.
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Consider next the numbers in the other vertical columns. These

give the energy scattered from the " step " values into the deviations

indicated in the first column and are determined by the function 6".

The maximum in each case falls at the deviation corresponding to

the " step " value, the other values falling off similarly above and

below to represent the energy scattered tow^ards the violet and the

long wave-lengths respectively. These values plotted with the

Deviittons
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this deviation plus that scattered to other deviations. The sum,

excluding the " step " value and therefore equal to the amount scat-

tered and lost from the corresponding wave-length, is expressed at

the foot of the column of zero deviation. It amounts to about 3 per

cent of the intensity observed at the deviation to which the energy

belongs. This correction of 3 per cent, in accordance with one of

the assumptions, is independent of the wave-length and therefore

does not alter the shape of the energy curve.

-^ P E{d+ x)S{x)dx

Consider next the horizontal lines. The numbers added in this

direction, including the " step " value, give the values of the term

containing the second integral. When added, excluding the " step
"

value, they give the amount of light scattered into the region indi-

cated by the " step " value of the line from the regions whose devia-

tions are indicated at the tops of the columns of the individual terms

of the sum. Remembering that the first-integral term does not

affect the shape of the desired energy curve since it may be put in

the form of a constant factor multiplying the observed energy of

each deviation, the values connected with the second integral are

those in which interest will at present center.

In the set of sums in the right-hand group of columns, will be

found in the first column the sums taken horizontally from the 2d

to the 8th columns inclusive. These values give the energy scat-

tered from the wave-lengths between the deviations —4 and +2 cm.

(i. e., wave-lengths transmissible by quartz) into the corresponding

deviations of the horizontal lines. These values therefore should

be, and are, proportional to the field energy obtained by the insertion

of the quartz plate. The next column gives the sums of the numbers

taken horizontally completely across, but omitting the " step " values.

They represent the total field energy due to scattering from all wave-

lengths. The next column gives the division of the second of these

sums by the first, or is the ratio by which the total field light exceeds

that contributed from the region for which quartz is transparent.

The last column includes the factor 1.18 to correct for the reflection

from the quartz surfaces.

It is evident then from inspection of the last two columns that the

deflection obtained on the insertion of quartz has to be increased not

only by 18 per cent for losses by reflection from the quartz surfaces

but also by an added amount of from 2 to 11 per cent in order to

obtain the total energy scattered from all spectrum regions into that
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under observation. The total field light therefore ranges (last

column) from 20 to 30 per cent greater than that observed with the

quartz plate. This added amount depends on the shape of the energy

curve. It is somewhat less the greater the amount of water vapor

because of the considerable absorption by the water vapor of the

energy less than 9 ^ which plays such a disturbing role in the pro-

duction of field energy.

SUMMARY
The following table gives a summary indicating the amounts and

increasing importance of the scattered light with increasing angular

deviation. This increasing importance with increasing prismatic

deviation depends on the more rapid decrease of the energy in the

prismatic spectrum than in the scattered band of energy overlapping

this spectrum.

Table 17.-

—

Fjeld Licht Summary

1 Wave-length in (,u) 1.8
2 Deviation in (') o

3 Deviation in (cm.) o

4 Quartz transmits 85,000

5 1 . 18 X ditto 100,000

6 Total field light

7 Black-body radiation' 100,000 |8,ooo

8 Nernst lamp 100,0008,000
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and reflections at the rock-salt prism and plate by table i. Intensity taken

as 100,000 at 1.8 [x.

Line 8 corrected intensities in the Nernst lamp spectrum approximating the

conditions of line 7 but differing at the greater wave-lengths probably because

of the decreasing absorption of energy by the lamp-blackened surface of the

bolometer strip. (See discussion relative to comparison of black-body spec-

trum in section so headed in main body of paper).

It was found that the total energy scattered from any region is

only about 3 per cent of that belonging to that region. The angle

of incidence of the radiation on the image forming mirror was
slightly less than 3°. The intensity of scattered energy falls off very

rapidly to each side from the central image (see line 5). If the

intensity is 100,000 in the central image, at an angle 10' it amounts

to only I of I per cent, at 20', i/io of i per cent, then falling ofif

more slowly, it amounts to i/ioo of i per cent at 100'. The total

field energy (line 6) at 10' amounts to 5 per cent of that of the lamp

spectrum upon which it is superposed, at 60' it amounts to nearly

50 per cent and at 100' to over 500 per cent. As already stated, in a

solar spectrum formed with the same apparatus, the stray light at

10 /x was more than 100 times as intense as that which belonged there.

The above data were obtained with silver-on-glass mirrors, the

surfaces of which were in excellent condition, freshly polished to

a hard, compact surface. The following table shows a comparison

with results obtained several months later after the mirrors were

so badly tarnished as to be unfit for work in the visible spectrum.

It will be noted that the scattering had increased relatively more for

the greater deviations from the central image.

Table 18— Increase of Scattering with Tarnishing

Deviation (') . . .

Wave-length (/u)

Increase ratio. . .

16



68 SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 68

of the research involved the use of a different spectroscope using

a rock-salt prism of 60°. In this spectroscope at 10 /a with a devia-

tion of 150', (instead of the 30' with the 15° prism), practically no
field light was observable upon the insertion of the ^ cm. thick quartz

plate. Now line 6 of table 16 shows that at 10 fx the deflection, which

(with a rock-salt prism in both cases) should be dependent only on

the wave-length, would be 400/100,000; whereas the field light, if

dependent only upon the deviation, would be perhaps 4/100,000 or

only I per cent of the true deflection. The deflection in the spectrum

was so small at this wave-length (see fig. 6, upper part) that a de-

flection of I per cent of it would not have been detectable.

Two idiosyncrasies of the field light may be noticed.: (i ) Mention

has been made of the erro-r produced in the determination of the

diaphragm values supposed to be caused by diffraction with the long

wave-lengths and narrow slits. If this explanation were true, it

would be expected that the values obtained at the same deviations

with the field light would not show this error, since the field light is

principally due to the more intense short wave-length energy. This

was found to be so. (2) Another cause besides the natural decrease

of energy with the greater wave-length tends to make the field light

increasingly disturbing with the longer wave-lengths. For the

absorption in the rock-salt of the true spectrum energy gets more
and more effective as the wave-length increases ; whereas the field

light, being of short wave-lengths, passes through the prism almost

unhindered.




