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THE DISTRIBUTION OF ENERGY IN THE SPECTRA
OF THE SUN AND STARS

By C. G. abbot, F. E. FOWLE and L. B. ALDRICH

Until recently, one could form an estimate of the temperatures

prevailing in the sun and other stars only by a determination of the

distribution of energy in their spectra and the application of the laws

of the perfect radiator or absolutely black body. Although' recent

advances in the physics of the atom point to a new method of

approach to this subject, the form of the energy curve still remains

of great theoretical interest.

In the measurement of the solar constant of radiation by the

method of Langley, it requires us to determine the ratio of the areas

of the energy curve of the sun at the earth's surface and outside the

atmosphere, and knowledge of the distribution of intensities of the

solar rays is indispensable. To be sure, the values come in merely

as a series of weights in forming a pair of sums, one in the numerator,

the other in the denominator of the fraction which gives the ratio

of the solar energy outside the atmosphere to the solar energy within

it. Hence no very high degree of accuracy is needful for this pur-

pose. This is fortunate, for so far as our experiments have gone

we have never succeeded in obtaining so high a degree of accuracy as

would satisfy us from the workmanlike point of view.

This comes out clearly if one compares the results of our various

determinations of the form of the solar energy curve as published in

Volumes III and IV of the Annals of the Astrophysical Observatory.

The divergence in these values is considerable, and when in 1920

the experiments for the determination of the form of the sun's energy

curve were repeated, a still wider discrepancy appeared, so great

that although these experiments of 1920 were ready at the time of

printing of Volume IV of the Annals we hesitated to include them

until they should be checked by other independent determinations.

These proposed new determinations have been made at Mount

Wilson during the summer of 1922, and form the first part of the

present communication. The latter part includes the application of

them to the spectra of ten of the brightest stars observed with a
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special bolometric outfit by Messrs. Abbot and Aldrich at Mount

Wilson in 1922. The work was done in connection with the lOO-inch

telescope.

We here return our thanks for the aid and encouragement fur-

nished in the stellar work by Dr. Hale, Dr. Adams, and many of the

staff of the Mount Wilson Solar Observatory.

SOLAR SPECTRUM ENERGY CURVE

A statement of the method adopted for the observations may be

found in Volume II of the Annals of the Astrophysical Observatory,

pages 24, 50-57. Briefly, it is this

:

At each of a number of wave lengths in the solar spectrum it is

required to determine: (i) The intensity of the spectrum observed

in the bolometer; (2) the selective transmission of the spectroscope;

(3) the selective reflection of the coelostat; (4) the transmission of

the atmosphere. The holograph indicates the first, and the measure-

ments on a series of holographs taken at different zenith distances of

the sun furnish the means of computing the last. The reflection of

the coelostat is determined by taking holographs (a) with the ordi-

nary pair of mirrors, (h) with a substitute pair of mirrors, (c) with

a combination of both regular and substitute mirrors. The selective

transmission of the spectroscope is determined by first passing the

ray through an auxiliary spectroscope, selecting certain wave lengths

and observing their intensity, {d) as transmitted by the auxiliary

spectroscope, (^) as transmitted by both spectroscopes.

The observation (c?) is made by setting the bolometer to occupy the

position usually occupied by the slit of the usual spectroscope. In

this position a number of settings of the auxiliary spectroscope are

made, so as to determine the intensity of its radiation at a sufffcient

number of wave lengths. Then the slit of the usual spectroscope is

restored to its proper position so as to permit nearly monochromatic

beams of light to pass through the usual spectroscope after having

been sorted out by the auxiliary one. The relative intensities of these

nearly monochromatic beams are determined by taking holographic

energy curves of them. The areas included in these holographic

energy curves give the relative amounts of energy remaining in these

wave lengths after having suffered absorption in the usual spectro-

scope. Thus the galvanometer deflections with the bolometer at the

slit divided by the areas of the corresponding energy curves formed

by the bolometer in its usual position, give numbers inversely pro-
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portional to the transmission of the usual spectroscope, and suitable

to correct its losses.

It will be noted that the procedure thus outlined takes no account

of selective absorption by the bolometer for different wave lengths.

If, for example, the bolometer should only absorb 50 per cent of the

rays in the ultra-violet while it absorbed 95 per cent of the rays in

the infra-red, the form of the energy curve would be quite erroneous.

We confess that in even our present experiments the possibilities of

error from this cause have not been eliminated, but as will appear

we have at least shown that with several different bolometers, some

camphor smoked, some painted with lamp-black, some in atmospheric

pressure, and some in high vacuum, there is no certain difference

beyond the experimental error, and we continue here, as heretofore,

tacitly to make the assumption that the bolometer absorbs a uniform

proportion of the rays throughout the region of spectrum we are

concerned with, namely, from 0.3/x to 3/.t. Our position is strength-

ened by the fact that Angstrom, Coblentz, and others estimate the

absorption coefficient of blackened surfaces for total solar radiation

as high as 97 or 98 per cent. This leaves little room for selective

absorption.

Observations of ip20.—The determination of the transmission of

the spectroscope was repeated in 1920 with new stellite mirrors, those

used in 1917 and 1918 having gone to Chile. There is nothing new
in the method employed, but the work was done with all possible

care and with independent adjustments on July 16, 17, and 19, and

August 18 and 19, 16 determinations in all. Ten points in the

spectrum were observed in July and nine others alternating with

them in Aiigust. The average probable error of the determination of

relative spectroscopic transmission at these 19 points was 1.2 per

cent. The results run as shown in table i.

Combining these results with the determination of the reflecting

power of the stellite-mirror coelostat made in 1918, and determinations

of the form of the energy curve at the earth's surface and of atmos-

pheric transmission accompanying made at Mount Wilson on 10

satisfactory days of 1920, of which five gave high, five low solar

constants, we obtained the distribution of solar energy in the spectrum

outside our atmosphere. These values will be given below.

Obserz'ations of ip22.—All the apparatus used in 1920 having been

removed to Mount Harqua Hala, we used an entirely new outfit. The

coelostat mirrors were silvered but the main spectroscope had new
stellite ones.



SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 74

In repeating the work, we were well convinced that the principal

uncertainty rested on the determination of the ahsorption of the

spectroscope. So many closely agreeing ohservations have been made

in former years of the transmission of the atmosphere, the results of

which fall in so well with the theory of Rayleigh on the molecular

Table i.—Spectroscopic Transmission. Observations of 1920
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as the wave length diminishes. If that were the only effect of the

stray light, it would tend to diminish the intensities of the solar energy

spectrum outside the atmosphere in the region of the ultra-violet rays,

but there are also two additional effects of stray light, both of which

tend in the other direction.

The first of these is the building up of the holographic energy curve

at the earth's surface in the ultra-violet by these same stray radia-

tions which, as we have just said, tend to raise the atmospheric trans-

mission coefficients. Obviously the eff'ect ol this building up tends

to make the ultra-violet too high.

The third effect of stray Hght is in the determination of the trans-

mission of the spectroscope. If the reader will go over the summary
of procedure for that purpose, which has just been stated, he will

perceive that the auxiliary spectrum which falls at the slit of the

main spectroscope will be subject to contamination by the stray light.

Monochromatic beams of energy result at the usual position of the

bolometer, after the passage of the light through both spectroscopes,

in which the stray light will be practically eliminated. Consequently

in the ultra-violet the auxiliary spectrum will be relatively too bright,

owing to the influence of stray light, while in the final spectrum

represented by the little energy curves, the stray light will be elimi-

nated. Hence, the ratios of the bolometric deflections at the focus

of the auxiliary spectrum divided by the holographic areas observed

in the usual spectrum will be too large in the ultra-violet, indicating

a greater absorption in the spectroscope than actually exists, and this

will tend to make the ultra-violet part of the solar spectrum outside

the atmosphere too high. We shall recur to this question of stray light

a little later, and introduce an estimate of the combined effect of these

three different influences.

In considering the best means of assuring a trustworthy result, it

seemed to us that great advantage would come from using several

different prisms, both in the auxiliary and in the usual spectroscope,

so that we could carry through the whole determination of the solar

energy curve outside the atmosphere with instruments of very dif-

ferent dispersion characteristics. In order to get these as decisively

different as possible and at the same time to use materials of high

transmissibility throughout the region of the spectrum we were con-

cerned with, it occurred tons to use prisms of rock salt in substitution

for the ultra-violet crown glass prisms we usually employ. Moreover,

as the work of 1920 and some previous years had been done with ultra-

violet crown glass prisms in both the auxiliary and usual spectro-



SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 74



NO. 7 ENERGY IN SUN AND STARS ABBOT, FOWLE, ALDRICH 7

scopes, we determined to substitute in the auxiliary spectroscope a

prism of ordinary flint glass which, as is well known, produces a far

greater relative dispersion in the ultra-violet than the ultra-violet

crown glass.

It seemed to us that when these various modifications of the experi-

ments had been made, namely, the use of bolometers in air, bolometers

in vacuum, bolometers painted with lamp-black, and bolometers smoked

with camphor smoke ; when we had employeti several difl:'erent types

of prisms ; and when we had independently set up the apparatus with

the greatest possible care on several difi^erent occasions ; then, if the

results of all these modifications should agree among themselves and

should agree either with the work of 1920 or with the work of the

earlier years, as reported in Volumes III and IV of the Annals of

the Astrophysical Observatory, the final result, supported by such far-

reaching agreements, ought to be entitled to confidence.

We now proceed to give in table 2 in abbreviated form the data

of the observations and their results.

As noted above, the measurements of the degree of uniformity of

the galvanometer scale do not indicate appreciable corrections to be

necessary. For though the increase of deflection for successive steps

of one ohm diminishes slightly with increasing deflection, yet there

should be a small change in this direction depending on the fact that

a change of one ohm on a shunt of 1,937 ohms about a Wheatstone's

bridge coil of 56 ohms produces less current in the galvanometer

than I ohm change on 1,930 ohms. With allowance for this, the read-

ings differ by less than their probable error from linear relations.

The deflections are governed by rotating sectors. As determined

with automatic recording of deflections in numerous series, the de-

flections for sectors are as follows

:

Sector No. . 3 2

Deflection i.ooo 3- 159

Deflection 0.3748 1.184

From this we derive factors of reduction

:

To reduce 3 to 2 to

Factor 26.68 8.445

To reduce 3 to 3 2 to 3

Factor i.ooo 0.3166

1 9.I6I
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Table 3.

—

Ratios of Deflections of J'arious Bolometers as Reduced to Nearly

Equal Scales

A = old bolometer No. 20 in air, camphor-smoked.

5^ old bolometer No. 20 in air, lamp-black-painted.

C = 1916 bolometer in air, lamp-black-painted, glass plate in front.

£)=^i9i6 bolometer in vacuum, lamp-black-painted, glass plate in front.

E = 1922 bolometer in vacuum, lamp-black-painted, glass plate in front.

Spectrum
place
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Table 4.—-Sample of Spectroscopic Absorption ]]'ork

Place by
second
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Similarly for the other set of spectrum places we obtained:

Table 6.

—

Collected U. V. Glass Spectroscopic Absorption. Second Places

Place by
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addition two others from the " First Places." For clearness we give

the spectrum settings which the U. V. crown glass prism would have

required at these wave lengths, so as to compare with those in the

preceding tables.

These determinations of spectroscopic absorption for the U. V.

glass and for the rock salt spectroscopes were plotted on a large scale

and smooth curves drawn to fix the best values to use for the absorp-

tion coefficients at the wave lengths where holographic ordinates are

measured. These results will appear in a later table.

Reductions of observations of coelostat absorption.—On Septem-

ber 5, and again on September 6, holographs were taken to determine

coelostat absorption. Thus, for instance, on September 5, after a

series of four holographs beginning at 6'^ 36'" and finishing with the

holograph at 8'^ 13™ taken to determine atmospheric transmission

coefficients, two additional silvered mirrors were employed in con-

nection with the holographs as follows

:

Time of obsei-vation 9''45"' io''oi'" io''2o'" io''39'" io''49"^ ii''03'"

Mirror arrangement 4 mirrors Usual 4 mirrors 2 substitutes 2 substitutes Usual

These holographs of the solar spectrum having been marked

with smoothed curves as usual, were measured in ordinates at the

usual places as in solar-constant determinations. The results were

then combined in the following manner

:

From the usual holographs taken at 8'^ 13™, 10^' 01™, and ii'^ 03™,

it was determined what would have been the usual ordinates at the

various times when four mirrors and two substitute mirrors were

employed, and thus the whole body of data could be brought to a

common time and air mass. Mean values of ordinates for the four

mirrors and for two substitutes were determined. Let A, B, and C
be directly comparable ordinates at a certain wave length with usual,

substitute, and four mirrors, respectively, then the correcting factor

for the combined absorptions of the usual mirrors at this wave

length is B/C. If that for the substitute mirrors was desired, it

would be A/C.

Proceeding thus in effect, we obtained the correcting factors for

the absorption of the usual mirrors over the whole spectrum for

both September 5 and September 6. The latter day's values were

obtained for slightly different wave lengths as observed with the

rock salt prism. But the values were readily convertible to a com-

parable basis, and were thus compared by plotting on a large scale.

The two sets of data were in satisfactory accord throughout, but were

mutually helpful in smoothing out accidental errors. This being
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done, smoothed curves were drawn for each day separately and

appHed independently in the final computations of the energy curves

of the two days. From inspection of the results it is believed that

the determinations of coelostat reflection are surely correct to within

I per cent, except as far as they may be afifected systematically in

the violet by stray light as already referred to above.

Table 8.

—

The Solar Energy Curve. U. V. Glass Prism. September 5, 1922

Prismatic
deviation
from fj
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Table 9.

—

The Solar Energy Curve. Rock Salt Prism. September 6, 1922

Prismatic
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In further reduction we now include the mean result of 1920, the

U. V. glass prism result of 1922, and the rock salt prism result of

1922, with the object of comparing these several determinations,

getting from them the best general representative values, and finally

comparing these with the earlier results of 1903 to 1910, and 1916

to 1918, respectively, given in Table 58 of Volume IV, Annals Astro-

physical Observatory. In order to do this we first reduced the results

of 1922 to the scale of those of 1920. In the following table we do

not retain the individual wave lengths observed for rock salt, but

have read ofif from a large scale plot the values which the rock salt

work would indicate for the wave length places used in U. V. glass

work.

We give in figure i the individual values found for the difl:erent

wave lengths for the work of 1920 and the U. V. glass and rock salt

prisms in 1922. As will be seen by inspection of the plot, when we
consider all circumstances, particularly the wide dififerences in dis-

persion characteristics, the agreement of the rock salt work of 1922

with the U. V. glass work of 1920 is little less than remarkable over

the whole extent of spectrum covered. Agreement even descends to

the details in the solar bands near wave lengths 0.386, 0.425, and

0.535 micron. There are moderate divergences central at wave

lengths 0.65 and 1.3 microns. The discrepancy beyond 1.7 microns

is not surprising in view of the difficulty introduced by the water-

vapor bands, and the approaching opacity of U. V. crown glass.

Turning to the U. V. glass work of 1922, its agreement with 1920

between wave lengths 0.5 and 1.7 microns is nearly perfect. At

greater wave lengths than 1.7 it lies between the 1920 work and the

rock salt w^ork. For wave lengths less than 0.5 micron there is a

pretty wide divergence, the 1922 U. V. glass work running smaller.

The departure does not much exceed 10 per cent until the w^ave length

is less than 0.40 micron.

We incline to attribute this ultra-violet discrepancy to the inferiority

of the day, September 5, 1922, as indicated by the logarithmic plots

of atmospheric extrapolation. These indicate that the sky was grow-

ing less transparent towards noon, for the computed coefficients of

atmospheric transmission in the infra-red are all closer to unity than

they ought to be. This mediocre character, and the excessively high

transmission coefficients, would scarcely affect the form of the energy

curve for wave lengths greater than 0.6 micron, because here the

atmospheric transmission is always above 50 per cent, so that changes

of it afifect the form of curve only slightly. But supposing the sky
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Table io.—Comparison of Xoniial Solar Energy Curves
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was actually growing worse, the effect on the wave lengths less than

0.6 micron would be more and more serious, as indeed the energy

curves of figure i indicate.

The second day, September 6, is not subject to this criticism. The
work of 1920 rests on many good days of observation. Accordingly

we decided to give the 1920 work and the 1922 rock salt work each

double weight for wave lengths less than 0.5 micron, and all three

curves equal weight for greater wave lengths. With this convention

we compute the weighted mean of table 10 as plotted in heavy full

line in figure i.

This new result, namely the weighted mean of the 1920 and 1922

observations, given in table 10 and in the heavy full line of figure i,

we regard as our best determination of the form of the solar energ}'

curve outside the atmosphere.

It rests principally on our very careful work of 1920, which, how-

ever, on account of its divergence from our previously published

work of 1903 to 19 10 we had hesitated to publish until further tested.

Now it is confirmed beautifully by the rock salt work of 1922, a

determination as absolutely different as possible. The principal dif-

ferences are : Silver in place of stellite at the coelostat ; new stellite

mirrors in the usual spectroscope ; a flint glass prism of high disper-

sion in place of the low dispersion U. V. crown prism in the auxiliary

spectroscope ; a rock salt prism of excessively different dispersion

in place of the U. \. crown glass prism in the usual spectroscope ; a

new bolometer and new galvanometer. Also the U. V. crown glass

work of 1922 is in almost perfect agreement over the whole range of

longer wave lengths, and where it differs in the visible and ultra-

violet it differs in the opposite sense to the 1903 to 1910 work.

We place little confidence in our work of 1916 to 1918 on the form

of the energy curve, for a reason already explained in Volume IV
of the Annals. To avoid confusion we have not plotted it, although

its mean result is given in table 10. The mean value of 1903 to 1910

is given there and plotted in figure i. As it rests on a great number of

observations at different stations, and as these individual determina-

tions differ widely among themselves, as given in the Annals, Vol-

ume III, table 62, it is interesting to examine them separately and see

if any class of the individual determinations would have tended to

agree better with the new work. We are at once struck by the fact

that it is the quartz prism work at Alt. Wilson and Mt. W^hitney

which has given most of the divergence, excepting of course the

three short-wave values at the top of column 4 of the above cited
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Table 62 of Jiinals, X'olume III. These are very likely vitiated by

stray light. The quartz prism was very imperfect, being greatly

blemished by interior striae and a tinge of smokiness, and its defini-

tion was so abominable that hardly any lines could be distinguished

in its solar spectrum. \^ery possibly the determinations with quartz

ought therefore to be rejected.

If we should reject all of them, there would result the following

modification of Table 62 of Annals, Volume III:
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the i)i-ofusion of Fraunhofer lines in the visible, and still more in the

ultra-violet solar spectrum, must cut this part down very greatly. The
purity of our spectrum does not suffice to enable us to restrict our

measurements to spaces between the lines, as was done by Fabry and

Buisson in their beautiful studies of the ultra-violet.^ They find even

for the ultra-violet solar spectrum between wave lengths 0.394 and

0.292 micron, the corresponding " black-body " temperatures be-

tween 6,020° and 5,970° K. These measui;ements, however, relate

to the center of the solar image, while ours include the rays as mixed

in ordinary sunlight and coming from all parts of the sun's image.

Ours is therefore a cooler source than theirs.

Fabry and Buisson draw attention to our over-estimate of the

transparency of the earth's atmosphere for rays in this region, which

indeed we have already admitted. As they point out, it is impossible

to determine the atmospheric transmission correctly in this region

without screening out stray light arising in the more intense spectrum

regions.

We may remark, however, that the high altitudes of our observing

stations, as they tend strongly to build up the ultra-violet compared

to other parts of the spectrum, are favorable to diminishing this

source of error below what might appear from a mere inspection of

Fabry and Buisson's sea-level atmospheric transmission coefficients.

As we have stated at the beginning, we have tried to estimate the

effects of the three kinds of errors stray light produces in our work

on the form of the ultra-violet solar energy curve outside the atmos-

phere. Two of these tend to make our values in the ultra-violet too

high, and the third acts oppositely. Assuming for the moment that

the spectroscopic correction factor is right, suppose the true ordinate

of the energy curve outside the atmosphere for a wave length A in

the ultra-violet should he ei, but that in the ordinary holographic work

we determine this ordinate from observations as Cc. The discrepancy

is caused by stray light coming from another part of the spectrum,

which increases the intensity observed at the wave length A, and also

increases the apparent atmospheric transmission coefficient because

the stray light being of longer wave length is of higher real trans-

mission coefficient than the ray in question. Let Cs be the intensity

of the stray light outside the atmosphere, and a«, ac, and at be the

true atmospheric transmission coefficient for stray light, the falsified

computed one, and the true one for the wave length A.

^ Astrophysical Journal, December, 1921, and Comptcs rendus f. 175, p. 156,

1922.
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Then for air masses 2 and i, respectively, the observed intensities

will be

:

^ ciar + Cstts- [ and { eiOt + Cstts \.

rr., r etar +a^
Therefore —

^ , ^ ^ = flr and ecac = cta-t + CgOs.

Whence '-i = ^'^ U^a.^
Cc at ^Os — aiJ'

Judging from the visible appearance in the eyepiece of the

bolometer, when the spectroscope is set for infra-red rays, where

there is properly no visible light, the stray radiation there, and pre-

sumably in the ultra-violet region as well, represents impartially the

whole spectrum, for it appears in the infra-red as white light. If

so, we may reasonably assign for as the value 0.90. Other lesser

values, 0.80, 0.70, may also be used for illustrative purposes.

Take now a wave length in the ultra-violet for which Oc is 0.60.

This in ordinary Mt. Wilson observing is about X— O.^Sl^. In the

following table we give values of the expression — corresponding to

assumed values of as and at, ffc being 0.60 in all cases.

Table ii.—Comparison of True and Measured Radiation

Outside Atmosphere. Speeimens of ratio --.

Stray light
transmission
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factor too large, but just how much we cannot tell. However, as it

works in the same sense as the combined effects just tabulated, we
can finally say that the complete tendency of stray light is to cause

the ultra-violet region of our spectrum energy curve to be too high.

The real values would be such as to give smaller intensities in the

ultra-violet than our curve indicates. In other words, the real curve

would deviate still further below the " black-body " curve in the

ultra-violet than figure i indicates.

That the error is not so large as the figures of table ii indicate,

or as readers of Fabry and Buisson's paper might suppose, seems

apparent from computations by Fowle of the Rayleigh atmospheric

transmission coefficients based on the number of molecules of air

above Mt. Wilson. For comparison we give observed transmission

coefficients of a good day, September 20, 1914, when we observed

from sunrise until noon and also the mean of many good days of the

years 1909 to 191 2.'

Table 12.

—

Atmospheric Transmission Coefficients. Mt. JJ'ilson

Wave-length in microns
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Before leaving the subject of our solar work and its relations to the

ultra-violet solar observations of Fabry and Buisson, we give in the

following table 13 Fabry and Buisson's determinations of atmos-

pheric ozone for 14 days of the year 1920, and corresponding solar-

constant values as determined by Smithsonian observers at Calama,

Chile. In giving the solar-constant observations we add for three

days corrected values. They are determined by drawing, in figure 2,

a smoothed curve following the run of the numbers from day to day.

In figure 3 we plot Fabry and Buisson's ozone values as abscissae, with

solar-constant numbers as ordinates. The observed values are given

Table 13.

—

Ozone and the Solar Constant

Date
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diminish terrestrial temperatures as solar radiation increases. This,

if true, must be an important meteorological consideration. We hope
soon to make an investigation of this ozone problem.

STELLAR SPECTRUM ENERGY CURVES

By invitation of Dr. Hale, given in the year 1916, we devised a

spectro-bolographic outfit for obtaining spectrum energy curves of

images of the brighter stars focused by the 160-inch telescope of the

Mount Wilson Solar Observatory. The experiments were unavoid-

ably postponed until the summer of 1922. We do not give here an

extended account of them because we hope to repeat them with im-

provements in sensitiveness and accuracy. We are convinced that

though we succeeded in making a vacuum galvanometer of 11 ohms
resistance with which we measured 5x10"^^ amperes, and though in

combination with the vacuum bolometer we measured with it a change

of temperature of i X lO"^ degrees Centigrade, satisfactor}^ stellar

spectrum energy observations demand at least tenfold more sensi-

tiveness with fivefold less disturbance than we could achieve in this

way. Hence, although we observed roughly the distribution of

energy in the spectra of 10 of the brighter stars, including nearly

all of the principal Harvard classes, we propose to employ new devices

in further experiments.

Without the aid furnished by Dr. Stratton and the Bureau of

Standards, Dr. Thomson and the General Electric Laboratory, at

Lynn, Dr. Nichols and the Nela Research Laboratory, and especially

Dr. Hale, Dr. Adams, and the staff of the Mount Wilson Solar

Observatory, we could not have obtained these preliminary results.

Figure 4 gives a general view of the arrangement of apparatus

successfully employed after a failure of preliminary experiments at

the Newtonian focus of the great telescope, due to electrical and

temperature disturbances. The rays ab coming from the star were

reflected from h backwards towards the focus of the 100-inch mirror

and were reflected a second time at c by a convex mirror whose

property it was to increase the focal length from 40 to 250 feet.

There was a third reflection by a plane mirror at d, so that the rays

came at length to the so-called Coude focus at e, in the southern pro-

longation of the equatorial axis of the telescope.

Here the rays entered the nearly constant temperature room q,

whose roof, walls, floors, and piers are so massively built of cement

as almost to remind one of Egyptian pyramids. The star rays

diverged to the concave mirror / (at 6 meters distance beyond the
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Coucle focus) which brought them a second time to focus over a

meter distant at the sHt g. Thence they diverged to the colHmating

mirror /;, of 45 centimeters focus, proceeded parallel to the 18°

i^//y/////y/////^///yyyy////77/yyyyyA

Fig. 4.

ultra-violet crown glass prism i, and were returned nearly over the

same path by a reflecting coat of silver on the back of the prism so

that they came at last to focus on the special vacuum bolometer close

to the slit g.
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Electrical connections led from the spectrobolometer situated 6

meters above the floor (but conveniently adjustable from the plat-

form p, p) to the special magnetically shielded galvanometer ;', whose

tiny platinized mirror, m, reflected a beam of light from the brilliant

special incandescent lamp k up to the photographic plate carrier n,

where bolographs of the stellar spectra were to be taken. The

astronomical clock o was connected so as to move the prism and photo-

graphic plate simultaneously for this purpose. ^

In practise we found that owing (i) to a slow but persistent

drift of the galvanometer due to temperature changes, and (2) to

a continual oscillation of the galvanometer light spot over a range of

from I to 5 millimeters, occasioned apparently by electrical oscilla-

tions induced by power and light circuits, it was inadvisable to use the

photographic recorder. All of our results were obtained by eye

observing upon a ground glass scale drawn with luminous paint, and

resting on the platform p, p, at 5 meters from the galvanometer.

The procedure of observing was as follows : A selected star having

been brought into focus at e by the night assistant at the telescope in

the dome, r, r, the mirror, f, was adjusted so as to form its image

centrally within the slit at g. The prism, previously set by means

of a sodium flame exposed at c so that the D line fell upon the

bolometer, was then rotated by turning the driving shaft which con-

nected to the clock through a certain number of turns sufficient to

go beyond the region of spectrum where sensible heat could be

observed. Then one observer (Mr. Aldrich) made successive settings

of whole turns down through the star spectrum, and recorded the

other observer's (Mr. Abbot's) galvanometer readings at these set-

tings. Arrived at the other end of the spectrum region where sensible

deflections were observed, a return series of settings was made at

places half-way between those of the first series. Exposures in the

spectrum were made by pulling a cord which lifted a shutter at t

near the Coude focus. Frequently the slit g was inspected from a

distance by a telescope so as to correct if necessary the position of the

star image within its jaws.

All of the observations of stellar spectra were made when the

stars observed were within less than 50° of the zenith, so that the

air-mass never exceeded 1.5. For the purpose of eliminating in one

operation the selective losses in the atmosphere, the telescope, and the

spectroscope, so far as necessary for such rough measures, it was con-

trived to observe near midday with the same apparatus an image of

the sun whose energy spectrum is known. For this purpose a screen.

s, with eight symmetrically distributed quarter-inch holes was placed
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over the top of the telescope tube, and a diaphragm of ^-inch aperture

inserted at t. These reductions of the solar intensity sufficed, with

a little series resistance added in the galvanometer circuit, to permit

the solar spectrum to be observed on nearly equal terms w^ith those

of the stars. The factor of reduction to bring the sun down to about

the intensity of Capella proved to be as expected a little more than

26 magnitudes.

Employing these solar comparisons together with the 1920 deter-

mination of the forms of the sun's energy curve outside the atmosphere

both for the prismatic and the normal spectra, we have eliminated

selective effects of absorption from the stellar spectra which follow.

On various accounts we are unable to claim much accuracy for our

results. They are to be regarded merely as a preliminary feeling-out

of the problem. Better knowledge of the distribution of these stellar

spectra has, we believe, already been obtained by Coblentz with his

method of absorbing screens, also being employed by Pettit and

Nicholson. But of course if the employment of a prism could be

made satisfactorily, its results would be far preferable to those of

absorption methods. Our experiments show us just what must be

done to bring this about, and we now have great hope of succeeding

in new experiments with modified instruments.

In our experiments of 1922 the principal defects are these

:

1. Insufficient sensitiveness. It was impossible to measure the

radiation, as weakened by increasing prismatic dispersion and increas-

ing atmospheric and instrumental absorption, far enough towards

the violet to follow with any accuracy the normal spectra of stars

of types G, F , A, and B to their maxima.

2. Insufficient accuracy of wave length. With the moderate dis-

persion of what was practically a 36° crown glass prism, the wander-

ings of the star image in the wide slit of the spectroscope were suf-

ficient to produce uncertainties of wave length amounting roughly to

as much as the distance from D to B in the orange-red of the spectrum.

This defect could have been reduced greatly had we been able to con-

tinue the experiments one or two more nights, and will easily be made

small hereafter by better following devices.

3. Insufficient accuracy of intensity measures. Owing to bad fol-

lowing the image wandered sometimes partly onto the slit jaw before

it was corrected. This would, of course, have been prevented liad

the work gone on. But more serious, because incessant, were the

oscillations of the galvanometer light-spot on the scale, through

amounts which, for some stars, were nearly as great as the observed

maximum deflection in the spectrum. Though every deflection re-
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corded is the mean of several trials, it cannot be hoped that these

relatively large disturbances are eliminated satisfactorily. Moreover,

the uncertainties of wave-length settings mentioned above aggravate

the errors of intensities, because the deflections, even if true, might

have related to wave lengths somewhat different from those supposed.

If the experiments on each star had been repeated several times on

later nights very much greater accuracy could doubtless have been

had in the final means. But, after all, the sensitiveness available was

not adequate ever to give satisfactory results, and it would have been

a waste of time to go on with the apparatus as it was in 1922. With

these remarks we give the observations. We have arranged the stars

in order of the Harvard spectrum classification, although the order

of observing followed approximately the order of their right

ascensions.

The scale of galvanometer deflections differs on the three nights of

observation and even at different hours of the same night according

to the time of swing which was practicable at the time. Wherever

there are two observations on one star we have reduced the smaller

deflection data to the scale of the larger approximately and have given

the observations of larger deflection greater weight in drawing

smoothed curves. In view of what has been said of the sources of

error always present, readers will not be surprised at the irregularities

which the data present.

As the work is altogether rough and preliminary we shall not take

space to detail what steps were necessary to reduce the direct observa-

tions for the selective losses in the atmosphere and the apparatus,

merely repeating that these reductions depended on the solar-spectrum

observations of 1920 taken together with those made on August 19,

1922, with the great telescope and stellar spectro-bolometric outfit.

In figure 5 we have given in smooth curves as well as we can the

stellar distribution outside the atmosphere on the scale of the 36°

ultra-violet crown glass prism, and in figure 6 the corresponding

curves reduced to the normal or wave-length scale. In drawing the

normal curves we were immediately made conscious that for the stars

of types B, A, F, G, the original very small deflections in the shorter

wave lengths lacked a sufficient degree of accuracy to warrant multi-

plying them by the very large prismatic dispersion factors. Such

results would have had no meaning and would have been apt to

mislead. Accordingly we cut off all of these normal curves beyond

wave length 0.5 micron, and omitted four stars of types B and A for

which the observed deflections at maximum ordinate in the prismatic

spectrum did not exceed 5 millimeters.
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(3bviously in order to determine at all satisfactorily by heat methods

the spectrum distribution for stars of types B, A and F, it will be

necessary to use apparatus of a decidely higher order of sensitiveness

than ours.

On the whole the positions of maximum ordinates in the prismatic

spectra shift with spectrum type much as we should have expected.

H^el_
Sle Zar Sp^ctrd jtC

Peg^

aHerculis-Mb

Fig. 5.

It is satisfactory that the curves for the sun and Capella agree so

well. The several depressions in the infra-red of the solar curve are

most likely real, as they coincide closely with great infra-red water

vapor bands. The stellar curves would doubtless have shown them

too if there had been enough energy so that they had been equally as

accurate.
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We attribute little weight to the circumstance that the maximum in

the normal spectrum curve of « Herculis falls to the violet of that of

a Orionis. That Aldebaran gives its maximum at shorter wave

lengths than either, we think is real, but we do not feel confidence in

the exact places for any one of the three. Greater accuracy is essential

if real deductions as to star temperatures and their approach to

" black body " conditions are to be made.

Though we have not concealed the shortcomings of these stellar ob-

servations, they cost a great deal of effort. Fatalities seemed to lurk

about the work to surprise us so that we were almost ashamed to meet

Fig. 6.

any one on Mount Wilson lest he should ask what new things had

gone wrong that day. We made a list of all the serious mishaps, and

they numbered nearly 30, some requiring a whole week to repair. But

we feel after all that a decided step was made to have gotten from

10 to 30 millimeters deflection in the fairly extended spectra of four

of the brightest stars. For it was not many years ago that Boys failed

to recognize stellar heat, and Nichols observed but one or two milli-

meters in the total radiation of such stars. Naturally our success,

such as it was, depended largely on the great size of the Mount Wilson

telescope, but besides that it indicates a large gain in sensitiveness of

apparatus. Furthermore, the experience gained clarifies the problem

so exactly that plans for future experiments may now be laid with

great certainty.




