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ABSTRACT

Air as a standard reference medium for precise refractive-index measurements is
discussed with respect to the precision necessary in the control and measurement
of its temperature, pressure, humidity, and carbon-dioxide content. Particular
attention is given to the selection of provisional values for «, the optical tempera-
ture coefficient for air; and the preparation of accurate correction tables for the
reduction of refractive-index observations to standard conditions of reference is
described and exemplified.

The approximate range of temperature effects on absolute refractive index is
indicated; also the range of pressure effects on liquids. A new (empirical) relation
between index and density is derived from Pockels’ optical data on elastically
deformed glass and a basis for quantitative treatment of permissible stress-bire-
fringence is given. For glasses, the character of annealing and the permissible degree
of striation are considered; and for several media the requisite constancy in wave
length of light source is determined.

Tolerance equations are given for all requirements that are quantitatively dis-
cussed and it is concluded that both precisionand accuracy to within 4 2 or 3 X10-¢
gan be attained in determining refractive index by the classical method of minimum

eviation.
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I. INTRODUCTION

In the practice of precise refractometry a desirable degree of approxi-
mation to the ideal physical and chemical conditions of measurement,
is seldom realized. Although the necessity for control of some of the
physical conditions is more or less well known, only a comparatively
small amount of the published index data is accompanied by adequate
references to the conditions under which the measurements were
actually made or to the conditions which are considered as standard.!

The tolerances for variations in air temperature, pressure, and
humidity have not been explicitly and precisely evaluated, and the
effects of temperature and pressure on the absolute indices of various
media are not adequately known. Moreover, the question of the
effect of heterogeneities in the sample has not hitherto been discussed
in connection with refractive-index measurements. On the other
hand, it appears that no attempt has been made to justify or to dis-
prove the commonly accepted opinion that even a moderate amount of
bir(;fringence in a medium may make precise index measurements
useless.

Certain refractive-index measurements of high precision, that are
being made in the refractometric laboratory at the National Bureau of
Standards, have made it necessary to determine the precision with
which all of the working conditions must be controlled or, in some in-
stances, quantitatively observed. It has seemed advisable to dif-
ferentiate clearly between the effects of such conditions on the reference
medium and on the sample to be measured and, wherever possible, to
specify on a quantitative basis the requirements and tolerances relating
to these working conditions; also, to set forth in detail a system of
accurate corrections to standard reference conditions. However, when
considering such matters as heterogeneity of the sample and the permis-
sible degree of its birefringence, the treatment is necessarily limited to
simple approximations.

For convenience of reference, the definitions of various symbols
it;,hﬁ,t are used and explained in this paper are summarized here as

ollows:
a=temperature coefficient of expansion of air at
constant pressure; also (negative) temperature
coefficient of refractivity;
B =npressure coefficient of volume change at constant
temperature (often called compressibility),
that is

p=— % (% ; also, for air, the pressure coefficient
= of refractivity;
C=total (volume) proportion of CO, in atmosphere;
C’, C", C"'" =constants of proportionality in various equations
expressing index-density relationship;
c=excess of CO; above the normal proportion, that
is, c=C —0.00035;
d=density;

1 Brief historical references have been made in a ormer paper, BS J.Research 2, 912-915 (1929) R P64.
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E=Young’s modulus of elasticity;

e=179X107%/(u,—1);

v=41X107%/[760 (u,—1)];

K =modulus of volume elasticity or ‘“bulk modulus”,
that is, K=1/8;

Ar=wave length of light;

m=mass;

p=index of refraction of air, the general subscripts ¢,
p, v, and ¢ referring to the temperature, pres-
sure, humidity, and carbon-dioxide content,
respectively, while the subscript 0 indicates
standard conditions of 0° C and 760 mm
pressure and D) specifies 'a wave length of
5893 A;

n=relative (to air) index of refraction of a medium;

n=absolute (or vacuum) index of refraction of a
medium;

P =pressure of air;

p=excess in mm of Hg over 1 atmosphere of air
pressure, that is, p=(P—760);

(p’[v") and (¢’/v")=the Pockels experimental constants for certain
glasses, »’ being the velocity of light in the
unstressed glass;

s=proportion by volume of striae in glass;
o= Poisson’s ratio;
T and t=temperatures on absolute and centigrade scales,
respectively;
T's:,=tolerance in air temperature control and measure-
ment that corresponds to an error of + 1X107°
n (relatlve) refractive index;
T'ap,=tolerance in air-pressure control and measure-

ment that corresponds to an error of + 1X10-°
in (relative) refractive index;

Tao=tolerance in absolute humidity that corresponds
to an error of 4+ 1X107% in (relative) refrac-
tive index;

Ta.=tolerance in abnormal proportion (by volume) of
CO; in the atmosphere that corresponds to an
error of + 1X107°% in (relative) refractive
index;

Tap=tolerance in hydrostatic-pressure variations cor-
responding to + 1107 in refractive index of
liquid and solid media;

T'sn,=tolerance in absolute stross- blrefrlngence corre-
sponding to an error of + 1X107% in refractive
index (for the transverse ray if n <1.8+4);

Tm=tolerance in wave length of source corresponding
to an error of + 1>< 107% in refractive index;

V=volume; and,
n= pressure of water vapor in the] atmosphere in
mm of Hg.
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II. AIR AS A STANDARD MEDIUM OF REFERENCE

The great majority of all measurements involving light velocities
are made while using the earth’s atmosphere as the practical standard
medium of immersion or reference. Since the velocity of light in air
is a function of chemical composition and also of the temperature and
pressure of air, it is necessary to specify CO,, moisture content, and
other factors with appropriate precision in order that the measure-
ments may have definite value.

The composition of CO,-free dry air has been discussed in a former
paper.”? Although this composition appears constant to a high de-
gree when air is chemically analyzed, it has long been estimated that
variations in the normal density of air are as large as 5 or 10 parts in
10,000 and for this reason air is no longer considered a suitable refer-
ence medium for accurate specific gravities of gases. Statistical
analysis of existing data indicates, likewise, that the refractive index
of air at standard conditions is not constant but varies over a range
perhaps as large as +12X1077 from a general average value of
1.0002925 for A=5893 A. Consequently all relative indices of re-
fraction may be subject to an inherent uncertainty which can be
estimated as

An=+12nX10~7 1)

unless accompanied by reliable measurements on air itself.

In reducing relative indices to absolute values when direct measure-
ments on air are lacking, it is probable that this uncertainty is sta-
tistically diminished by using for u, the index of air, a value properly
computed ® from dispersion data and from an equatlon that gives the
sodium-lines index of air for 0° C and 760 mm pressure as

(up—1) X 10"= pg_o—kS (2)

where S'is the relative annual sunspot number (for the year in which
the relative indices were measured) as given in the Wolf-Wolfer series
of sunspot observations. For use in this equation the parameters
us—o and k should be determined from the best available data on the
refractive index of air for the period in question. Provisional values
obtained by the writer for the whole interval 1857 to 1934 are, re-
spectively, 2932.2 and 0.148; whereas for the limited interval 1912 to
1934, during which a number of very important observations have been
made, the corresponding values of the parameters are 2927.5 and 0.079.
With either of these sets of values for the parameters, however, the
probable errors of estimates of index interpolated by use of equation 2
are large, namely +5 and -+ 31077, respectively, and it is readily
seen that for certain years within the interval 1912 to 1934 two esti-
mates can actually differ by 5X1077. Extrapolations will probably
be even less reliable and consequently it appears (see equation 1) that
uncertainties of 4 1 or 2 units of the sixth decimal place of index can
not be entirely excluded when refractivities of optically dense media
are measured in COy-free dry air. From evidence at present available
it does not seem likely, however, that such differences can occur over
periods of time measured in days or weeks but rather that such possi-
bilities should be remembered when comparing absolute determina-
tions separated by or extending over a period of years.

2 L. W. Tilton, BS J. Research 13, 111 (1934) RP695.
3 See equation 22 of this paper.
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Obviously, it is seldom convenient to use as a reference medium pure
air having a standard temperature and pressure, and free from COs.
Usually it is advisable to allow these conditions to vary continuously
and to keep adequate records during index determinations. In in-
vestigating the relationships involved, a unit error of 110~ will be
considered as was done in former papers * discussing the geometrical
aspects of prism refractometry.

1. TOLERANCES IN MEASUREMENT AND CONTROL OF
REFERENCE MEDIUM

The most obviously important effects of varying air conditions on
measured relative indices are those arising from the changes in air
density through changes in pressure, P, and in air temperature, 7'
(absolute). The relationship between the index of air and its density,
d, is usually assumed to be that constancy expressed by Gladstone
and Dale’s law as (u—1)=Cd. Then, in accordance with the ideal
gas law, PV=RT, it is customary to write for any given wave length

=D re=o—1)(F52 () 3)

where yo is a value for standard conditions of 0° C and 1 atmosphere
pressure, and P is measured in mm of Hg; or, defining p as the excess
in mm of Hg over 1 atmosphere of pressure, p=(P—760) and

= 1) = (o= 18D @

where ¢ is the temperature on the centigrade scale, g is the pressure
coefficient of volume change of a gas at constant temperature (namely
1/760 for a 1 mm change at a pressure of one atmosphere) and « is the
temperature coefficient of expansion of air at constant pressure. The
value of & would be 0.00366=1/273 for a change of 1° C, at a tempera-
ture of 0° C, if air behaved like a perfect gas, but 0.00367 if the results
of experlments on the expansion of air are considered. The only
published references to computed reductions or corrections for indices
measured in air at other than standard conditions have been based on
these or on similar assumptions.

Since at constant temperature the proportionality between (u—1) -
and d has been found to hold without serious discrepancy over a
pressure range of many atmospheres, it is safe to assume that the
pressure coeflicient of refractivity is 1dentical with g for such small
variations in atmospheric pressure as those which occur during index
measurements and also, for variations which exist between various
places on the earth’s surface. Concerning «, however, the similar
assumption does not seem equally reliable. According to generally
accepted theories of dispersion, a change in the temperature of a
medium affects the resonance frequency as well as the mass per unit
volume. As a result there is a change or “shift” of the effective
wave length of the absorption band, and for each given wave length a
different secondary temperature influence on index is superposed on
that which is directly ascribed to the change in density. Thus it is

¢ L. W. Tilton, BS J. Research 6, 59 (1931) RP262; 11, 25 (1933) RP575.

118587—35—3
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not necessarily true that values of O u/0f can be accurately obtained by
differentiating equation 4 with respect to ¢ and solving for

?ﬁ:_Q(#—l)rﬂ )

ot 1+at :
with a constant value of « determined from the expansion of air or
even from index data for a single wave length. Instead of such a
constant ““optical temperature coefficient”,® the measurements on
air by W. F. Meggers and C. G. Peters ° 'yleld an a varying with
wave length from 0.00367, at 7500 A to 0.00373 at 3500 A.

Table 1 summarizes the results of direct determinations of this
constant for air. The Gylden value was deduced from astronomical
observations. Mascart’s value should not be considered because of a
systematic inconsistency in results obtainable from his data.” Scheel’s

TaBLE 1.—Optical temperature coefficient for air
(Visible range of frequencies)

Temperature in-
Observer Reference terval on Centi- | aX108
grade scale
Gyifen; 0 2010 L Mém.acad.St. Petersburg 10, no. 1 (1866); 12, no. 4 (1868)_| Seasonal range. . 369
L. Lorentz. -| K.Danske Videnskab.Selskabs Skrifter [5] 10, 485 (1875)_| 1t017°,100°_____ 367
NOnAanEET St SN Pobgg BAnn 1)53, 463 (1874). (This ais given as computed | 2t0 95° ____.____ 303
y Benoit
Masearts Lu o i a5 Compt.Rend. 78, 617-679 (1874) Ann.Sci.Fcole Normale | 5t038°_._.______ 382
Supérieure [2] 6 9-78 (1877).
33T | R R Travaux et Mémoires Bur. Int. Poids et Mesures G 10230 1b0i80°% . osld 367
Trans.Roy.Soc. (London) A201, 454 (1903) ... ___________ 10it0:1002. 2.2 2 360
_| Verhandl.deut.physik.Ges. 9, 24-36 (1907)_______________ —192 to 0°. 373
Carnegie Inst.Wash.Pub.no. 2491, page 137 (1916)______ 22 to 100°__ 361
_| See page 735 Bul BS 14, (1918) 8327 __________________.._. LN R 368.3
J.phys.radium [6] 6, 223 (1925) __..____ 371.¢
Phys.Rev. [2] 29, 292-298 (1927) 367

a is very high, but his temperature interval is much lower than that
used by the others. Ha selected «=0.00367, for reducing his own
index of air from 16 to 0° C. Cheney’s temperature interval is much
higher than that used by the others. A closs analysis of his published
numerical data shows that a low value of «=0.00364 fits as well or
better than the conventional value which he considered verified.
Von Lang’s ais too low for serious consideration and no great accuracy
was claimed for the Barus data.?

Considering the amount of data taken, particularly the number of
temperatures used, the results by Benoit and by Pérard are probably
entitled to specw,l consideration. They used the same method
(Fizeau dilatometer) and to some extent the same apparatus. If
their values are averaged one has @=0.00369 which agrees closely with
the average value of «=0.00368; that is obtained from the Meggers
Trommon of equation 5 one finds that « can be regarded as the (negative) temperature coefficient
of index of refraction of air per unit of ‘“‘excess refractivity”’, as determined for ¢=0° C and p=0.

¢ Bul. BS 14, 697 (1918) S327.

7 If from the experiments which he conducted when investigating temperature effects one discards those
for temperatures below the middle group, which averages 14.4° C for ¢, the writer finds that «=0.00395 is
indicated. On the other hand, when the observations at temperatures above those of the middle group are
discarded an «=0.00356 is obtained.

8 It is of interest to note that Barus’ qualitative conclusion concerning the decrease of « for high tempera-
tures is consistent with the trend which has been mentioned for some of the data of table 1, particularly the

high value which Scheel found in the very low temperature interval that he used, and the low value which
the writer would recommend from Cheney’s data.
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and Peters data for those particular wave lengths ® which Pérard
used. Thus it seems certain that the optical temperature coefficient
is appreciably larger than the coefficient of expansion which has been
so generally used. Since the Meggers and Peters values of « are
based on data for such a large number of wave lengths, and sine» their
average for the visible region is in excellent agreement with the
average « from the Benoit and the Pérard data, the Meggers and
Peters values are therefore recommended for all intercomparisons
between precise relative-index data taken at markedly different
temperatures.

The wave-length variation in « is of importance chiefly in the ultra-
violet region; but even for the visible region, especially for the shorter
wave lengths, it is in some cases preferable to use the variation in«
when reducing six- and seven-decimal-place indices to certain refer-
ence conditions. In particular, when relative indices are used as a
basis for computing temperature variations in the absolute index of a
medium, it is desirable to consider the most accurate data available
L () TEMPERATURE OF AIR

Whether « is regarded as constant or as varying with wave length,
a formal expression for the error in relative index caused by air-
temperature variations is readily written after considering the defini-
tive relation

|3

(6)

which exists between the relative index, n, of a medium and its abso-
lute index, @. Since the latter is necessarily independent of air
temperatures and p? is approximately unity

d =4
-t »

=

and consequently, using equation 5, it is found that changes in air
temperature result in index variations of like sign according to the
equation

_na(p—1)y
A== T a) "Aa (8)
from which precise index corrections may be computed for the whole
wave-length interval 2218 to 9000 A by using the Meggers and Peters
values ° of @, which they approximately expressed by the equation

—6
«=0.00367 +%~ ©)

where \ is to be used in microns."

For the purpose of establishing practical tolerance limits in tem-
perature control and measurements, % is essentially equivalent to =,
and « for the visible region is approximately the ratio 1/270. More-
over, it happens that the refractivity of air at temperatures between
0 and 50° C varies only from about 24 to 30 X107% over the range of

9 Pérard used only five wave lengths, all within the visible region, and the data do not seem sufficiently
concordant either to confirm conclusively or to disprove the variation of @ with wave length.
10 See page 735 Bul. BS 14 (1918) S327.

11 For precise refractometry the angstrom is generally favored by the writer as the appropriate unit of
wave length, but the micron is often more convenient in the writing and using of dispersion equations.
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the visible spectrum, and ordinary atmospheric-pressure changes of
p==30 mm do not materially increase this variation. Therefore,
with an accuracy of approximately 4+ 10 percent, the tolerance corre-
sponding to 4 1X107% in refractive-index measurement is

Ta,=£n7'(1+at) degrees C (10)

or, for work on media having indices of 1.9 and 1.3, respectively, the
air-temperature changes of 4 0.53°(1+at) and 4 0.77°(1+af) are
equivalent to errors of 4 1X107° in the measured relative indices.
Thus it is evident that a neglect of seasonal changes in air tempera-
tures may easily affect the fifth decimal place of relative-index work
on any medium, even though its temperature coeflicient of absolute
index is negligibly small.

(b) PRESSURE OF AIR

For the purpose of arriving at similar correction and tolerance
equations for air pressures, one differentiates equations 4 and 6 with
respect to p and finds that an increase in air pressure results in a
decreased value of the measured relative index of other media accord-
ing to the equation

nB(u—1)4
An= TNl 11
(148p) )
from which precise corrections to measured indices can be satisfactor-
ily computed.
Again approximating, as was done with equation 8, equation 11
reduces to the practical working tolerance in air pressures

Tpp,= £ 2.8n7'(1+ Bp)mm (12

which is written for an error of +4 1X107% in refractive index and,
obviously, for the usual small values of p only one term is needed.
Thus for media having indices of 1.9 and 1.3, respectively, the air-
pressure changes of 1.5 and 2.2 mm are equivalent to variations of
unity in the sixth decimal place of measured relative index of refrac-
tion. For many localities, therefore, it is apparent that the fluctua-
tions in barometric pressure within a single working day should not
be neglected in precise measurements of relative index, and it is certain
that the air-pressure variations that occur over somewhat longer
periods affect the fifth decimal of such indices.

(¢) HUMIDITY OF AIR

The proportion of water vapor in air is such a variable factor, de-
pending on locality and weather conditions, that it is a difficult
matter to decide upon any definite proportion as a satisfactory normal
moisture content of the atmosphere. Consequently it is probably
better to treat moisture as an impurity and refer all refractive-index
measurements to dry air as a standard reference medium.

L. Lorenz ** gives, for sodium light, a value of u»=1.0002500 as the
index of refraction of water vapor at a concentration of 1 mol in 22.4
liters. Comparing this with his index of dry air for equivalent con-
ditions, he gives a correction of Ap,=—0.000041 /760 to be applied
to his results on dry air when it is desired to obtain indices for moist

13 Ann.Physik [3] 11, 91 (1880).
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air containing water vapor of » mm pressure. The Cuthbertsons 3
and others * have confirmed the magnitude of this correction and,
for the region 4779 to 6708 A, have shown that the dispersion of water
vapor is closely comparable with that of air. It seems, in fact, from
experimental evidence, that the coefficient of this Lorenz correction,
namely, 41 X 107, should not vary more than 4 1 X 10~® throughout
the visible spectrum.

Since the pressure of water vapor in the air seldom exceeds a small
fraction of an atmosphere, it seems permissible to assume the equiva-
lence of optical temperature coeflicients for water vapor '* and for air,
and to use the Lorenz humidity correction for all ordinary tempera-
tures by writing for the whole visible range of frequencies

(= 1) = (4—1) oo (1— ) (13)

where y=185X107% is used to replace 41X10~%/[760 (uo—1)]. This
equation is written for a pressure of 760 mm, but is applicable at all
ordinary atmospheric pressures. Differentiating equation 13 with
respect to v gives ¢

i

e — 1) (14)

and, referring to a similar differentiation of equation 6, it is evident
that an increase in the moisture content of the air results in an
increased relative index of a medium which is being measured therein,
the error equation being

An=-+ny(u,—1)Av (15)

for use in precise computations of refractive index of the medium
which is measured in air.

For an error of unity in the sixth decimal of index, and with suffi-
cient accuracy for many purposes, equation 15 yields

Trp= =+ 20n 'mm (16)

which shows that the unit tolerances in absolute humidity vary from
approximately 4+ 10 to 4 15 mm of vapor pressure. These figures
apply to measurements of relative index on media having indices of
1.9 and 1.3, respectively. Vapor pressures of 10 and 15 mm corre-
spond at 50° C to 10 and 15 percent in relative humidity and at 30°
C to 30 and 45 percent, respectively. Thus it is evident that humid-
ity corrections are not negligible in sixth-decimal-place refractom-
etry, especially when working in air at temperatures somewhat
higher than those of ordinary room conditions or whenever there is
danger of humidities approaching the saturation point (because, for
example, of leaks in water-jacketed housings used for temperature
control).

13 C. and M. Cuthbertson, Trans. Roy. Soc. (London) A213, 16 (1913).

14 J, Wiist and H. Reindel, Z. physik. Chem. B24, 176 (1934). See, also, P. Hélemann and H. Gold-
schmidt, page 204 of same volume.

1 From the Holemann and Goldschmidt data (see footnote 14) on water vapor, considered together

}With. published densities of steam, one may deduce a tentative value a=0.0035 to compare with 0.0037
or air.
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(d) CARBON-DIOXIDE CONTENT OF AIR

After water vapor the next atmospheric constituent of recognized
importance, so far as its variability is concerned, is carbon dioxide.
Although the range in its fluctuations is known to be much smaller
than in the case of water vapor, there is a prevalent opinion that
when using air as a reference medium for measurements of highest
precision one should eliminate either the CO, itself or the effects of its
variations. While there are on record some presumably reliable
analyses of air showing a carbon-dioxide content as high as 0.3 percent
by volume, such samples were taken under exceptional circumstances,
such as in very crowded theaters of an obsolete and most unfavorable
type, or in rooms with no ventilation, and they have no interest in
the present connection. Boothby and Sandiford * reported that
outdoor air sampled under favorable conditions varies in its CO,
content by only a few thousandths of one percent from a normal
value of 0.036 percent. Similarly, F. G. Benedict 7 found that out-
door air does not vary in this respect more than a few thousandths
from an average value of 0.031 percent, but Hann '® states that the
percentage of CO, varies from 0.033 to 0.043 in the air of cities.
Consequently, in view of these small variations, it seems permissible
and somewhat preferable to adopt some value, say 0.00035, as the
normal volume proportion of CO, in air rather than to favor the more
stringent requirement that a standard reference medium must be
entirely free from carbon dioxide.

Precise index measurements are, of course, seldom made in outdoor
air, but in any well ventilated modern laboratory it is unlikely that
the carbon-dioxide content ever exceeds two or three times the normal
value. In air from the Boston and New York subways, sampled
just after the rush hours, Benedict found only twice the normal
CO, content. Moreover he found that an increase in CO, is accom-
panied by an equal volume decrease in O, and consequently it is the
difference in the refractivities of carbon dioxide and of oxygen which
must be considered in making corrections to indices measured in air
having an abnormal CO, content.

The averages of a number of published ' values of the refractive
indices of CO, and O, are 1.000450 and 1.000271, respectively, for
sodium light, a temperature of 0° C and a pressure of 760 mm.
Hence a correction of

Ape=+0.000179(C—0.00035) (17)

should be applied to the measured index of normal air (containing the
proportion 0.00035 of CO,) at 0° C and 760 mm pressure when it is
desired to obtain the index of air containing the total proportion C of
carbon dioxide.

A comparison of the dispersions of oxygen and of carbon dioxide
shows that the correction given by equation 17 varies only 1 percent
or less for the visible-spectrum region. Proceeding as with the water-
vapor correction (part ¢ of this section) and writing ¢ =C—0.00035 to
represent excess CO,, one finds for all ordinary temperatures

(ue—1)e=(ue—1) co(14-€c) (18)

16 Am. J. Physiol. 65, 295 (1921).

17 The Composition of the Atmosphere, Carnegie Inst., Wash., Pub. no. 166., pages 110-114 (1912).
18 J. von Hann’s Lehrbuch der Meteorologie, page 5 (1915).

19 See Landolt-Bornstein Tabellen.
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where ¢=0.612 replaces 179X107%/(uo—1). Differentiating equation
18 with respect to ¢ gives

du

% (1) (19)
whence, again using equation 6, it is apparent that the presence in
laboratory air of CO, in abnormally high proportions results according

to the equation
An=—Te(u,—1)Ac (20)

in decreased values for such relative indices as are measured in the
laboratory.

For unit error in the sixth decimal place of refractive index the
corresponding tolerance in volume proportion of abnormal CO, con-
tent of air is

ae== 0.006n71 (21)

with sufficient accuracy for all purposes. Evidently no considera-
tion whatever need be given to CO, content of air in sixth-decimal-
place refractometry. Hven for the extreme case when a medium of
index 1.9 is being measured, the excess proportion of CO, must
reach the high value of 0.003, or nine times the proportion normally
present in fresh air, in order to produce an error of —1<107° in rela-
tive index. For seventh-decimal-place index work, however, it may
be ascertained from these results that the normal CO, content of
fresh air causes a lowering of approximately 11077 in the measured
relative indices of very dense media as compared with the use of
a standard reference air containing no carbon dioxide. Consequently,
it may be safely inferred that, in general, indices of laboratory air,
or relative indices measured in such air, are not likely to have any
precision whatever in the eighth decimal place unless simultaneous
CO, determinations are made.

2. CORRECTIONS TO STANDARD REFERENCE CONDITIONS

If the working conditions affecting the reference medium are not
maintained constant at the desired standard values or controlled
within the tolerance limits as specified above, then it becomes neces-
sary to observe the existing conditions and make the proper correc-
tions to the results actually obtained. When it is necessary to
correct sixth-decimal-place indices to standard conditions, or to
convert them to absolute indices, the use of slide-rule corrections
is often lacking in adequate precision and correction tables for these
purposes are advisable. Their preparation in detail is a profitable
preliminary whenever numerous data are to be reduced for a limited
number of spectral lines. For highest precision such tables are
especially desirable because certain refinements in precision of cor-
rection need be considered explicitly only during their original
preparation.

The writer recommends the use of logarithms in the computation
of indices, and the evaluation of all corrections in terms of log .
One of the first requirements is a double-entry table of barometer
corrections with barometer temperature and barometer reading as
arguments. With the temperature reductions * to be listed in this
table the barometer calibration corrections (for a given instrument)

20 Temperature reductions for use with a Fortin-type barometer and brass scale are given in tables 46
and 47 of the 4th revised edition, Smithsonian Meteorological Tables.
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are combined and then all entries are modified to reduce pressures
from local ! to standard gravity, g=980.665 dynes.

Another requirement is a series of double-entry tables (or their
equivalent), with air pressure and temperature as arguments, giving
the positive corrections which, when applied to log n, will yield
log 7, of which the antilog is absolute index. The various mem-
bers of such a series of tables relate to the different spectral lines
that are to be frequently used for index measurement and these
member tables will differ principally because of the dispersion of
air. (There is also a slight additional difference because of the
nonconstancy of «, the optical temperature coefficient of index.
See discussion in part 1 of section II.) As an example of a member
table of such a series, table 2 is abstracted (by decimation in each
argument) from a usefully detailed tabulation for the hydrogen
line, A=4861 A.

TABLE 2.—Data for converting from relative to absolute index (A=4861 A) by the
equalion log n=log n-+log n

Values of 108Xlog ur for dry air at various temperatures (with

P=air normal CO; content)

pressure

(in mm of

mercury) 0° C ipa(e) 2020 30° C 40° C

(AP=0.06) | (AP=0.13) | (AP=0.24) | (AP=0.44) | (AP=0.77)
730 12295 11857 11449 11069 10713
740 12464 12020 11606 11220 10859
750 12632 12182 11763 11372 11006
760 12800 12344 11920 11524 111563
770 12969 12507 12077 11675 11300
780 13137 12669 12234 11827 11446
NOTES

1. For each 10 percent of relative humidity subtract tabulated values of AP from air pressure before enter

ing this table. -
2. Tentatively it may be advisable to reduce log p. by 5 or 10 parts in 10,000 for each increase of 20 in

relatxve annual sunspot number above average S=46
. If it is desired to use these data for wave lengths other than 4861 A, modify air temperature according

to table 4 before entering this table.

In preparing such correction tables in this laboratory, the tem-
perature and dispersion data as given by Meggers and Peters 2
have been combined with the average value of refractive index,
p=1.0002926 (for A=>5893 A, ¢=0° C and P=760 mm), which is
obtained by considering all pubhshed data ® and adding a very
slight correction for normal CO, content. Since the ratio of log
p to (u—1) is very nearly constant over the whole range in u that
is involved in temperature and pressure reductions and corrections,
the actual computation of air indices is unnecessary except for 0° C
and 760 mm pressure. The values of log u for all ordinary tempera-
tures and pressures may be directly computed (see equation 4 and
citations of footnote 22) from the equation

log pyp= 1+ tlog [1+<2884 3+13 e 0 3777>><10—7 (22)

where « varies with wave length as approximately expressed by
equation 9, and X\ should be written in microns.

31 Gravity reductions are discussed on pages XXXV and XXXVI of 4th revised edition, Smithsonian
Meteorological Tables.

22 See pages 722 and 735, Bul.BS 14 (1918) $327.

23 See page 115, BS J.Research 13 (1934) RP695.
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If, in table 2, the values for a standard pressure are subtracted
from those for other pressures in the same column, a set of air-
pressure corrections to the logarithms of observed indices is obtained.
Table 3 gives such corrections for limited ranges in pressure and
in temperature variations. Such a table may, of course, be computed
directly from the basic values of the logarithms for the indices at
standard pressure, p;=760 mm. For this purpose the equation

1
Alog pp=—2720p 23)

is obtained from equation 22.

TaBLE 3.—Data for referring relative tndices to dry air at standard pressure by the
equation log n=1og n,+ Alog n.

Use tabulated values with negative sign when P—760 is negative]

Values of 108 x A log n for various air
(P—760 mm) temperatures
= excess
atmospheric
pressure 10° C 20° C 30° C
(AP=0.13) | (AP=0.24) | (AP=0.44)
20 325 314 303
19 309 298 288
18 292 282 273
17 276 267 258
16 260 251 243
15 244 235 227
14 227 220 212
13 211 204 197
12 195 188 182
11 179 173 167
10 162 157 152
9 146 141 136
8 130 125 121
7 114 110 106
6 97 94 91
5 81 78 76
4 65 63 61
3 49 47 45
2 32 31 30
1 16 16 15
0 0 0 0

Norte.—For each 10 percent of relative humidity subtract tabulated values of AP from air pressure before
entering this table.

Although the direct use of table 2 is strictly limited to the correc-
tion of indices for the F line of hydrogen, table 3 is applicable over a
very wide range in the spectrum. In fact, for pressure corrections as
large as 30 mm the use of table 3 may be extended over the whole
visible range of frequencies without errors exceeding 4 5 x 107% in
the logarithmic corrections so determined.

As they are written, tables 2 and 3 both relate to dry air and must
be modified because of the presence of water vapor. KFrom equations
11 and 15 it is evident that any given increase in moisture can be
represented as an equivalent decrease in pressure, and thus it is pos-
sible to find a simple system of modifying the actual corrected pres-
sures to fictitious or pseudo pressures which, when used as actual
pressures, permit tables 2 and 3 to serve for moist as well as dry
air. Hence the AP equivalents which appear in the column headings
of tables 2 and 3.
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If for any reason it is objectionable to prepare a complete series of
log u tables, similar to the single example given as table 2, one may
use a relationship between Au/AN and Au/At for extending to other
wave lengths the use of a table written primarily for one particular

I'aBLE 4.—Auziliary dala for extending use of table 2 to various wave lengths

Values of At for modification of air
A = wave temperatures
length (in
angstroms)
0°C 20° C 40° C
4000 —3.18 —3.30 —3.43
4100 —2.70 —2.80 —2.01
4200 —2.25 —2.33 —2.42
4300 —1.83 —1.90 —1 98
4400 —1.45 —1.50 —1.56
4500 ~1.10 —1.14 -1.18
4600 —0.76 —0.79 —0.82
4700 —0.45 —0. 47 —0.49
4800 —0.16 —0.17 —0.18
4900 +0:11° 0. 1¥ -+40.12
5000 —40.36 +-0. 38 0. 40
5200 —+0.81 0. 84 -+0. 87
5400 +1.21 +1.26 +1.31
5600 +1. 57 1. 63 -+1. 69
5800 +1.88 +1.96 +2. 04
6000 +2.17 +2. 26 —+2.35
6200 +2.42 +2. 52 +2.63
6400 +2.65 +2.76 -+2.88
6600 +2.86 +4-2.98 -+3. 10
6800 +3.05 +3.18 +3.31
7000 +3.21 +-3.36 —+3. 50

wave length. For this procedure it is found advantageous to regard
temperature as the fictitious argument, and table 4 gives the par-
ticular corrections of this type that should be algebraically applied
to actual air temperatures before entering table 2 for wave lengths
other than 4861 A.

III. REQUISITE CONSTANCY AND UNIFORMITY FOR
REFRACTIVE MEDIA

Uniformity of reference conditions is a necessary but by no means
a sufficient condition for high precision in refractometry. Even the
absolute indices of refraction of optical media are ratios which may,
for divers reasons, vary from time to time or with respect to coordi-
nates within the media. Temperature and pressure are obviously
important factors and, in the case of optical glass, heat treatment
may introduce not only <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>