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ABSTRACT

From spectral transmittance curves of very large samples of CO, we have
determined coefficients for intrinsic absorption and pressure-induced ab-
sorption from approximately 1130 em~1 to 1835 em™l. Most of the pressure-
1Tduced gbsorption arises from the forbidden v, and 2v bands of the
molecule, and the major portlon of tke intrinsic absorption
arises from the same bands of the 016¢12018 molecule. Curves of the
absorption coefficients for samples of CO, pressurized to approximately
10 atm, or more, with He are presented throughout most of the region
from 1885 cm™! to 2132 eml. These curves and a table of the integrated
absorption coefficient are adequate to determine the strengths of most
of the bands of significance in this region. Spectral transmittance
curves of CO, absorption between approximately 2065 cm”™ 1 and 2100 cm-1
are presenteg for a variety of samples. Curves of the pressure~induced
absorption by N2 are presented for the 2400-2650 em” L region.
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SECTION 1

SUMMARY ANU DEFINITION OF TERMS

The absorption in atmospheric windows frequently cannot be treated by band-
model methods which are applicable to spectral regions containing strong
absorption bands. A significant portion of the attenuation in windows may
result from continuum absorption due to the extreme wings of distant lines
or to pressure-induced bands. The functional dependence of the continuum
absorption on such parameters as path length, temperature, pressure, and
atmospheric composition is quite different from that of line absorption,
Laboratory studies of atmospheric gases under controlled conditions fre-
quently are required to determine the portion of the absorption due to the
continuum.

This report deals with & variety of situations in which continuum absorption
and weak-line absorption are important. Section 2 deals with continuum
absorption between approximately 2400 and 2650 em™1 due to a pressure-induced
band of N, and to the extreme wings of CO, lines centered at lower wavenum-
bers. Pressure-induced bands and weak forbidden bands of CO, in the 1100-
2000 cm~l region are diecussed in Section 3. By studying samples covering

a wide range of pressures and path lengths, we have determined the contri-
bution due to the continuum produced by the pressurc-induced bands and that
due to the weak bands which contain rotational line structure. We have

been able to measure the €O absorptioY, even in the regions of very weak
absorption near 1830 cm * and 1130 cm™*,

Several COp bands which occur between 1890 and 2130 cm-l play a significant
role in the absorption by long atmospheric paths., Secction 4 includes
experimental curves and tables from which the strengths of several of these
bands can be determined. Alsc included in Section 4 arc transmittance
curves and tabulated results for scveral samples studied ncar 2080 em~ 1,
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A prominent feature in the spectrum near this wavenumber has proven to be

useful in analyzing spectral curves obtained by aircraft, Section 5 con-

tains a summary of experimental data which we have obtained previously and
have recently put on magnetic tape, The tapes and a user's manual will be
available in the near future for workers who need them.

All of the data included in this report are based on samples contained in
one of two multiple-pass absorption cells which have been described
previcvely.l The base leagihs of the cells are approximately 29 m and

1 meter. Sample pressures up to 2.5 atmospheres are employed in the long
cell; 21 atm is the maximum pressure used in the short cell,

The absorber thickness, u, of a gas sample is given by

19

u(molecules/cmz) 2.69 x 10

11

p*(atm) L(cm) (273/8)

7.34 x 10°! p* L/e. (1-1)

i

The temperature 8 is in degrees Kelvin, and L is the geometrical path
length through the sample. The density-equivalent-pressure p* of the
absorbing gas approaches its pressure p at low pressures. Because of the
non-linear relationship between the density and the pressure of a gas, p*
may differ significantly from p at high pressures. For the gases and
pressures used in the present investigation, the following expression is
sufficiently accurate,.

p* - p(l + cp) (1-2)

The pressures are in atm and, near room temperature, c¢ = 0.005 for N,O and
€0,, and 0.001 for N, &nd 0,. For the largest sample of CO,, p* is %nly
approximately 117 greater :gan p; in many of the samples the difference {s
negligible. In the following discussion certain quantities are said to be
propcrtional to pressure; it should be borne {n mind that the more correct
quantity, density-equivslent pressure p*, was used in the calculations
where the difference between p* and p was significant.

The true transmittance that would be observed with infinite resolving

pover is given by

T exp(-ux), or ¢1/wLTt - «x, (1-3)
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where Kk is the absorption coefficient. Because of possible variations in
K with wavenuisber and the finite slitwidth ot a spectrumeter, the observed
transmittance T may differ from T' at the same wavenumber. The quantity T
represents a weighted average of T' over the interval passed by the
spectrometer.

Throughout this report we deal with three different basic types of absorp-
tion. In some spectral regions, an appreciable porticn of the abfgrption
is due to the extreme vwings of lines whose centers are several cm away,
This wing absorption has the nature of a contipuum, i.e., there is no
structure, and because of the collision broadening of the lines, the
absorption coefficignt C,, due to the wing absorption is proportional to
pressure. (C = C p*) (See Eq. 1-6 and the discuscion followirg it.)

Anotaer type of continuum absorption arises from pressure-induced bands;
the absorption coefficient, C , for pressure-induced absorption is also
proportional to pressure. Th absorgtion coefficient due to local lines
whose centers occur within a few cm™* of the point of observation is
denoted by k(local). The latter quantity may vary rapidly with wavenumber
and depends on pressure because of collision-broadening of the absorption
lines,

At a given wavenumber, there may be appreciable absorption due to local
lines, the wing continuum, the pressure-induccd continuum, or to any of
these three. Therefore, the total absorption coefficient » in Eq. (1-3)
may be given by

k - x(local) + c,* Cp. (1-4)

For a sample of absorbing gas only, such as several of the CO2 samples

discussed below, we can rewrite Eq. (1-4) as

&k - x(local) (CO ot c® ) p*, (absorbing g&s only) {1-3a)
5,w 5,p

where the normalized cocfficients ¢° . dnd Cg are the values of ¢ and
Cp,. respectively, when p* - 1, The‘khbscript’s denotes self~brondehin5
og the lines or self-induced absnrption. Since u is propomitional to pL,
(- ;) due to wing continuum or pressure~induced contimum i{s proportionsl
to p“L.

We frequently are concerned with samples containinyg a non-absorbing gas,
along with the absorbing gas. This gas broadens the absorption lines and
may induce additional absorption bv the pressure-induced bands of the
absording gas, For a mixture of an absorbing gas and a broadening xas,
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Eq. (1-4) bercomes

RELE « +c ) P *- (1-4b)

[s) o
§ Y+ ]
K Kk (local) + Cow T Cs b,w b,p

b4 b

Cg w and Cg are the normalized coefficients for wing absorption and
précsure-indliced absorption by the cisor' ing gas due to the presence of
the breoadening gas denotad > subscript b,

The intrinsic absorption ccefficient due to a single collision-broadened
absorption line at a point within a few em*l of the line center, v, is
given by the Lorentz shape:

S
k - ;——QZ——'E (1-5)
(v-vo) + o0y

The line strength 5 = [kdyv is essentially independent of pressure for the
conditions of the present study. It has been shown?s3 that for |v-v
greater than a few cn ', the Lorentz equation may require modificatidn by

a factor of X, which is a function of (v-vo). Therefore, Eq. (1-5) becomes

X = / (1-6)
n (V_VO)Z + a2

where denotes the value given by the Lorestz equation. The value of X
is epproximately equal to unity for small |v-v,!, but may be as small as
C.01 for CO, lines when (v-vo) is as large as 100 cm™*.

The half-width « is proportional to piessure so that k is, in turn,
proportional to pressure in the extreme wings where |v-v | >> a. Thus,
the continuum absorption coefficient due to the extreme wings of many
lines is proportional to pressure, as stated above,

1-4
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SECTION 2

TMCSPHERIC ABSORPTION BY N2 SETWEEN 2400 AND 2600 cm-l

The fundamental vibration band of Ny is centered near 2330 cm.1 and
produces_measurable absorption from less than 2200 em”! to more than
2600 cm™}, We have investigated the absorption by this band between
approximately 2390 el and 2650 cm™l because of its important role in
atmospheric transmission in this region. Below 2390 em-! the CcO, ab-
sorption in the atmosphere is muc!. greater than the N, absorption.

The N, band is pressure induced so “hat the probabili%y of a transition
in a given molecule is proportional to pressure, and the absorptance by
a short path is proportional to p-. ¥

Shapiro and Gush4 have published spectral data on N, absorption for
samples at approximately 20 atm prea.sure1 Farmer et al® have also
measured the absorption between 2400 cm™* and 2525 em 1 by approxi-
mately 1 atm of pure N, with path lengths of a few hundred meters.

The results of Farmer et al are consistent with the high-pressure

data of Shapiro and Gush if (*jﬁuT) is assumed to be proportional to
p2L, according to the discussion following Eq. (l-4a). The work re-
ported here was undertaken to check the previous work and to determine
the appropriate coefficient C8 for N, absorption induced by 02.

From the value of this coefficiént and“the corresponding coefficient,
c® _, for self-induced absorption by Ny, we have calculated the trans-
mitbance by N, in the earth's atmosphere from approximately 2390 cm"~*

to 2650 cm-l.?

Vaiues of the absorber thickness of N, were calculated by use of
Eqs. (1-1) and (1-2). Since there is no absorption by N, other than
that which is pressure induced, Eqs. (1-3) and (l-4a) combine to give

o
]
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1 o
-uLT = p¥ Cs,p (2-1)

for a pure N, sample, and

1 ) o
- - p% % -
U‘ZLI p Cs,p + p02 CO,p (2-1a)

for 2 sample of N2 + 0,. Since the true transmittance T' changes slowly
with wavenumber in con%inuum absorption, the observed transmittance T is
essentially equal to T', Note that C0 corresponds to absorption by N,
that is induced by 0p; the 0, does not’gbsorb. We detected no absorption
by a sample of 8 atm of 0, with a 32.9 meter path length. After values

of Cg had been found from pure N, samples, we determined c? P from data
on 02’2 N, mixtures by use of Eq. (2-la). The results for pute N, and for
0, + N2 m%xtures are summarized in Fig. (2~1), The gcod agreement among
t%e pure N, data at different pressures provides evidence of the pressure
dependence assumed in deriving Eq. (2-1). Below approximately 2500 cm'l,
our results for pure N, differ by less than ! 5% from those by Shapiro
and Gush.% At larger wavenumbers, the agreement is within the accuracy to
which the curves of Shapiro and Gush can te read. Data obtained from sam-
ples of N, with 5 atm of 0, compared well with data from samples of N
with 8 atm of 0,, indicating the vaiidity of the term involving Py in

Eq. (2-1la).

Air contains approximately 78 percent Nj, 21 percent 0,, and 1 percent
other gases. Therefore, at 296°K and 1 atm Bressure, there are 0.78 x
2.48 x 1024 - 1,93 x 1054 molecules of N,/cm® in a 1 kilometer path. From
Fig. (2-1) we see that Cg % 0.95 Cg ; therefore, the "effective" pres-
sure of 1 atm air is apprbkimately 0.58 atm._ It follows that (-4, T) for
a 1 kn air path at 1 atm s 0.99 x 1.93 x 10%* €3 . Ve have used this
relationship along with the curve of Cg , from Fié. (2-1) to calculate
(-l&oT) versus wavenumber for 1 km of air. The results are plotted in
Fig. (2-2).

Also wn for comparison in Fig. (2-2) is a curve corresponding to the
contin um due to the extreme wings of the vefy strong CO, lines centercd
betwezn approximately 2250 c¢cm™~ and 2390 cm™ ", This curve is based on
data obtained in our laboratory and reported previously.“’

Near 2400 cm'1 N, and CO2 are seen to absorb approximately the same, but
above 2420 cm‘i t%e N, absorption is much greater. The upper curve repre-
sents both the N, absorption and the CO, wing absorption. The quantity

(- £uT) can be calculated for other pressures by making use of the know-
ledge that it is proportional to the square of the total pressure P, Some
additional CO, absorption not accounted for in Fig. (2-2) occurs because
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of weak bands of the C12016018 and Cl2016017 isotopes and a pressure-

induced band of the common isotope cl2ol6, (See Reference 6.) N,0 and
H,C also absorb in the spectral region covered in the figure with the

5 . strongest absorption by these two gases occurring above 2500 em™L, Thus,
{ the N, absorpiion plays its most important role between 2400 cm™l and
2500 tm-l,
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FIG. 2-1. Normalized Coefficients of Pressure-Induced N, Absorption
Plotted Versus Wavenumber. The upper curve represents
€% _ and is based on pure N,. The various geometrical
£10res correspond to the following samples of pure N,:
U, L-369m p=16.6atm; x, L =32.9m, p=13.6 atn;
O, L =329m p=21.8 atm, The temperature is 296°K.
The lower curve represents Cg p and is based on mixtures
of approximately 14 atm N, + 'Y 8 atm 0, vith L = 32.9 m.
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SECTION 3

ABSORPTION BY LARGE SAMPLES OF CO
BETWEEN 1100 AND 2000 cm-1

Absorption by CO, is relatively weak throughout the 1100 - 2000 cm-l

(9.1 - 5 ym) region and has not been studied as thoroughly as most of the
remainder of the spectrum. Figures 3-1, 3-2, and 3-2 show spectral trans-
mittance curves for a variety of large samples at room temperature, 296°K,
Some of the absorption 1s due to intrinsic bands, some to pressure-induced
bands, and a small amount to wing absorption. From the transmittance
maximum near 1130 cm~! to approximately 900 cm'l, most of the absovrption
18 due to the bands involved in the well-known laser transitions. Several
medium and strong bands occur between 2000 and 2400 cm‘l; some of them are
discussed in Section 4. Samples B and C represented in Fig, 3-3 are
essentially opaque from 2020 em 1 to beyond 2400 em™l, Data for the
portions of the curves in Fig., 3-3 on either side of approximately 1590
cm”l were obtained at different times vith different gratings in the
spectrometer.

Most of the absurption between 1130 and 1530 cm-l is due to the v, and 2.
bands. The positions of the centers of these bands have been calculated
for the four most common isotopes from the energy levels tabulated by
Stull, Wyatt, and Plase’ and are listed in Table 3-1. Also listed are
bands which have the sume change in quentum numhers but arise from the
lowest excited vibrational energy level. New notations for the identi-
fication of CO, energy levels and isotopes are described as footnotes of
Table 3-1; the new notatfons are used hereafter. The bands listed are
forbidden for the symmetric 626 and 636 molecules at low pressures;
however, as the pressure increases, the interaction of the wolccules with
their neighbors disturbs the symmetry so that the transitions mayv occur,
As discussed in Section 1, the absorption coefficient for these pressure-
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TABLE 3-1

CENTERS OF CO2 BANDS .18
BETWEEN 1100 AND"1450 cm '

c
p| (100,0). (100,0);,  (110,1).-(010,1),  (110,1) .-(010,1),
Isotope 0 5 1.1 1.1
r1o 0} (0270] (1170-0170] [0370-0170]
626 1388.20 1285.43 1409,45 1265.11
636 1370.11 1265.84 1388.65 1248.03
628 1365.89 1259.49 1386.93 1239.29
627 1376,03 1272.35 1397.28 1251.98

8Band centers are in cm.1 and are based on energy levels tabulated
by Stull, Wyatt, and Plass.’ f

b

The number in the fiypst colunn refers he isctopic spegies.
626 correspoYds to 9i6c 2016 636 to 0{8 f 628 to oféciE51e
and 627 to 0'6cléol/,

“The lower energy level is thc ground state when only one level is
given. Two different notations are given for the energy levels
involved in the transitions. The notation in brackets is widel,
used. The other notation has certain advantages and is gaining
acceptgnce. Since v, = 2v, for CO the two esersy levels 1000
and 020 are approximately the name, as are 1091 and 0201, etc.
In order tec illustrate the relaticnship between the old and new
notations, we coaoldar the thrse energy levels given in the old
notation by 200 3, 1293, and 0473. Note that quantum numbers v,
and £ are both fixed and that 2v, + vy is constant. In the new
notation the cthree 1. vels become (203,0)y, (203,0)y¢, and (20} 0)UI
The Roman numeral subscript denotes the order in vglch the bands
occur without regard to the assigmment of v, or vy; I denotes the
highest wavenumber, Il the second highest, e c. %he first digit
in the parenthesis is the largest value of v} in a group; the
second {8 the smallest value of Vo The third digit is vy and
the one following the comma is L.
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FIG. 3-3. Spectral Transmittance Curves from 1400 cm ! to 2020 cm™!,

The spectral slitwidth varies from quroximacaly 0.55 em-l

at 1500 cm~! to 1.0 em-l
pure CO, and the parameters are:

=

Samcle

O W >

P
(atm)

14,6
21.3

2.25
82

35

at 2000 em™t,

The samples are

L
{meters)

32.9

3.9
933
1067




induced bands is proportional to p, and (-&.T) is proportional to sz.
Because of *the asymmetry of the 628 and 627 molecules, they can absorb

at low pressures, and the dependence of their absorption on pressure

and absorber thickness is similar to that of other intrinsic absorption
bands., Ve expect the 628 bands to be approximately 10 times as strong

as the corresponding 627 bands since the asymmetry of the former molecule
is twice as much and the abundance is 5 times as great as that of the
latter. Any absorption by one of these bands of the 626 molecule would
be pressure-indu.ed, and the ratio of its strength to that of the corres-
p?gding 6%8 band 13 probably about 1.,1:99, the ratio of the abundaunces of
C and C™°,

Tne strength of each difference band with (010,1)1 as the lower state is
expected to be approximately 4 percent as great as the associated funda-
mental or overtone band which arises from the same change in quantum
numbers, This relationship is based on the assumption that the strengths
are proportional to the populations of the lower energy levels. At room
temperature the population of the (0]_0,1)I level is approximately 4% of
the (000,0) level.

On the basis of the above discussion, we expect most of the pressure-
induced absorption to resulc from the (100,0). and (100,0) 1 bands of the
626 molecule and the major portion of the intrimsic absorp%xon to arise
from the same bands of the 628 molecule, Furthermore, we expect the
fraction of the absorption due to the pressure-induced bands to increase
with increasing pressure, Figures 3-1 and 3-2 confirm these expectations.
Sample 1, which has a relatively low pressurf and long path, shows two
distinct band centers near 1260 and 1366 cm™", the calculated positions
of the 628 band centers given in Table 3-1, Sample 3, which is at 3,70
atm shows transmittance minima near 1285 and 1388 cm"i, the calculated
band centers for the €2C molecule. 7The 628 bands_have been olserved with
relatively coarse resolution by Eggers and Arends from samples enriched
in 01°, The positions of the band centers determined by these workers
agree with ocurs to less than the experimental uncertainties. The pressure-
induced 626 bands have been observed by Welsh, Crawford, and Locke. 10

The major errors result trom errors in placing the zero-absorptance curves
on the sample curves and from absorption by #,0 which appeared as an
impurity in the CO, in spite of efforts to keep it dry. Much of the H,0
abscrption was accounted for before the curves were replotted by comparing
the original sample curves with spectral curves of H,0 with N, as a
broadening gas. Spectral regions between 1100 and 1400 em™L Where H,0
absorption was partially accounted for are indicated by arrows in Fig. 3-1.
The H,0 absorption was most serious between 1500 and 1800 cm™* because

the H.,O lines are stronger and the CO, absorption is weaker. The large
ameunt of gas required for the long cell could not be purified as
effectively as the smaller amount required to fill the short cell.
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Furthermore, the absorption by H

pressure of a mixture of constan% composition while the pressure-induced

CO, absorption is proportional to the square of the pressure. Therefore,
- the Hﬁo absorption was less important for the high~pressure samples in

0 is approximately proportional to the

the short cell than for the lower-pressure samples in the long cell.
. In regions where there is intrinsic absorption due to local lines and
pressure-induced absorption, but no wing absorption, Eq. (l-4a) reduces to

o
Kk = k(local) + C = kK(local) + C *,
( ) s,p ( ) s,p p

Since Cg p is propertional to p¥%, and k(local) is not, we have been able
to determine each of these quantities from spectral curves of two or more
samples at quite different pressures. At pressures less than a few atm,
K{(local) varies rapidly with wavenumber because of the line structure.
Since the spectral slitwidth of the spectrometer was greater than the
line widths at low pressures, k(local), and thus k, could not be measured
directly at a given wavenumber. We were not interested in retaining all
of the structure in the spectra, but in the values of the constants

i averaged over intervals approximately 5-10 em~l wide. The strength,

; § = fkdv, of ar intrinsic absorption line is independent of pressure;
therefore, the average of k(local), which may result from several neigh-
boring lines, is essentially independent of pressure if the interval is
several line widths wide and contains the centers of all the lines con-
tributing to the absorption.

If we consider only the true transmittance of the local lines,
(-l/u)izr_'(local) is equivalent to k(local). (The bar represents an
average over wavenumber, and the prime denotes true transmittance that
would be observed with infinite resolving power,) However, we do not
reaq_-:Z:T' rom a spectral curve, but a slightly different quantity,
-AﬁuT, since we average the observed traasmittance curve over a 5~10 cm”
interval. The difference between these two quantities decreases with
wider lines and thus with increasing pressure; it also decreases with
iasgeasiqg average transmittance by the lines. We first assumed that
T :‘gLT'(loca1)+.£mT’(continuum) and that (-l/u)jﬁyT(local) =
! K(local) in order to calculate C: and an approximate value of k(local)
i from data for two samples at different pressures, The approximate widths
and spacings of the lines are known, so that by applying simple, band-
§ model theory we were able to calculate a corrected K(local) and to adjust
i the values of T, which were then used to determine a corrected value of
€2 ,- In most cases, there was less than 107 difference between
(-Lyu)lﬁuT(local) and (-l/u)ing(local), so that the remaining error
due to the averaging was probably not more than a few percent after
the correction was made.




Average values of the quantities were calculated throughout the 1100 -
1500 cm~1 region for intervals 10 cm} wide, except near the points of
inflection where narrower intervals were used. The results are presented
in Fig. 3-4., The uncertainty in the plotted values of «(local) and C

is greater in regions where one of the quantities is changing rapxdly 'P
For example, there is extra uncertainty in_the heights aTd positions of
the peaks of the upper curve near 1275 cm™" and 1385 cm™" where the lower
curve is steep.

The general shape of the upper curve in Fig. 3-4 is similar to that ex-
pected for the (100,0); and (100,0);; intrinsic bands of the 628 molecule.
The P- and R-branches are evident, and the band centers agree well with
the calculated values given in Table 3-1. Because of the relatively
coarse spectral resolution used in the calculations, the line structure
apparent in Fig, 3-1 has been smoothed. Any obvious contribution by the
same bands of the 627 isotope or by the difference bands of the 626 isotope
is obscured by the coarse resolution and the scatter in the experimental
points., However, these bands undoubtedly contribute to the absorption in
accordance with the discussion near the beginning of thies section. The
integrated absorption coefficient for the lnfrlnSlC absorptlon by the
local lines expressed in molecules™! is 43.9 x 10°2% from 1200
to 1310 cm™l, and 64.5 x 10-2%4 from 1310 to 1420 cn "1, The estimated
uncertainty is ¥ 10 percent.

The lower panel of Fig. 3-4 shows a spectral curve of the normalized
absorption coefficient for pressure-induced absorption. The absorption
peaks agree well with the calculated band centers 1285,43 and 1388.20 cm -,
given in Table 3-1 for the pressure-induced bands of the 626 isotope. The
absorption by the 627 and 628 molecules probably have a pressure-induced
component, but it is apparently much smaller than that by the 626 molecule.
The two bands are seen to overlap and to produce measurable absorption
over a wider spectral interval than that coveced by the intrinsic_ bands
illustrated in the upper panel. Except near the peak at 1388 cm -, the
data points corresponding to different samples agree within the expected
experimental error. Below approximately 1130 cm'l, the continuum is
lnfluengfd by the wings of the lines centered from about 1000 cm” -l to
1100 cm™ *.

-1 2 -1 -1
The integrals of the normalized coefficients in molecules = cm® atm = cm
are 67.3 x 1024 from 1130 to 1330 cm~! and 101 x 10°2% from 1330 to
1500 cm'l; the estimated uncertainties are - 8 percent. We note that the
ratio of the integrals is approximately 3 to 2, the same as that for the
corresponding intrinsic bands.

Curves of »(1oca1{ and Cg are shown in Fig., 3-5 for the region between

1490 and 1&35 ecm™*. Since not all the continuum is due to pressure-induced
abSOTPCLOn, we have omitted the subscript p from C in Fig. 3-5. The
symbol L is written without a p or w, which denote pressure-induced or
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wing absorption, respectively, when the type of continuum is now known,

or, in some cases, when it is clear which is being considzred. The curve
in the lower panel from 1490 to 1590 cm " is bases primarily on Samples A
and D whose transmittance curves are shown in Fig., 3-3. Samples B and C
form the bases for the curves in Fig. 3-5 above 1585 em™l.  The most

serious errors between 1490 and 1850 cm~! arise from absorption by the

H20 impurity. Near the H,0 band center at approximately 1585 cm™%, the

H20 absorption is less than on either side. At this point the estimated
error in C° is between 0.1 and 0.2 x 1026 molecules~! cm? atm™l. At

other points between 1490 and 1585 cm'l, the errors may be twice this large.

Near 1788 cm-l the H,0 absorption is stili bothersume, but it is nuch less
than at most places getween there and 1555 cm~!, The estimated absorptance
by the H,0 impurity in Sample B was appruximately 2 percent, while that by
the CO, was 8 percent, We also attempted to account for the H20 absorp-
tion in Samples B and C at three cther points between 1788 and 1590 crm-l,
These points were chosen between H)0 lin2, where the HQO absorption was
less than at any other point within several cm‘l. The estimated correction
for H,0 absorptance was less than 5 jercent at these points for B, the

21.3 atm sample contained in _he shorte:r ahsorption cell. The correction
for H,0 absorptance was as mich as 10 percent to 15 percent at these same
points for Sample C, At 1783 em™! the estirated uncertainty in the plot

of Cg is 0.05 x 10726 moleciles™! cm atm'l; at other wavenumbers between
1788 and 1585 cm™! it may »e double this amount.

The source of the intrins.c absorotion coefficient, apparently due to
local liyes since it is independent of pressure, is not understood. At
1585 cm™" we observed approximately 78.5 percent transmittance for Sample
C and 57.8 percent transmittance for Sample B after accounting for the
H,O absorption. It we had observed the same transmittances for B and
83.3 percent for Sample C, we would have concluded that there was no
intrinsic absorption., The difterence 78.5 percent versus 89.3 percent

is greater than our estimated error; therefore, we conclude that there

is some intrinsic absorption. Spectral curves in this region show no
structure other than that due to H,0 lines. If a very weak CO, band
occurred in this region,we would eXxpect to see some structure due to the
vibration-rotation lines, although the amount of intrinsic absorption is
small enough that we cannot rule out this possibility., The apparent
intrinsic absorption may result from an impurity, other than H,0, which
has no line structure that would be observed with the spectral resolution
used in obtaining the data, It {s also possible, although diflicult to
believe, that errors in correcting for the H,0 absorption account for

the apparent irtrinsic absorption.

We feel that the upper curve in Fig. 3-5 represents maxinum values for
k(local) due to intrinsic absorption by pure CO;. The correct values
may be much less if errors were introduced by impurities. Above




approximately 1780 cm-l, the increase in k(local) is due to very weak
lines which are a part of the band seen near 1900 em™! in Fig. 3-3.
Between 1585 and 1490 cm”! the pressure-induced absorption is much greater
than between 1585 and 1800 cm'l; it is also encugh greater than any intrin-
sic absorption that none of the latter was detected.




SECTION 4

ABSORPTION COEFFICIENTS AND INTEGRATED ABSORPTANCE

FOR CO, BETWEEN 1885 cm L AND 2132 eml

The spectral region from 1885 to 2132 cm'1 contains several CO., bands whose
strengths have not been determined, although several of the band centers

and line positions have been measured, or can be calculated accurately, from
available data. (See Ref. 6 for spectral curves and a table of band centers,)
The first part of this section deals with experimental data obtained primarily
to determine the strengths of the bands and of single branches of some of the
bands. Particular attention was given to the Q-branches. The samples contain
CO, with He added in order to broaden the lines and remove much of the struc- #
ture so that the observed transmittance T was approximately equal to the true '
transmittance T'., Helium, rather tkan Ny, was used as a broadening gas since
it is difficult to obtain N, which does not contain enough CO impurity to
absorb in this region. Fur%hermore, the extreme wings of He-broadened lines
are weaker and thus produce less continuum absorption., Since the absorption
coefficient varies over a wide range of values, different absorber thick-
nesses were used in the different narrow intervals in order to produce trans-
mittances which could be measured accurately.

Throughout most of the region, (-l/ulimT changes slowly with increasing
pressure in the range of pressures used, and (-1/u)fu&vTdv is essentially
independent of pressure if the integration is performed over an interval
including several lines. This result implies that most of the absorption
within the narrow interval is due tc lines centered within the interval,

In a few regions, (-l/u)fzquv over a narrow interval increases significantly
with increasing pressure. These regions occur where the absorption is very
weak and a large fraction of it apparently is due to continuum absorption
by the wings of stronger lines which are centered several line widths away
from the points of observation. In these cases, (-1/u)f&~T(v)dv does not
truly represent the integral of the absorption coefficient of the lines
centered in the interval. Examples of such regions are at the absorption
minima near Q-branches, and particularly near 1945 Cm‘l, 1990 cm"! and from
2135 em~l to 2200 em”l.

The strong absorption feature near 2077 cm-1 can be recorded easily in atmos-
pheric spectra obtained from an aircraft with the sun as a source. The
spectral curves shown in Figs, 4-12 to 4-15 provide laboratory data on known
samples at 297°K for comparison with field data. Table 4-2 provides the
parameters of the samples and values of [A(v)dv over sevaral narrow spectral
intervals. In order to better simulate air, we added a mixture of 807% N,

and 20% 02 as a broadening gas.
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2073 to 2082 cm~l.




VA Tq-U2 €60C 03
080 woa3 “QD 103 n/(L ™7-) 30 2aan) jeaidadg ‘/-% °OId

(wrl) HLIONITIAVM
8.t 08'v
| ) |
(1-wdo) YIGWNNIAVM

060¢ G80¢ 080¢
| B D B B S Ry B B R 0

(zW9 |- S9|No3jOW) .le .

4-9




{(molecules-tcm2)

_InT
u

20x10" 23 |- -

0xI0"23 -

\ i ]
2095
WAVENUMBER (cm-!)
| [
4,78 4,77

WAVELENGTH (um)

FIG., 4-8. Spectral Curve of (-LT)/u for CO2 from 2090
to 2097 cm”l,

4-10




"1-Wo 8712

117

031 9607 WOIJ NOU anj :\AH ¥T-) 3o @aan) jealoadg
(wH) HLONITIAVM
Ly 9L’V
L | i 1
(1-Ww3) HIGNNNIAVM
oclie olie 00l¢e
L\ — L _ T | 1 I 1 1
4
- -
- .

“€-% 014

X

¢2.01X2

n
(29 1-33|N99|0W) e -

4-11




I0x10°23

5x10”23

- ‘Q%T(molecules-' cm?2)

0 1 1 1 | i
2126 2128 2130 2132

WAVENUMBER (cm-!)

IR i
4.70 4,69
WAVELENGTH (um)

FIG. 4-10 Spectral Curve of (=& T)/u for co, from
2126 to 2132 cm™*,

| ——




Cwh) HI9NITIAVM

1N o9 mw.rv
1 i _—

(1-W3) YIGWNNIATM )
0022 0812 0912 ovicé o
# T _ _ _ _ 10 R
- c Vd m
-1 &

3 ¢
= 5

¢z-01XG0 § =
c &

o &

o >

= -

c2-01x01 =2

¢2-01%X G| m




|OO L] T L} T l Ll T L] T T i L L] 1] I ¥ LI r L L L) ' L] L] T l 1 LA T
\/ﬁ\/\v/\Jf\/QB/\&f\/\ 1
-
| -~
O o4
O -
< y .
- 3 ! ’
-
.
> .

O PO NS W JUUD SN U AT VA N NN thalf WY UUUD (N VUD SHN UHNT U NN WA G U U (NS U G WA W N S G S
IOO rrTr v vy vy rr Ty r T ‘/I\)‘{N\'W
-
4
(@) -
© 50F | .
- \ 2 ]
}__ -
-
: 4
- -y
.

O PRI ST Ul TV VD T U NN U U SR U U VS Vi U SN VA VI U U (N SO0 WIS VO S N W W WD ¥

2065 2070 2075 2080 2085 2090 2095 2100
WAVENUMBER (cm-)

{ v i ' ¥ v

T v
4.84 4.K2 480 4.78
WAVELENGTH (um)

F1G, 4-12. Spectral Curves of Transmittance for CO, from 2065 to
2100 cm~l for Samples 1, 2, and 3. See Table 4-2 for
sample parameters and [A(v)dv,

4-14




Tx100

FIG. 4-13. Spectral Curves of Transmittance tor COZ from 2065 to

-
E
OE.‘.ll..lll..‘LlA.l.n.Ll._L_L_.Lq__‘_‘_._,_
'OOWW' ABLER B Y
5
\/\b/\dr\/P\/h\/”\\ A
F /;
50 /
\/‘/
|
v
O.L“L_lll‘lllLAlAllLlllLJAA‘AAJA‘ALA
2065 2070 2075 2080 2085 2090 2095
WAVENUMBER (cm-'}
I LS ' v , L B
484 482 480 478
WAVELENGTH (um)

PN D S U GV U S O VAT S U U T W

A a2 o b s aa s b2 a2 boaa 53

3

2100 cm ! for Samples 4, 5, 6, and 7,

4-15

2100




IOOWW\': 181 T . P Py
i /// Vo
L Ta J
i //.U ]
- | 1
o ’ <
o f | ]
=~ 0 / P
}_.
i )
N ]
O [ FUE S U N U U SO N U U U S W W S ON W SN U S WA ST Y U 2 DR W N U G S Y B 1
100y, ﬂ*yvrw-w==j
:
o | } :
250t JI -
- i
| i
- .
i 1
L <
o Al Ll & I U W L ) - F Y A, 1 A A b2 _}. Aried: A A 1 r'3 i Fy 4. 1 4. doud. 'y ‘
2065 2070 2075 2080 208F 2090 2095 2100
WAVENUMBER {cm -t}
I v 1 N 1 ? i
4.84 482 4.80 478
WAVELENGTH (um)
FIG. 4-14. Spectral Curves of Transmittance for CO, from 2065 to

2100 cw~! for Samples 8, 9, 10, and 1.
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FI1G. 4-15. Spectral Curves of Transmittance

for CO. from 2065 to 2183 =m~}
for Ssmples 12 and 15.
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SECTIGN 5

TRANSMITTANCE DATA STORED ON MAGNETIC TAPE

Under a previous contract, NOnr 3560(00}, our laboratory published a
series of reports dealing with the absorption of infrared radiation by
C0, and Hy0. Each report is limited to a given spectral interval and
centains detailed information on the absorption by several samples
covering a wide range of pressures and path lengths. Tables of the
integrated absorptance, fA(v)dv, are included in all of this series of
reports; some also include extensive tables of transmittance. As a
result of requests from several workers in the field, we have compiled
the transmittance tables on magnetic tapes which will be available
through Air Force Cambridge Research Laboratories. The transmittance
is tabulated versus wavenumber, and enough values are given so that the
original spectral curves can be reconstructed without loss of structure
by plotting the tabulated values and joining them with straight lines,

Table 5-1 summarizes the data saved on magnetic tape. The report number
is the publication number assigned to the report by Aeronutronic. The
absorbing gas and the spectral interval covered by the report are included
in the table. A given file on the magnetic tape is devoted to the data
from a single report.




TABLE 5-1

SUMMARY OF DATA SAVED ON MAGNETIC TAPE

Report  Absorbing Spectral Interval
Number Gas -1

cm m
U-3704 H,0 5,045 - 14,485 0.69 -
U-3202 HZO 2,800 - 4,500 2,22 -
U-3200 002 8,000 - 10,000 1.00 -
U-3930 co, 7,125 - 8,000 1.25 -
U-3127 €0, 6,600 - 7,125 1.40 -
U-3201 CO2 5,400 - 6,600 1.52 -
U-2955 CO2 4,500 - 5,400 1,85 -
U-4132 Co; 3,100 - 4,100 2.44 -
U-3857 CO2 1,800 - 2,850 3.5 -~
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