rariotsontf o bt actaiog

-

AD657115

ABS\RPTION BY CO,
BETWEEN 1800 AND 2850 cm-!
- (3.5-5.6 MICRONS)

This docwm =t boz been approved | L‘:t.
for public release ond sale; its '
distribution is unlimited,

il i U ¥

LR
4“5 .*Q'.

Reproduced by the
CLEARINGHOUSE
for Federal Scientific & Tachnical
Information Springfiold Va 22151




DISCLAIMER NOTICE

THIS DOCUMENT IS TH

E BEST

QUALITY AVAILAB

E.

COPY FURNISHED CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



Publication No. U-3857

Under Contract: NOnr 3560(00)
ARPA Order No. 237
Amendment #23/1-3-66

15 December 1966

SCIENTIFIC REPORT

ABSORPTION BY CO2 BETWEEN 1800 AND 2850 cm-!
(3.5-5.6 Microns)

Prepared for: Advanced Research Projects Agency
Wasnington 25, D.C.

Prepared by: David A. Gryvnak
Richard R, Patty
Darrell E. Burch
Earl E, Miller

Approved: - )=

pp | c'(’ /_‘_ U
Paul M."Sutton, Director
Physics Laboratory

"This material is the result of tax-supported research and as such
may be freely reprinited with the customary crediting cf the source."

PHILCO-FORD CORPOSATION
Aesronutronic Civision
Newport Beech, Calif. « 926857



ABSTRACT

Transmission spectra in the 1800-2850 cm-1 region have been obtained for
more than 100 samples of €0, and L0, mixed with N, and A, The spectral
resolution was 2,5 cm-1, Sample pressures varied from 0.0055 to 742 torr
with absorber thicknesses covering the range from 0.081 to 84,400 atm Clligr
Spectra of several sample s at the lower pressures show the effect of
Doppler broaiening. Measurements in the 2409-256G cm-1 vegion provide
information about the absorption by the extreme wings of collision-
broadened lines. Replotted transmission spectra and extensiva tables
of integrated absorptance for 11¢ samples are included,

ii



TABLE OF CONIENTS

SECTION PAGE
1 INTRODUCTION AND SUMMARY. . . & v v & 4 & o & o o . 1-1
z EXPERIMENTAL. . . & . v v v 4 4 v v v v s e o o u s 2-1

2.1 Instrumental . . & . v v 4 4 4 4w e e e e 2-1
2.2 Sampling Trocedure . . . . . 4 4 4 4 0\ . . . 2-1
2.3 Recording and Reduction of Data. . . . . . . . 2-3
3 RESULTS AND DISCUSSION. & v v v v 4 4 4 ¢ o o o o & 3-1
3.1 Transmission Spectra . . . . . « & v ¢ o o o . 3-1
3.2 Integrated Absorptance . . . D 0,0 0 0 O C 3-9
3.3 Absorption Between 2400 and 2580 em-l. . . . . 3-1
4 TABLES OF INTEGRATED ABSORPTANCE. . . . v « o o . . 4-1

5 REFERENCES. . ¢ & & 4 v v b 4 4t v v v v o o o o 5-1

iii



LIST OF FIGURES

FIGURE TITLE PAGE
3-1 SPECTRA OF SAMPLES 1 TO 10, . . . . . . e e s e e e 3-3
3-2 SPECTRA OF SAMPLES 11 TO 20 . , . . . . . e e e e e 3-4
3-3 SPECTRA OF SAMPLES 21 TO 35 ., . . . . . ¢ s e e e e 3-5
3-4 SPECTRA OF SAMPLES 36 TO 65 ., . . . . . e e e e e 3-6
3-5 SPECTRA OF SAMPLES 66 T0 95 . . . . . . e v e e e e 3-7
3-6 SPF.TRA OF SAMPLES 96 TO 116. . . . . . s e e e 3-8

-1

3-7 THE INTEGRATFD ABSORPTANCE CF THE 2190-2425 cm
REGION VERSUS EQUIVALENT PRESSURE . . . . s e e e . 3-10

3-8 THE INTEGRATED ABSORPTANCE OF THE 21990-2425 cm™l
REGION VERSUS ABSORBER THICKNESS. . . . e e e e e 3-11

3-9 THE INTEGRATED ABSORPTANCE OF THE 2190-2425 cm~1
RECION VERSUS THE PRODUCT OF ABSORBER THICKNESS
AND EQUIVALENT PRESSURE , . . . . . s e s s e e s e 3-13

3-10 THE NORMALIZED ABSORPTION COEFFICIENT VERSUS
WAVENUMBER FOR CO2 BETWEEN 2400 AND 2580 cm-1 , . . , 3-15

iv



LIST OF TABLES

SAMPLE PARAMETERS. . .

TITLE

CO, ABSORPTION BANDS BETWEEN 1800 AND 2&JC cm”

2
INTEGRATED ABSORPTANCE

INTEGRATED ABSORPTANCE

INTEGRATED ABSORPTANCE

INTEGRATED ABSORPTANCE

INTEGRATED ABSORPTANCE

INTEGRATED ABSORPTANCE

FOR SAMPLES

FOR SAMPLES

FOR SAMPLES

FOR SAMPLES

FOR SAMPLES

FOR SAMPLES

1 T0 16 , .
17 TO 35. .
36 TO 55, .
56 TO 76. .
77 TO 100 .

101 TO 116,

1

PAGE

2-4 t25 2-9



SECTICN 1

INTRODUCTION AND SUMMARY

Absorption and emission by €0, in the 1800-2850 cm-1 region plays a very
important part in the transfer of heat in the atmospheres of the earth
and other planets. Because of many very strong lines in this region,
there is appreciable absorption by atmospheric paths which are so short
or at such low pressures that absorptiz.a in other regions of the infrared
is almost negligible,

Several quantitative measurements on the absorption in this region have
been made previously with low resolution for the purpose of determining
the relationship between the integrated absoIPEance fA(v)dv and the
parameters, absorber thickness and pressure,™’ The present investigation,
which was undertaken to supplement the previous work, includes measurements
on samples having much greater absorber thicknesses, Therefore, it has
been possible to measure CO2 abcorption in spectral regions where it had
not been observed previously. Other samples with long paths and very low
pressures have provided data under conditions for which Doppler broadening
of the absorption lines is important. Information on the absorption by
the extreme wings of the strongest lines has also been ohbtained from
measurements in the 2400-2560 cm~l region,

The experimental methods are discussed in Section 2. Section 2 includes
spectral curves for 116 samples of €0, alone and CO, + N, as well as a
limited discussion of the results, Extensive tableS of the integrated
absorptance are included in Section 4. Tables of transmittance vers' s
wavenumber are availahble from the authors for workers who require them,

Additional measurements with resolution less than 0.5 cm~! will be made
in this region by us in the future, The results will be used to identify
many of the very weak bands and to determine the contributions of various
bands in regions where several of them may overlap,
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SECTION 2

EXPERIMENTAL

2.1 INSTRUMENTAL

Samples of CO, alone and mixtures of CO, with N, or A were contained in a
multiple-pass absorption cell whose base length is approximately 29 meters.
The cell was used at 4, 8, 16, and 32 passes, giving path lengths of 121,
237, 469, and 933 meters, respectively, Radiation from a Nernst glower
traversed the absorption cell ard formed an image of the source on the
slit of a Perkin Elmer Model 112 spectrometer which employed an LiF prism
and a thermocouple detector. While a spectrum was being scanned, the
spectrometer slits were adjusted continuously by a string cam which
coupled the slit micrometer to the Littrow screw that rotated the prism,
The cam, which was designed and built in our laboratory, adjusted the
slits so that the signal from the detector was approximately constant
while scanning a spectrum with the absorftion cell evacuated, The spec-
tral slitwidth was approximately 2.5 cm *.

The monochromator was flushed with dry N,, ard the remainder of the
optical path outside the absorption cell was contained in vacuum tanks
in order to eliminate absorption by atmospheric gases. Wavenumber cali-
bratior was obtained from H,0, CO,, CH,, N,0 and CO abscrption lines
whose positions are known. Details of the mgliiple-pass cell and the
spectrometer have been described previously,”’

2.2 SAMPLING PROCEDURE

The gases used for samples were obtained from commercial cylinders. The
Ny, was high-purity dry grade with less than 10 parts Hy0 per million,



and the coﬂ contained traces of H20 and CO. It is pirobably safe to
assume that all the isoto es were present in their natural abundances
(cl2, 98.9%; cl13, 1,1%; ul6, 99.76%; 017, 0.04%; 018, 0,20%; k, 99.9844%;
D, 0.0156%).

An Hg manommeter was used to measure pressures in the range from 50 torr
to 1 atm; a manometer contaiaing a special o0il wus used for pressures
between 1,5 and 50 torr. Some of the lower pressures were measured by

a McLeod gauge; other pressures of pure €0, which were too low to measure
accurately with any of the gauges were determine i by expanding CO, into
<he cell from a cylinder filled to a pressure that could be measuted
accurately. The volume of the cylinder was approximately 0,001 times
that of the absorption cell. The ratio of the pressure in the cylinder
to the resulting pressure in the cell was determined by using enough

€0, that the pressure in the cell was several torr, which was high enough
to be measured accurately. We then assumed that the ratio of pressures
was the same at lower pressures, When the initial pressure in the
cylinder was greater than approximately 1 atm, it was necessary to
account for the non-iinearity in the relation between €0, density and
pressure. From the Van -r Waal's constants for €0,, we can show that
the density is proportional to p(l + 0.005p) if p, the pressure in atm,
is less than approximately 15.

Adsorption of CO, on the walls of the cylinder and the absorption cell
probably gives rise to the greatest uncertainty in determining €O,
pressures by the expansiou method. If the percent adsorbed was independent
of pressure, very little error was introduced. However, it seems possible
that a greater percentage of gas would be adsorbed when it is first added
until a film is formed on the -urface; after this, the percentage adsorbed
would decrease as the pressure increases. No measurements were made to
determine if such a saturation phenomenon occurred in our system. But if
it did occur at pressurcs less than approximately 0.1 torr, the values we
ased for veiy low CO, pressures are probably too high. We compared the
integrated absorptance of a few samples of €0, + N, in which the CO2
pressure was determined by expansion to some previfus results® for
samples with shorter paths and higher CO2 pressures which could be
measured accurately. The integrated absorptance of the earlier samples
was usually slightly greater than that of present samples having the
same absorber thickness and equivalent pressure, Therefore, it seems
likely that there were small systematic errors, possibly due to adsorp-
tion, in the pressures we determined by the expansion method.

In view of the above discussion, the quoted values of CO, prescures below
0.1 torr are probally less than 8 percent too high or less thea 2 percent

too low,

Mixtures of CO, + N, or CO, + A were formed by adding the N, or A to the
cell after the CO, was introduced. Fans inctalled in the cell were used
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to mix the gases. Several different samples, each at a different total
pressure, were formed from the same C),, The same mixture was alsc fre-
quently investigatzd at four dil.erent path lengths: 121, 237, 469, and
933 meters.

The absorber thickness u was calculated by the use of the fo'lowing
equation.

u(atm cm) ., = (1 + 0.005p) p L 273/296, (2-1)
where L is the geometrical path length in cm ard p is the partial pretsure
of CO, in atm. The term (273/296) accounts for the c¢ifference in density
between standard temperature (273°K) and room temperature (296°K) at

which the measurements were nade. The quantity (1 + 0,005p), which
accounts for the non-linear.ty in the relation between the density of

CO0, and its pressure, ic negligitle except for pressures greater than
approximately 1 atm, It could be neglected for samples included in the
present study, but it has been included in # ccmputer program used to
calculate sample parameters for pressures as high as 15 atm.

When working with mixtures of CO, + N,, it is convenient to use an equiva-
lent pressure P, which is proportional to the half-width o the absorption
lines, regardless of the compositior. of the mixture. We have found that
fuch an equivalent pressure is given by

P, = L3p+ (- P, (2-2)

where P is the total pressure, and p is the partial pressure of COZ' 1t
is noted that P, approaches P for a very dilute mixture of CO, in
N, (p << P).

Table 2-1 includes the parameters for 116 samples of CO, and CO, + N,.
The CO2 partial pressure p, the total pressure P, and tﬁe equivalent
pressure P, are given in torr and in atm. Also included are roferer-es
to the transmittance curves and the integrated absorptance tables,
Samples of CO, + A which are discussed in Section 3.3 were scanned only
over the region abova 2400 cm™* and are not included in Table 2-1.

2,3 RECORDING AND REDUCTICN OF DATA

A spectrum of each sample was scanned over a sufficiently wide region
that there was essentially uo absorption at the starting and end points.
Spectral curves called background curves were scanned over the same
spectral regions with the cell evacuated. The shapes of the background
curves varied with the number of passes of the cell because of the
variation in reflectivity with wavenumber. Therefore, it was necessary
to scan background curves at the same paths as those used for the samples,
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TABLE 2-1
SAMPLE PARAMETERS

Sam. p P Pe p P Pe
No.
torr torr torr atm atm atm
1 742 742 969 0.976 0.976 C.275
2 142 742 969 0.976 0.976 0.275
3 208 208 271 0.274 0.:74 0,356
4 742 742 969 0.976 0.376 1.28
5 101 101 131 0.133 123 0.173
L6 208 208 271 0.274 n.274 0.356
7 208 140 803 0,274 0.974 0.0563
8 51.5 51.5 67.0 0.0678  3.0678 0,088l
9 101 101 131 0.133 0.133 0.173
10 208 208 271 0.274 0.274 9,35
11 208 740 503 0.275 0.974 1.06
12 51.5 51.5 67.0 0.0678  0.0678  0.0881
13 208 208 271 0.274 0.274 0.356
14 208 740 803 0.274 0.974 1.06
15 26.8 26.8 3.8 0.0353  0.0353  0.0459
16 26.8 229 237 .0353  0.301 0.312
17 26.7 26.7 34,7 0.0351  0.0351  0.0457
18 ¢ .7 229 237 0.0351 0,301 0.312
| 19 3.20 3.20 4.16  0.00421  0.00421  0,00547
20 26.7 26.7 34,7 0.0351  0.0351  0.0457
|21 26.7 229 237 0.0351  0.301 0.312
| 22 3.20 3.20 4,16  0.00421  0.00421  0.U0547
23 3.20 10.9 11.9 0.00421  0.0143  0,0156
| 2 3.20 32,9 33.9 0.00421  0.C433  0.0446
25 3.20 103 104 0.00421 0,136 0.137
26 0.80 - 0,80 1.06  0.00105  0.00105  0,00137
27 3.20 3.20 4,16 .004621  0.00421  0,00547
28 3.20 10.9 11.9 0.00621  G,0143  0.015
29 3.20 32,5 33,5 0.00421  0.0428  0.0440
30 3.20 103 104 0.00421  0.136 0.137
31 0.80 0.80 1.04  0.,00105  0.00105  0.00137
32 3.20 3,20 4,16  0.00421  0,00421  0.00547
33 3.20 10.9 11.9 0.00421  0.0143  0.0156
34 3.20 32.5 33,5 0.004621  0.0428  0,0440
35 3.20 103 104 0.00421  0.136 0.137
36 0.400 0.400 0.520  0.000526 0.000526 0.000684
37 0.400 1.00 1.:2  0.000526 0.00132  0,00147
38 0.400 3.20 3.32  0.000526 0.00421  0.0C437
39 0.400 15.0 15.1 0.000526 0.0197  0.0199
L 40 0,400 100 100.1 0.000526 0,132 0.132
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TABLE 2-1 (cont.)

Palgh at!: cm Fig. in which Tables of

STP spectral curve integrated

absorptance

m

933 84,400 3-1 4-1
469 42,400 3-1 4-1
933 23,600 3-1 4-1
237 21,400 3-1 6l
933 11,400 3-1 4-1
+69 11,900 3-1 4e1
469 11,900 3-1 4-1
933 5,830 3-1 i
469 5,750 3-1 4n1
237 5,990 3-1 4-1
237 5,990 -2 4-1
469 2,930 3-2 4-1
121 3,060 3-2 4-1
121 3,060 3-2 4-1
469 1,530 3-2 4-1
469 1, 530 3-2 4-1
237 768 3-2 4=2
237 768 3-2 4=2
933 362 3-2 4=
121 392 3=2 4=2
121 392 3-3 4-2
469 182 3-3 4=2
469 182 Je3 4=2
469 182 3-3 4=2
469 182 3-3 4=
933 90.6 3-3 4-2
237 92.0 3-3 42
237 92.0 33 4=?
237 92.0 3=3 4-2
237 92.0 3-3 4-2
469 45,5 3-3 4=2
121 47.0 33 4=2
121 47.0 3-3 4=2
121 47.0 3-3 4=2
121 47.0 3-3 4-2
469 22.8 3=4 4=3
469 22.8 3-4 4-13
469 22.8 3-4 4=3
469 22,8 J=4 4-3
469 22.8 34 4-3
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TABLE 2-1

SAMPLE PARAMETERS

S;:: P P Pe P P Pc
torr to-r torr atm atm atm
41 0.100 0.100 0.130 0.000132 0,000132 0.000171
42 0.200 0.200 0.260 0.000263 0.0C 263 0.000342
43 0.400 0.400 0.520 0.,000526 0.000526 0.000684
44 0.400 1.00 1.12 0,000526 0.00132 0.00147
45 0.400 3.20 3.32 0.000526 0.00421 0.00437
46 0.400 15.0 15.1 0.000526 0.0197 0.0199
47 0.400 100.0 100.1 0.000526 0.132 0.132
48 0.051 0.051 0.066 0.000067 0.000067 0.000087
49 0.100 0.100 0.130 0.000132 0.000132 0.000171
50 C.200 (¢,200 0.260 0.000263 0.000263 0.000342
5) 0.400 0.400 0.520 0.000526 0.000526 0.000684
52 0.400 1.00 1.12 0.000526 0.00132 0.00147
53 0.400 3.20 3.32 6.000526 0.09421 0.00437
54 0.400 15,0 15.1 0.000526 0.0197 0.0199
55 0.400 100.0 100.1 0.000526 0.132 0.132
56 0.025 0.025 0.033 0.000033 ©,000033 0.000043
57 0.025 0.054 0.062 0.,000033 0.000071 0.000081
58 0.025 0.114 0.122 0.0009033 0.000150 0.000160
59 0.025 0.294 0.302 0.000033 0.000387 0.000397
60 0.025 0.723 0.731 0.000033 0.006951 0.000961
61 0.025 1.88 1.89 0.000033 0.00247 0.00248
62 0.C25 5.25 5.26 0.000033 0.00691 0.00692
63 0.025 14,5 14,5 0.000033 0.0191 0.0191
64 0.025 39.0 39.0 0.000C33 0.0513 0.0513
65 0.025 100.0 100.0 0.000033 0.132 0.132
66 0.012 0.012 0.0l16 0.000016 0.000016 0.000021
67 0.025 0.025 0.033 0.000033 0.000033 0.C00043
68 0.025 0.054 0.062 0.000033 0.000071 0.000081
69 €¢.025 0.114 0.122 0.000333 0.000150 0.000160
70 0.025 0.294 0.302 $.000033 0.300387 0.000397
71 0.025 0.723 0.751 0.000033 0.000951 0.000961
72 0,025 1. 1.89 0.000033 0.00247 0.0248
73 0.025 5.25 5.26 0.000033 0.00691 0.00692
74 0.025 14,5 14,5 0.000033 0.0191 6.0191
75 0.025 39.0 39.0 0.000033 0.0513 0.0513
76 0.025 100.0 100.0 0.000033 0.132 0.132
7 0.0055 0.0055 0.0072 0.00000"~  0,00G037?  0,0000094
78 0.012 0.012 0.016 0.000016 0.000016 3.000021
79 0.025 0.025 0.033 0.000033 0.000033 0.,000043
80 0,025 0,054 0.062 0.000033 0.000071 0,.000081




TABLE -1 (cont,) =
|
Sam. L u t
No. Path atil cm Fige. in which Tables of
STP spectral curve integrated
- appears absorptance
41 933 11.3 3=4 4=3
42 469 11.4 3-4 4-3
43 237 11.5 3=4 4-3
44 237 11.5 3-4 4=3
45 237 11.5 3-4 4=3
46 237 11.5 3-4 4=3 -.
47 237 11,5 3=4 4=-3 !
48 933 5.8 3-4 4=3
49 469 5.69 KTYA 4=3
50 237 5,75 3=4 4=3 |
51 121 5.87 3-4 4=3
52 121 5,87 3-4 4-3
53 121 5.87 3=4 4=3
54 12l 5,87 3-4 43
55 121 5.87 34 4=
56 933 2.8 3-4 4=l
57 933 2.8 3=4 4=4
58 933 2,8 3-4 44
59 933 2,8 3=4 44 i
60 933 2.8 3-4 4=4 !
61 933 2.8 3=-4 4=4
62 933 2.8 3=4 4=4
63 933 2.8 3=4 4=4
64 933 2.8 3=4 4=4
65 933 2.8 3-4 44
66 933 1.4 3-5 44
67 469 1.4 3-5 L=4
68 469 1.4 3-5 44 i
69 469 1.4 3-5 A ;
70 469 1.4 2.5 4=4 !
71 469 1.4 3-5 4=4 !
72 469 1.4 3-5 44
73 469 1.4 3-5 A
74 469 1.4 3-5 4=4
75 469 1.4 3-5 4=4 f
76 469 1.4 3-5 4=4 %
77 933 0,62 3-5 4-5 £
78 469 0.68 3-5 4=5 i
79 237 0,72 3=-5 4=-5 &
80 237 0.72 3.5 L5 ';f
2-7 =
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TAE.E 2-1
GAMPLE PARAMETERS

Sam, p P Pe P P Pe
No.
torr torr torr atm atm atm
81 0.025 0.114 0.122 0.000033 0.000150 0.000160
82 0.025 0.294 0.302 0.0r9033 0.000387 0.0003%7
83 0.025 0.723 0.731 0.000033 0.000951 0.000961
84 0.025 1.88 1.89 0.000033 0,00247 0.00248
85 0.025 5.25 5.26 0.000033 0.00691 0.00692
86 0.025 14,5 14,5 0,000033 0.0191 0.0191
87 0.025 39.0 39.0 0.000033 0.0513 0.0513
88 0.025 100.0 103.0 0.000033 0.132 0.132
89 0.0055 0.0055 0.0072 0.0000072 0,0000072 0.0000094
90 0.012 0.012 0.016 0.000016 0.000016 0.000021
921 0.025 0.025 0.033 0.000033 0.000033 0.000043
92 0.025 0.054 0.062 0.000033 0.000071 0.00008}
93 0.025 0.114 0.122 0.000033 0.000150 0.000160
94 0.025 0.294 0.302 0.000033 0.000387 0.000397
95 0.025 0.723 0.731 0,000033 0.000951 0.000961
96 0.025 1.88 1.89 0.000023 0.00247 0.00248
97 0.025 5.25 5.26 0.000033 0.00691 0.00692
98 0,025 14.5 14,5 0,000033 0.0191 0.0191
99 0,025 39.0 39.0 0.000033 0.0513 0.0513
i 1::d 0.025 100.0 100.0 0.009033 0.132 0.132
g 101 0.0055 0.0055 0.0072 0.0000072 0.0000072 0.0000094
102 0.012 0.012 0.0l6 0.000016 0.000016 0.000021
i 103 0.012 0.126 0.130 0.000016 0,000166 0.000171
104 0.012 0.384 0.388 0.000016 0.000505 0.000510
105 0.012 1.20 %.20 0.000016 0.00158 0.00158
106 0.012 3.45 3.45 0.000016 0.00454 0.00454
107 0.012 10.2 10.2 0.000016 0.0134 0.0134
108 0.012 32,5 32.5 0.000016 0.0428 0.0428
109 0,012 100.4 100.4 0.000016 0.132 0.122
110 0.0055 0.005. 0.0072 0.0000072 0.0000072 0.0000094
111 0.0055 0,197 0.199 0.0Cud072 0.000259 0.000261
112 0.0055 0.600 0.602 0.0000072 0.000789 0.000792
113 0.0055 1.89 1.89 0.0000072 0.00249 0.00249
114 0.0055 8.51 8.51 0.0000072 0.0112 0.0112
115 0,0055 9.5 29.5 0.0000072 0.0338 0.0388
1.6 0.0055 102 102 0.0000072 0.134 0.134
2-8
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TABLE 2-1 (cont.)

Sam, L u
No. Path e Fig. in which Tables of
STP spectral curve integrated
appears absorptance
m
81 237 “e72 3-5 4=5
82 237 0,72 3-5 45
83 237 0,72 3-5 4-5
84 237 .70 3-5 4=5
85 237 0,72 3-5 4=5
86 257 Ce72 3-5 4=5
87 237 Go72 3-5 4-5
88 237 0.72 3-5 4-5
89 469 0.31 3-5 4-5
90 237 0.35 3-5 4-5
91 121 0.37 3-5 4-5
92 121 0.37 3-5 4-5
93 121 0.37 3-5 4-5
94 121 0.37 3-5 4-5
95 121 0.37 3-5 4-5
95 121 0.37 3-6 4-5
97 121 0.37 3-6 4-5
98 121 0.37 3-6 4-5
99 121 0.37 3-6 4-5
100 121 0.37 3-6 4-5
101 237 0.16 3-6 4-6
102 121 0.18 3-€ 4-6
103 121 0.18 3-6 4-6
104 121 0.18 3-6 4-6
105 121 0.18 3-6 4-6
106 121 0.18 3-6 4-6
107 121 0.13 3-6 4-6
108 121 0.18 3-6 4-6
109 121 0.18 3-6 4-6
110 121 0.081 3-6 4=6
111 121 0.081 3-6 4-6
112 121 0.081 3-6 4-6
113 121 0.081 3-6 4-6
Ch 121 0.081 3-6 4-6
115 121 0.081 3-6 4-6
116 121 0,081 3-6 4-6
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Each spectrum was examined and compared with others as a check for con-
sistency. Small correccions were made to account for spurious deflzactions
and for absorption by H,0 and CO impurities in the sample. The transmit-
tance was determined from the ratio of the deflection on the sample curve
to wae detflection on the background curve at the same wavenumber. Each
spectral curve then was replotted and digitized by the method describe!
previously.3 Pairs of values related to transmittance and wavenumber
were punched on IBM cards which served as input for a computer program
used to calculate transmittance and integrated absorptance as a function
of wavenumber. The replotted spectra are shown in Section 3 and tables
of integrated absorptance appear in Section 4,
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SECTION 3

RESULTS AND DISCUSSION

il

3.1 TRANSMISSION SPECTRA

Curves of transmittance versus wavenumber are shown in Figs. 3-1 through
3-6 for the 116 samples of CO, and COp + Ny listed in Table 2-1, The
curves were replotted from the original curves obtained with a spectral
resolution of approximitely 2.5 cm™l, Small corrections were made to
account for absorption by CO near 2140 em™! and Ly Hy0 from 2800 to
2870 cm™! and from 1815 to 1870 cm™l.

Table 3-1 includes a 1ist of absorption bands expected in this region.
Evidence of many of them can be seen in the transmlssion spectra, although
most of the absorption is due to the very strong 0091 band and two medium
strength bands, 1110 and 0310. Features of several of the bands listed

in Table 3-1, as well as others not listed, can probably be identified in
spectra with higher resolution which we plan to obtain.
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TABLE 3-1

002 ABSORPTION BANDS BETWEEN 1800 AND 2800 cm-1

Band Center Upper Lower
cm” _Level Level* Molecular Species”’
1846,29 oslo 0220
1886. u 0%  oilo
1896.00 osto  02%
1917.67 w20 oilo
1932.5 u o3t
2003, 5 12%  o1lo
200401 13l 02%
2053,72 13%0  02%
2076.5 u  11'o
209, 1220 o1lo
2137.  u 20% oo
2165.30 21l 02%
2215.01 a1t 02%
2327.48 021 02%
2336.66 o't oilo
2349.3 H  00°1
2429.41 10°1
| 2500, 42 0420 ct216p!8
2548.33 04% p1
2614.24 12% ct216o!8
2679.90 12% »1
2757.04 20% ct2o!60!8
2797.02 20% p1

H denotes that the position of the band center is
from HerzbergS; all others were calculated from
energy levels given by Stull, Wyatt and Plass6.
Lower level is 0000 unless indicated otherwise,

- YAl species are the 012016016 molecule except

as noted.

PI denotes pressure-induced bands.
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3.2 INTEGRATED ABSORPTANCE

The integrated absorptance over the region from 2190 to 2425 cm-l is
plotted versus P, on lcg-log scales in Fig. 3-7 for Samples 36 through 116,
Each solid curve corresponds to the value of absorber thickness indicated.
The broken curve with slope of 0.5 has been included for cemparison with
the other curves. The integrated absorptance of a band composed of non-
overlapging strong lines having the Lorentz line shape is proportional to
(uPe)O’ . (A strong line is essentially opaque over a region a few times
as wide as thc width of the line.) The (L?e)o°5 dependence would give
rise to a curve cof slope 0.5 on the log-log plot in Fig. 3-7. We see

that the slopes of several of the curves are slightly less than 0.5 for
pressures between 10 and 100 torr. The deviation from the (uP )0.5
relationship for pressures greater than 10 torr is due to over apping

of the lines and the presence of weak lines. The effect of overlapping

is particularly important for the larger values of u.

The slopes of the curves representing the smaller values of absorber
thickness are seen to decrease with decreasing pressure. The increased
absorptance at low pressure is due to the Doppler broadening of the
absorption lines. The Lorent7 line shape, which is a good approximation
to collision-broadened linzs, is quite different from the pressure inde-
pendent Doppler line shape. The absorption coefficient in the wings of

a Doppler shaped line decreases much more rapidly with the distance from
the center than does a Lorentz line. Therefore, under certain conditions,
the absorption in the wings of a line is due to collisi m broadening,
while Doppler broadening dominates near the line center. Essentially all
the absorption by a low pressure sample with very small absorber thickness
Occurs near the line center; therefore, its integrated absorptance is
independent of pressure. However, in the case of a low pressure sample
with intermediate absorber thickness, there is appreciable cbsorption

in the wings of the lines where collision broadening is dominant. There-
fore, the integrated absorptance is slightly dependent on pressure. The
increasing dependence on P as u increases can be seen by comparing the
slopes of the curves in Fig. 3-7 in the region near P = 0.1 to r. Plass’
has given a theoretical discussion of the absorption by lines .n which
either Doppler broadening or collision broadening is dominant as well

as lines in which both types of broadening make significant contributions,

Figure 3-8 shows the relation betweer integrated absorptance and absorber
thickness for different values of Po. The curve corresponding to 1000 torr
represents data from Burch, Gryvnak, and Williamsl and is included for
comparison. The other curves were cross plotted from the curves in

Fig. 3-7. Curves corresponding to absorption by non-overlapping strong
lines with the Loreatz shape would be parallel to the comparison line

whose slope is 0.5./ Segments of the 10 torr and 100 torr curves are
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Fig. 3-7 THE INTEGRATED ABSORPTANCE OF THE 21902425 Cmm1 REGION

VERSUS EQUIVALENT PRESSURE,

Each curve correspords to the indicated value of absorber
thickness in atm cm___. The broken line with slope = 0.5
is shown for comparison.

3-10




-1

E= 5
1000:_'—‘* S AN 5 L 1 RN ER RN NI (L7 ) (RN RN S IIVIII T T T TTTIT LIRS LS
- | &
| ? By
§100§
(&) r
= 5
s |
B
= 1o}
~
— 0.01 -~ | | :
[ _ TSLOPE = 0.5 | |
—~ ‘ | |
1 i VR W i PR R U 1 AAIAAJJ! i ae T agaal i O, (I O o 0 X ¢
0.01 0.1 1.0 10 100 1000
ulN ATMCM
1

Fig. 3-8 THE INTEGRATED ABSORPTANCE OF THE 2190-2425 cm -~ REGION
VERSUS ABSORBER THICKNESS.
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seen to be nearly parallel to the comparison line, indicating that
integrated absorptance is approximately proporiional to u”*~” for the
values of u and P_ represented,

The relation between the integrated absorptance and the parameter uP, is
shown in Fig. 3-9. The integrated absorptance can be expressed as a
function of this convenieat parameter when the absorption is primarily
due to strong lines with the Lorentz shape.7 Under this condition, all
the curves corresponding to different pressures coincide. Although none
of the curves coincide, except when the absorption is nearly complete
throughout much of the band, the 1, 10, and 100 torr curves occur near
each other for uP, greater than approximately 10 atm cmgpp torr. For
smaller valucs of uP_ at lower pressures, the curves are separated be-
cause of Doppler broadening, indicating that the integrated absorptance
cannot be related to the single variable uPe.

3.3 ABSORPTION BETWEEN 2400 AND 2580 cm !

A few very weak isotopic ?ands and two pressure-induced bands occur
between 200 and 2580 cm™", but most of the ahsorption in this region

is due to the extreme wings of the very .. -ong lines of the 00”1 band.
The centers of all the lines of this band are confined to the region
below the band head near 2400 cm™!. We were able to account for the
isotopic and pressure-induced bands in the 2400~2580 em~l region and to
determine the amount of absorption by the wings of the strong lines.

From the results we were able to derive curves from which the absorptance
due to the wings of the strong lines can be determined for samples of
COz, C02 + Nz, or COZ + A,

The transmittance T(v) at wavenumber v is related to absorber thickness
u and absorption cozfficient K(v) according to the following eq.ation.

T(v) = exp [-K(v) u] , or K(v) = -% livT(v). {3-1)

The total absorption coefficient K(v) due to the wings of CO2 lines
broadened by CO2 and Nz is given by

ke - [o®] ¥+ [Py /%] 5, - (3-2)

The quarntity Kg(v) is the self-broadening absorption coefficient which

arises from C0,-CO, collisions when che CO, pressure is 1 atm. Similarly,

K§ {v) is the Nz-broadening coefficient due to CO,-N, collisions when the
2
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Fig. 3-9 THE INTEGRATED ABSORPTANCE OF THE 2190-2425 cm = REGION
VERSUS THE PRODUCT OF ABSORBER THICKNESS AND EQUIVALENT
PRESSURE.

Each curve corresponds to the indicated value of
equivalent pressure.
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N, partial pressure is 1 atm. The superscripts (°) denote standard pres-
suce, 1 atm, The partial pressures of CO, and N, in : :m are p and p, ,
respectively. Equation (3-2) can be used for mixtures of CO, plus 2
any non-absorbing broadening gas, such as A, by substituting the appro-
priate broadening coefficient and partial pressure,

Since nov line centers occur in this region, excep. for those in the very
weak bands whose absorption was accounted for, there is no unresolved
structure within -he 2.5 cm~l spectral slitwidth. Therefore, the sbserved
transmittance is a very good approximation to the true transmittance, The
absorption roefficient determined from the observed transmittance by the
use of Eq. (3-1) also approximates the true coefficient that would be
observed with infinite resolution.

Values of the normalized self-broadening coefficient Kg(v) were determined
from several of the larger samples of pure CO, by the usc of Eqs. (3-1)
and (3-2)., These values were then rubstituted in Eq. (3-2) in order to
find values of K§ v; :nd KX(v) from samples containing these broadening
gases. The 2+ 1ts are shown in Fig. 3-10, where each of the
normalized absorption coefficients is plotted against wavenumber. Points
have not been included in the curves at wavenumbers where there is appre-
ciable absorption by the isotopic and pressure-induced bands. Therefore,
these curves represent only the contribution of the wings of strong lines
whose centers occur below 2400 cm”l, Winters, Silverman, and Bencdict8
have made similar measurements in this region. Their work does not extend
to wavenumbers as high as ours, but the two sets of results are in good
agreement over the region covered by both.
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