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ABSTRACT

The shapes of the extreme wings of self-broadened CO2 lines have been
investigated in three spectral regions near 7000, 3800, and 2400 cm-l.
Absorption measurements have been made on the high-wavenumber sides of
band heads where much of the absorption by samples at a few atm is due to
the extreme wings of strong lines whose centers occur below the band heads.
Considerable new information has been obtained about the shapes of self-
broadened CO2 lines as well as CO2 lines broadened by N,, 02, A, He, and
HZ' Beyond a few cm-l from the line centers/all the lines absorb consi-
derably less than Lorentz-shaped lines having the same half-widths. The
deviation from the Lorentz shape decreases with increasing wavenumber in
going from one of the three spectral regions to the next. The absorption
by the wings of Hz- and He-broadened lines is particularly low, and the

absorption decreases with increasing temperature at a faster rate than

predicted by existing theories.
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INTRODUCTION AND BACKGROUND

The shapes of spectral absorption lines has been the subject of
considerable study since Michelson1 wrote a paper dealing with the
broadening of spectral lines in 1895. The two major factors leading to
the broadening of spectral lines of gases are Doppler broadening and
collision broadening, which is also frequently referred to as pressure
broadening. Doppler broadening arises from the motion of the individual
molecules in a gas and is dominant for gases at high temperatures or at
very low pressures, Collision broadening is related to the pressure, or
to the number of collisions, and is dominant for infrared absorption
lines when the gas is at room temperature and at pressures greater than
a few hundredths of an atm. The mechanism involved in Doppler broadening
is relatively simple so that it is possible to calculate accurately the
true shape of a Doppler-broadened line. However, this is not the case
for collision-broadened lines since present theories do not adequately

explain many of the features which have been obscrved.



Lack of good experimental data on the shapes of spectral lines is
probably the major cause for the shortcomings of the theory at this point,
It is experimentally difficult to observe the true shape of infrared lines
because of the finite spectral slitwidth of spectrometers used to make
the measurements., At low pressure, the transmittance near the center of
a typical line changes so rapidly with wavenumber that the true contour
cannot be observed. At high pressures, the lines are usually so wide
that overlapping by neighboring lines is important, and the contribution
by an individual line cannot be determined. Although the true shape very
close to the line center cannot be measured directly with spectrometers,
considerable information about the shapes of the lines can be obtained by
measuring their equivalent widths for samples covering large ranges of
pressure and absorber thickness. The equivalent width of a line is equal
to [A(v)dv, where A(v) is the observed absorptance. The results of
measurements of this sort for several different gases indicate that the
shape of a collision-broadened line near its center is at least similar
to “he well-known Lorentz line shape (Eq. (6)).

Benedict, Herman, Moore, and Silverman2’3 have found that the wings
of HCl and CO lines deviate significantly from the Lorentz line shape a
few cm-1 from their centers. These gases were studied because the
relatively wide spacing of their absorption lines make it possible to
observe the contribution of a single line at a point a few cm-1 from its
center. However, absorption by the extreme wings of lines of other gases

of astrophysical interest is difficult to measure since the absorption at



any wavenumber is usually complicated by nearby lines. Exceptions to this
occur near some of the 002 bands which arise from changes in the vibra-
tional quantum number vV, and have band heads in the R-branches. On the
high-wavenumber side of such a band head the absorption is due to the
extreme wings of the lines whose centers occur below the band head.
Winters, Silverman, and Benedict (WSB)4 have made use of this feature

of the v3 band of CO2 to investigate the shapes of the extreme wings of
the lines, These workers have found that the wings of the CO2 lines are
quite sub-Lorentzian, i.e., they absorb considerably less than lines having
the same half-width and the Lorentz shape. They have also found that the
shapes of the wings of lines broadened by argon or N2 are quite different
from self-broadened lines.

The present investigation extends the WSB work to two other spectral
regions near 3800 cm-1 and near 7000 cm-l; it also includes an investiga-
tion of broadening by other foreign gases and some data on the influence
of temperature on line shape. We have found the extreme wings of the
lines to be sub-Lorentzian in all three spectral regions for several dif-
ferent broadening gases. The shapes of the lines also depend on the
wavenumber and on temperature in a manner not explained by any theory known
to the authors, Some very interesting results have also been obtained

for broadening by two light gases, He and H2.



EXPERIMENTAL AND ANALYTICAL METHODS

Spectral curves were obtained by using two different Spectrometers
in the three spectral regions. A Perkin-Elmer spectrometer, Model 112,
with a LiF prism and thermocouple detector, was employed near 2400 cm
The two spectral regions near 3800 cm-l and 7000 cm_l were investigated
with a small grating spectrometer employing a PbS detector cooled with
liquid nitrogen.

The samples used in the 2400 cm-1 region varied in pressure up to
1l atm and were contained in a multiple-pass absorption cell with a base
length of approximately 29 meters. This cell as well as a shorter one
with a l-meter base length contained samples investi;ated in the other
two spectral regions., The shorter one was used at pressures as high as
15 atm and at temperatures up to approximately 431 K. The 2400 cm-l

data were obtained before the shorter absorption cell was constructed;
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therefore, the data in this spectral region do not contain any samples at
high pressures or elevated temperatures. The apparatus and experimental
techniques have bu:en discussed in detail previously.5

Samples consisted of either pure CO2 or mixtures of CO2 with one of
the following broadening gases: Nz, 02, A, He, and HZ' The partial
pressure of CO2 is denoted by p and the total pressure by P, Partial
pressures of the other gases are denoted by pNZ, poz, « « ., etc, All
pPressures are given in atin with standard pressure of 1 atm denoted by a
superscript, such as po.

The geometrical path length of the radiation through the sample is
given by L, and the absorber thickness u is given by

u(atm emg. ) = p(atm) [1+0.005p] L(cm) 273/6(°K). (1)

STP

The factor [1+0.005p] accounts for the non-linearity in the relation
between the pressure and density of COZ’ and (273/8) reduces the absorber
thickness to standard temperature, 273°K,

T(v) represents observed transmittance of a sample at wavenumber v, and
T'(v) is the true transmittance that would be observed with infinite resolv-

ing power. The absorption coefficient K(v) is related to T'(v) by

T'(v) exp [-ukK(v)], or K(v) -ﬁuﬁuT'(v). (2)

In a region of overlapping lines, K(v) is the sum ('L ké (v)) of the

absorption coefficients due to the individual lines.



The strength, S, of an individual line is related to k(v) and a

shape factor f(q, v-vo) by

k(v) = S f(aq, v-vo), where (3)
I f(aq, v-vo) = 1, and (4)
S = [ k(v)dv. (5)

For a Lorentz line, which is generally agreed to be approximately correct

for collision-broadened lines when V=V, is small,

fL(u, V'vo) i o o (Lorentz) (6)

7 (v-vo)2 | ;

When(v-v ) >> ¢, Eq. (6) reduces to

fL(v, v-vo) = 5 (for (v-v ) >> a) (7)
n(v=v_) °
o
We have found that when (v-uo) >> (1, the Lorentz shape is not
appropriate; however, the shapes can be expressed by the following
equation:
x(v-vo) '

f(o, v-vo) £ (c, v-vo)X(v-vo) » 5 > (8)

L vy )?




The correction factor X(v-vo) is probably very near unity within a few
tenths of a cm-1 of the line center where the Lorentz shape is generally
agreed to be valid., The next-to-last section of this paper deals with
the shapes of lines broadened by several atm of gas at points where
(v-vo) may be a few cm-1 yet not large in comparison to <. Under this
condition, Eq. (8) is not appropriate unless X is expressed as a function
of o as well as (v-vo). However, X can be expressed satisfactorily as a
function of (v-vo) when (v-v°)>> ct, which is the case for most of the
results presented in this paper. The primary objcective of the present
investigation has been to determine the functional relationship between
X(v-vo) and (v-vo) for large (v-vo).

It is understood that k, K, T', T, f, and X are functions of v,
(v-vo), or x as indicated previously. However, in order to simplify the
equations and figures, we have omitted the appropriate indication of the
variables upon which these functions depend.

Representative spectral curves in the 7000 cm-1 region are shown in
Fig. 1. The location of the very sharp band head near 6988.6 cm-1 is
apparent in Curve A, which represents a sample of relatively large
absorber thickness and low pressure. Many of the stronger lines in the
R-branch of this band are crowded together within a narrow interval a
few cm-l below the band head. No lines of any significance occur betwecen
the band head and 7100 cm-l; therefore, the absorption indicated by
Curves B and C in this region is due to the extreme wings of lines

occurring below the band head.



At a distance a few times greater than o above the band head, the

contribution to the absorption coefficient by a single line for a sample

cf pure 002 is given by
0
S p(1+0,005p) X
SaX S
kg = 2 o 7 ? )
(v=v_) mp (v-v )
T o o

where the subscript s denotes self broadening, and 1: is the half-width
at 1 atm, Since 2 is proportional to the number density of the molecules,
rather than to pressure, the factor (140,005p) is included to account for
the non-lincarity in the relationship between these two quantities. The
total abecorption coefficient is given by the sum of the contributions of

all of the individual lincs,

0
SLX 3 p(1+0.005p)u&4

K Tk 5 £ (10)
: ¢ ok t npo(v-v )
O,
For a mixturc of p atm of CO2 and P atm of broadening gas, the total
absorption coefficient is given by
o o
K p(1+0.005p) K™ p
LB o s b b
3 -u‘ZVT W) o ’ o
p P
s, ) = A
= b S .4 . .
) = - p(1+0.005p) ¢ _ . p ]. (11)
v PPv-v_ )’ [ &l Pl Tl
o, S



The subscript b denotes broadening by a non-absorbing broadening gas; a
specific broadening gas such 02 or N2 will be denoted by the appropriate
subscript., The normalized absorption coefficients K: and Kg correspond
to 1 atm pressure. The half-width of a CO2 line broadened by 1 atm of a
foreign gas b in a mixture with CO2 when p << P, is denoted by rg. The
ratio of the normalized half-widths ();/1:) is assumed to be the same for
all lines fnr a given broadening gas. The non-lincarity in the relation-
ship between number density and pressure for the foreign broadening gases
was negligible.

Since there are no absorption lines between the band head and
7100 cm-l, the absorption coefficient K does not change rapidly, except
very near the band head. Therefore, the true transmittance T'(v) in this
region closely approximates the transmittance T(v) observed with our
spectrometer, Values of K: at several different wavenumbers were deter-
mined from spectral curves of pure CO2 samples by substituting T(v) for
T'(v) im Eq. (11) with Py 0. These values of Kf were then used in
Eq. (11) with values of T from spectral curves for mixtures of CO2 and a
broadening gas in order to determine K:.

Values of the line strengths, S, were calculated by use of the
appropriate theoretical expressionsb’7 from experimentally determined

strengths, Sv’ of the vibration-rotation bands. Values of . for all of

the lines were determined from information discussed below, The absorption

coeflicient K for a particular wavenumber was calculated by substituting

into Eq. (l1) the appropriate values of . and S¢» along with assumed



values of X, For a particular broadening gas, we assumed that X was a
slowly-changing function of (v-vo,L) only, and that this function was the
same for every line in any one of the three spectral regions. However,

we found that each broadening gas required a different X function in each
of the three spectral regions. Each X function was represented by a

table of X vs (v-vo) which served as input for a computer that was used
to perform the calculations. Each table was modified on a trial-and-error
basis until all the calculated values of Ko in a given spectral region
agreed, within experimental error, with the observed values, We then
assumed that the function represented by the table which gave sat{sfactory
agreement was appropriate. More detailed information about the methods
used to determine the line parameters is given in the following scctions,
along with a discussion of the influence that cerrors in the line parameters

have on the derived values of ¥,

10



SPFCTRAL CURVES AND LINE PARAMETERS

Representative spectral curves of the three regions investigated are
shown in Figs. 1, 2, and 3, The shapes of the extreme wings of the lines
occurring below the band head at 6988.6 cm-l were investigated by measur-
ing the absorption above the band head by samplcs such as those represented
in Fig. 1. No absorption lines of any significance occur in the region
between the band head and 7100 cm-l. Essentially all the absorption in
this region is duec to the extreme wings of the lines of the 0003 band and

1

the weaker 0113-01 0 band whose head can be seen necar 6950 cm-l.

Curve B in Fig. l represents a 2 atm sample with sutficiently large
u to produce significant ahbsorption above the band head. Curve C, which
represents a sample at l4.6 atm, is relatively smooth below 6900 cm-l
since the individual lines have been broadened sutticiently at the higher

pressurc to smooth-out the structurc. It is of interest that Sample B

absorbs more than Sample C below 6900 cm.l since the absorber thickness

11
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g

of B is considerably larger. However, above the band head, the absorption
coefficient is due to the extreme wings of the lines and is proportional
to pressure. Therefore, in this region Sample C absorbs more than the
lover pressure Sample B, although B has the larger absorber thickness.
On the basis of the equations in the previous section, we expect the
absorption above the band head to be a function of the product (up). In
contrast to this, in regions where most of the absorption is due to nearby
lines, it is nearly independent of p for constant u when p is sufficiently
high to broaden the lines and smooth-out the structure. Therefore, as
seen in Fig. 1, the increase in p ard decrease in u shift the center of
absorption, although the centers and strengths of all the lines remain
fixed.

Figure 2 shows three spectral curves in the region of interest near
3800 cm-l. Of primary interest is the contribution to the absorpt ion
above 3760 cm-1 by the lines which occur below this wavenumber. It is
apparent from the structure in the curves that several weak bands occur
in the region where the absorption by the extreme wings of the distant
lines is being measured. In order to decermine the quantities of interest,
we attempted to account for the absorption by the weak, nearby bands;
the broken curves represent the transmittance that we would expect if the
weak bands were not present, In account ing for the nearby lines we
investigated samples covering a wide range of pressures and made use of
the difference in the pressure dependence 61 the contribut ions by the

nearby lines and by the distant lines.

13



T

TSOUTT Aqarau ‘jyeam oY1 o JUTIUNOSIE 1a33e sauj)

1
jueisip ‘Suoals ay3 jo uorINgrIuod pajewriso oyy 2IEIIPUT ) bur V $9a1In) 3O suojjsod uaxoiq ayj

00€ LY 6°2¢ €0 oand 9% 9o 2
05€°z 928 ‘x 9 10°¢ g
0S€*C 9Z°8 oH 9%l %0°¢ v
Am&mEu wje)n (s2a30w) sey {(uye)d (ujye)d ajdues
[uruapeoay
‘so1dues Fuimoryo; 941 031 puodsoiiod pue Yyiprmyygs _otl ¢°p Al Iruixoadde

Y3Tm pauTe3Iqo 913m $3A1nd 9yl *uo1fou ~-E.... 008f 9Yl ur soaand jeajrods dalIviuosoadoy 7 e51yg

(,-W) Y3IGWNNIAYM

Oo__v OO_Ov Lob_mm

O0Ix 1

ool

14



Absorption by pressure-induced bands exhibit the same pressure
dependence as absorption by extreme wings of lines. Therefore, it is
more diJfficult to determine the contribution by pressure-induced bands
such as the 2200 band for which there is evidence between 4040 and
4100 cm © in Curve C of Fig. 2. The broken portion of this curve repre-
sents our best estimate of the transmittance without the influence of the
pressure-induced band. It seems unlikely that the contribution by the
pressure-induced band is significantly less than we have estimated; it
may be an even larger part of the absorption observed in this region.
Therefore, the absorption attributed to the extreme wings of the distant
lines probably represents a maximum; it seems unlikely that it is
significantly more than our estimate.

Table 1 contains a listing of the absorption bands of interest in the
three spectral reg.cns studied. Part A provides information about the
bands which occur below the band heads and contain the lines whose shapes
are studied., Part R contains information about the relatively weak bands
which occur in the spectral regions where the absorption coefficient is
measured, Contributions by these bands are accounted for in order to
determine the contribution duc to the bands listed in Part A.

Curves A and B in Fig, 2 represent two samples with the same CO2
pressure and the same path length, llelium has been added to the €0, in
Sample A to produce a total pressure of l4.6 atm while Sample B contains

enough N, to produce the same total pressure. Since Curve B falls below

2

Curve A, it is apparent that N, is more offective than He as a foreipn-

15



TABLE 1
IDENTI"ICATION, POSITIONS, AND STRENGTHS OF BANDS

Part A - provides information about the bands containing the lines
whose shapes are studied,

Part B - contains information about the relstively weak bands
which occur in the spectral regions where the absorption
coefficient i: measured. The contributions by these
bands are subtiacted from the observed absorption to
determine the contribution due to the bands listed in

Part A.
Part A
a b
BAND BAND STRENGTH REFIARRE
IDENTIFICATION CENTER (atm™tem ! _cn )
(cm™ 1) STP
7060 cm™! Region (1.4 )
01!'3.01% 6935.05 C 0.0033
0.0083 at 431°K
00”3 6972.49 ¢ 0.041 Band head at R40,
0.039 at 431 K 6988.56 cm~'. Strongest
line, R16, at 6982,94 cm~!
3800 cm=! Region (2.7 ..)
03'1..01%0 3580,30 C 2.3
021 3612.81 C 29,0
1071 3714.76 C 44,9 Strongest line, RI0,
Tl
11'1.01'0 3723.21 ¢ 3.5 10 i B ol
2400 cm™! Region (4.3 ..)
011.01%0 2336,7 210
00°1 2349.3 2700 Band head at R122,

2397.1 ecm™!, Strongest
line, R16, at 236l1.5 em™

16




TABLE 1 (Continued)

IDENTIFICATION, POSITIONS, AND STRENGTHS OF BANDS

Part B
BAND® BAND”
IDENTIFICATION CENTER REMARKS
(cm=1)
7000 cm™ ! Region (1.4 1)
No absorption lines were observed
between band head and 7100 cm™!,
3800 cm~! Region (2.7 u)
201+02°0 3814.26 C
14°0 3856,72
01'2-0270 3980.6
00920110 4005.9
22°0 PI 4064.0 Evidence in Curve C, Fig. 2,
2400 cm™! Region (4.3 1)
04°0 (18) 2500.4 (18) bands are prominent in Fig. 3.
12 (18) 2614,2
20°0 (18) 2757.0
04°0 (17) 2524,2 (17) bands are expected to be very
G aena o A ol b e
20-0 (17) 2775.4 (17) band in Curve B, Fig. 3,
04°0 PI 2543,3 Not observable.
040 P1 2585,1 Probably obscured by 12 0 (18) band.
1260 PI 2670.9 Evidence in Curve B, ¥Fig., 3.
12°0 P1 2760.7 Probably obscured by 20 0 (18) band,
200 P1 2797.0 Probably obscurced by 12 0 (18) band,

ILower level is 0070 unless indicated otherwise, (17) and (18) refer

to ¢'70Y 0 and C'70V 0

molecules; other bands are C 0! . Pl

denotes a pressure-induced band,

anlucs followed by C are from Courtoy; all others are calculated
from energy levels given by Stull, Wyatt, and Plass,

17




broadening gas. Since the bands between 3600 and 3800 cm.1 are consider-
ably stronger than those studied in the 7000 cm_1 region, we have been
dble to measure the absorptance much farther from the centers of the
absorbing lines than in the higher-wavenumber region,

The 2400 cm-1 region is shown in Fig. 3. The continuum portion of
the absorption above the band head near 2400 cm-l is mostly due to the

very strong 0001 band whose center occurs at 2349,2 cm-l. Most of the

structure above 2400 cm-1 is due to three bands of (312016018 which arise
from transitions that are forbidden in the symmetric CIZO;6 molecule.

However, these transitions are a!lowed in the isotopic molecule because
- 18 .

of the asymmetry introduced by the prescnce of the 0 atom, The corres-

. 12 16 17 .
ponding bands of C "0 0 are much weaker since the asymmetry of the

: 17 . .
molecule is less and the abundance of the 0 atom is only approximately
18 i . . ;
one~fifth that of 077, The contribution by the isotopic bands as well as
, -1 :
a few pressure-induced bands above 2400 om © were accounted for in order
to determine the absorption by the extreme wings of the strong lines
whose centers occur below 2400 cmql.
. 0 , -1 . 4

The strength of the 0071 band near 2400 em & was taken from WSB;
their value is also in good agreement with the results of other workers,
Strengths of the bands listed in Part A of Table 1 for the 3800 cm.l and

. -1 : : .

7060 ¢m ~ regions were determined from spectral curves of samples at
approximately 15 atm. At this pressurc the spectral lines are sulficiently

broadened that the structure within the band is smoot hed out, and the

transmittance measured with the spectrometer closely approximates the

18
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true transmittance., Methods described previously8 were used to determine
the strengths of each of the separate bands in regions of overlapping.
Strengths of individual lines were calculated from the band strengths by
use of the appropriate theoretical expressions.6’7

The hal f-widths, Qz, of self-broadened CO2 lines at 1 atm were
assumed to vary with quantum number J according to Fig. 4, which is based
on empirical equations derived by WSB4 from 15 CO2 data obtained by
Madden.9 In order tc check the validity of Fig. 4, we have used the
curve-of-growth technique to measure the half-widths of several CO2 lines
in various regions of the spectrum for values of J less than approximately
25, Our results are generally in good agrecement with the curves shown
in Fig. 4. No significant difference in the half-widths of the lines
having the same J value for different bands has been observed, We will
show later that our results on shapes of the extreme wings of the lines
arc not influenced strongly by modifications in the relationship between
): and J, particularly for large J,

0, 0 . e ; .
lb/ 7 of the half-widths of foreign-broadened lines to

The ratios,
those of self-broadened lines are given in Table 2. The ratios for H2
and N2 have been determined as part of the present investigation. The
results for A, He, and 02 are based on the present N2 measurements and

] . , caq 10 ,
ratios given by Burch, Singleton, and Williams for N, broadening and
broadening by these gases. Results of quick checks of the relative
broadening abilities agree well with those of BSW. No significant dif-

ferences in the ratios for a given gas have been observed in the three

different spectral regions.
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TABLE 2

RELATIVE HALF-WIDTHS OF CO2 LINES BROADENED BY VARIOUS GASES

Broadening ) '20
Gas s 2
CO2 1.00
N2 0.83
A 0.05
He 0.49
02 0,68
H2 1.17
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Figure 5 contains portions of four spectral curves which illustrate
the technique used to determine the ratio of foreign broadening to self
broadening. Curve A represents a sample of pure CO2 with the pressure and
path length indicated. After obtaining Curve A, the path length of the
multiple-pass absorption cell was changed to approximately four times its
original length, and the CO2 pressure was adjusted to provide the same
absorber thickness as for Sample A. Nitrogen was then added to the sample,
and spectral curves B, C, and D were scanned with the sample at the total
pressures indicated. We note that Cuvves A and C are nearly coincident
near the centers of the lincs, while b approximates A ncar the transmittance
maxima between the lines, Since the spectral slitwidths and absorber
thicknesses are the same for all the samples, we conclude that the shapes
of the Nz-broadvncﬂ lines are different from those of the self-broadened
lines as close as 0.5 cm.1 to the line centers. (Two lines are said to
have the same shape if (., u-uo) (Eq. (3)) is the same at all ¢- u) when
the pressures are adjusted so that the half-widths are equal.) The results
discussed in following sectiorns make it clear that N -broadevned lines
have quite different shapes from sclf-broadened 1ines when ( -_o) is more
than a few cm-l; however, the method used to obtain those results is not
applicable for (v-;o) less than approximately 3 Lm.l. Therefore, the
method indicated by Fig. 5 can provide additional information about the
shapes of lines nearer their centers. Because of the finite spectral
slitwidth of the spectrometer, the true shapes of the lines cannot be
determined near the centers where the transmittance changes rapidly with

wavenumber.
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Since the half-widths of the lines shown in Fig. 5 are considerably
less than the spectral slitwidth of the spectrometer, we cannot determine
the half-widths directly from the curves. However, we can determine the
ratio agz/az if we assume that the shapes of the Nz-broadencd and self-
broadened lines are similar over a region near their centers that is
comparable to the spectral slitwidth, Since Curve C nearly matches Curve A
near the line centers, we assume that the half-widths of the lines are the
same fer the corresponding samples since the absorber thicknesses and

spectral slitwidths are identical. Therefore, 7; /;2 can be determined

5
by use of the following equation:
A C C) o o
p(A p(¢) p,(, );,N fags (12)
2 =

where the superscripts (A) and (C) refer to the corresponding samples, and

p and Py are the CO2 and N2 pressures, respectively. By substituting the
2

appropriate pressures into Eq. (12) for several sets of measurcments, we

have determined that :: /n: kg3, & 0.06. This value compares favorably
2

with 0,75 A 0.04 obtained by Patty, Manning, and Gnrdnorll with a CO, laser
as a radiation source, The measurements of Patty et al represent the
absorption at the center of the P20 line of the 1000~0001 band., Since

our value represents an average over the region within 0,2 - 0.3 cm-l of
the center, any difference in the shapes of the Nz-hrondcncd and self-
broadened lines within this interval would produce a difference between

our results and those of Patty et al,
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From the portions of the curves between the lines, we can show that
NZ broadening is only approximately 0,77 times as effective as self broaden-
ing; i.e., the absorption coefficients are identical when the pressure of
a pure CO2 sample is 0.77 times the pressure of a very dilute mixture of
CO2 in Nz. This is approximately 77 less than the value 0.83 obtained
near the line centers. Although this difference is small, we believe it
is significant since results consistent with Fig. 5 were observed in dif-
ferent spectral regions and for a variety of samples. Burch, Singleton,
and Williamslo have measured the ratio of N2 broadening to self broadening
of CO2 lines with a spectrometer having low enough resolution that the
individual lines were not resolved. Since most of their samples produced
considerable absorption, they were ncarly opaque near the line centers
and most of the increase in absorptance due to increasing pressure occurred
near the absorptance minima between the lines., Tt is, therefore, not
surprising that their value, 0,77 i 0.05, for the ratio of the broadening
abilities agrees with the 0,77 obtained in the present investigation for

the regions near the absorptance minima.
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NORMALIZED ABSORPTION COEFFICIENTS

Curves of the normalized absorption coefficients have been obtained
for several broadening gases by substituting into Eq. (ll) values of
transmittance from curves which represent samples covering very wide
ranges of absorber thickness and pressure., Figure 6 shows KS, the
normalized absorption coefficient for CO2 self broadening in the 7000 c¢m
region, The solid curve represents the experimental results, and the
various geometrical symbols represent data from samples at different
pressures., We note that throughout the region from 7010 to 7060 cm-l
there is very good agrcement between results obtained trom samples whose
pressures vary from less than 2 atm to approximately L5 atm, This result
confirms the assumption that the absorption coefficient is proportional
to pressure when ('-xo) pts as indicated by Eqs. (10) and (l1),

The upper curve in Fig. 6 represents values of K: calculated by

assuming that all of the lines have the Lorentz line shape. The lower

1
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curve represents calculated values based on the modified line shape
derived by WSBa from absorption measurements in the 2400 cm.1 region

(4.3 u band). It is apparent from these curves that the absorption lines
in the 7000 cm.1 region are sub-Lorentzian, but their wings are consider-
ably stronger than the lines in the 2400 cm.1 region, The shapes of the
absorption lines in the different spectral regions are compared in more
detail below.

Figure 7 shows similar results for broadening by He and N2 with a
portion of the CO2 curve from the previous figure repecated for comparison,
We note that at 7010 cm-l, K® is only approximately one-tenth as great
for N2 as for self broadening. From this result it is apparent that the
absorption by the wings of Nz-broadcncd lines is much less than that by
self-broadened lines. We also see that the wings of the He-broadened
lines are even less absorbing than N_-broadencd oncs., Since K;C and

2

K: are so small, we were able to measure these quantitics only over the
2
spectral regions indicated.

A few measurements on broadening by A, 02, and n2 were also made in
this region. Upon reducing thc data, we found that the results were not
as consistent as those for N2 and He; therefore, they have not been
included in Fig, 7. However, values of Kﬁz agreed to within 30 or 40
percent with corresponding values of K:c. Similarly, values for A and
O2 apparently agree with those for N2 to within approximately the same

accuracy. Broadening by A, 02, and I, in other spectral regions is

discussed below,
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Figure 8 shows the results for self broadening and N2 broadening in
the 3800 cm-l region. We recall from Fig. 2 that several weak bands in
the region of interest had to be accounted for before we could determine
the contribution by the lines below 3760 cm-l. Reliable measurements were
limited to wavenumbers where the contribution by the weak, nearby bands
was considerably smaller than that by the distant lines. We have assumed
that K° can be represented by a smooth curve drawn through the data points.
As pointed out in the discussion of Fig. 2 the portion of the absorptance
between approximately 4000 and 4100 cm-1 that we have attributed to the
extreme wings of the strong lines probably represents a maximum. There-
fore, the curve in Fig. 8 also is believed to represent maximum values

(o]
throughout the same region, Values of KN could not be determined above
2

3900 cm-l since the additional absorptance due to increasing the N,

[4

pressure in CO2 + N2 mixtures was too small to measure.

(o] -1 B
Plots of K versus v in the 3800 cm region are shown for various

broadening gases in Fig. 9. The curves corresponding to N, 0,, and A

4

are close to each other near \he band head, as they are ncar 7000 cm-l.
-1

Also, as in the 7000 ¢cm = region, values represented by the He curve are

only approximately one-tenth those represented by the seltf-broadening

curve. Data on H2 broadening are limited to the region between 3770 and

3780 cm-l where the absorption by the CO, lines is large compared to the

2

absorption by an H, pressurc-induced band, At higher wavenumbers the

2

absorption by the H2 band is too large to be accounted for accurately,
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Figure 10 contains the curves of Ko in the 2400 cm-1 region for C02, L
s

N2, and A, As in the 3800 cm-1 region, the N2 and A curves are nearly

coiucident near the band head. However, at higher wavenumbers, these two

curves diverge, with the N, curve occurring above the one corresponding

2

to A. Also, as in the 3800 cm-1 region, the N, curve approaches the CO

2 2

curve when the distance from the edge of the absorption band is approxi-

mately 100-150 cm-l. The portion of the absorption due to the nearby bands
-1

is too large to be accounted for accurately above 2570 cm ~. However,

o 5
from Curve B of Fig. 3, we can set upper limits on KS of approximately

S e =) 8 ZH1D o - NS x 107 (atm cmam)l - at

STP STP

2830 em L.
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22 2
: ] ; -1 -
represent the contribution of lines below 2400 c¢cm .  Above 2570 cm
it is difficult to account for the contribution of the nearby bands;
; " o
however, from Curve B of Fig. 3, we can sct upper limits on K® of
S

5 x 10-8 and 5 x 10-9 (atm cm ) at 2710 and 2830 cm-l. respectively,

STP
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CURVES OF X VS (v-vo)

Curves of X versus (v-vo) for several different broadening yases are
shown in Figs., 11-14 for the three different spectral regions investigated,
The curves have been derived from experimental values of K° by the trial-
and-error method described previously. 1In most cases, values of K® calcu-
lated by substituting values from the X curves into Eq. (l1) agree with
the experimental values of K° to within two or three percent, Figure 11
shows curves for self broadening in the 7000 cm-l region, Curve A
represents samples at room temperature, 296 K, while Curves B and ¢
correspond to samples at 431°K. We had to assume valucs for the hal f-widths
of the lines at 431°K since this quantity was not measured, Curve B was
obtained from the 431°K data by assuming that the haltf-widths of the
sclf-broadened absorption lines vary inversely with temperature when the
pressure is kept constant, Curve C was derived from the same data as
Curve B, but the normalized hal f-widths were assumed to vary inversely as

the square-root of the temperature.
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Figure 12 shows the curves of X versus (v-vo) for broadening by He,
co,, and N, at room temperature and by N, at 431°K, Calculated values
of K° are only slightly dependent on the values of X assumed for very
small and for large (v-vo). Therefore, the uncertainty of the end portions
of the curves of X {s greater than for the center portion. The regions
between the vertical dashed lines in Figs. ll-14 arc probably accurate
to - 10 to 20 percent; outside the interval bounded by the lines, the
uncertainty may be considerably greater, Lines in all three spectral
regions were assumed to he Lorentzian (X 1) when (ﬂ-vo) - 3 em  for
sclf broadening and when (v-»o) < 0.5 cm-l for forceign=-gas broadening,
Figure 13 contains curves of X versus (V'}o) for self broadening
and broadening by N2 and A in the 3500 cm-l region. Since measurements
were made cver a wider spectral region for pure CO2 than for mixtures,
the CO2 curve extends to larger (:-;o) than do the other curves., We
recall that the K cu ve in Fig. 8 is believed to represent maximum
values above 3900 cm-l. Since \ for (”-'o) preater than approximately
200 cm-l is strongly dependent upon K% for the 3900-4100 cm-l regton,
the curve of ¥ for (v- o) between 200 and 400 cm-[ also probably repre-
sents maximum values of this quantity, Figure l4 shows the curves of M
for C02, NZ’ and A for the 2400 c:m-l region. The curve tor self broadening

2
; : e |
comparas favorably with the analytical expression given by WSB® for the

same quant ity,
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Before discussing further the results shown in Figs., 1ll-14, we will
consider some of the factors that influence the shapes of these curves,
Since all of the curves are based on half-widths given by Fig. 4, it is
of interest to determlne how the X curves would be changed if we assumed
different values for the normalized half-widths of the absorption lines.
The solid curves in Fig. 15 are the same as the corresponding curves for
self broadening shown in Figs. Ll and 6. The plus signs represent calcu-
lated values of K: which arce based on values of X given by the upper panel
and on line widths from Fig., 4. The squares plotted in the lower panel of
Fig, 15 correspond to calculated values of Kg basced on the solld X curve
in the upper panel and on lines whose normalized half-widths, .?, are

s
0.092 cm-l, the mean value based on the curves of Fig, 4. We note that
the squares deviate significantly from the plus signs only in the region
ncar the band head since a significant part of the absorption near the
hand head 1s due to nearby llnes whose halt-widihs were assumed to be
approximately 0,060 cm-l when calculating the valuces represented by plus
signs., A good portion of the absorptlon in thls region is also due to the
much stronger lines, J 7 10 to J ™ 20, which are % or 5 cm-l below the
band head, However, beyond approximately 15 «:m-l trom the band head,
nearly all of the absorption is due to the stronger lines whose halt-
widths are approximately the same tor both calculations,

The broken portion of the curve in the upper panel of Fig, 15
represents the modification in the X curve that is required to provide

2 - .0 .
agreement with the experimental values ot kq it we assume that
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FIG. 15. Influence of assumed line width on calculated curves

of X(u-vo) and Kg(v) in the 7000 zm-l region.  The curve in the
lower panel represents the experimental results for Kg( ). The
+'s represent the values calculatcd on the basis of l}nvs whos¢
X is given by the solid curve in the upper pancl and whose half-
widths are given by Fip, 4, The ©'s represent values calculated
on the basis of the same ¥ but with .° 0,092 cm-l for all lines.

) . . w - e
Values of Kq(;) based on lines with 0.092 ¢m and ¥ modificd
according to the dashed curve agree with the experimental curve

4
to within - 2 percent,
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a: = 0,092 cm.1 for all of the lines. The effect on the X curve for other
modifications in the values of :: can be inferred from this curve, If all
values of ﬁ: were increased by 107, for example, the curve of X would, of
course, be shifted down by the same factor.

We see from Table 2 that the band head in the 7000 cm-l region occurs
at R40, which is anly 5.6 cm.l from R16, the strongest line in the band.
By comparison the band head in the 2400 cm-l region occurs at R122 which
is more than 35 cm-l from the strongest line. Therefore, many weak lines
of high .J value contribute significantly to the absorption a few cm
above the 2397 cm"l band head since they are much closer than the strong
lines. Conscquently, the shapes of the X curves for the 2400 cm-l region
arc probably more dependent than the one for the 7000 cm-l region upon the
half-widths assumed for high J lines, This is also true for the 3800 cm-l
region since the strongest lines are sceveral cm-l trom the region where
KZ has been measured,

The curves in Fig, 16 provide information about the dependence of
the calculated values of K° on . Conversely, it also shows the variations
introduced in the curves of ¥ by errors or changes in the values of Ko
which are being matched, CGurve A in the lover panel ot Fig. 16 shews the

) . ;
experimentally determined curve of kV s Which also appears n Fig. 8 for
4

&

-1 : , ’ - :
the 3800 em = region. The circles in the lower panel which fit the experi-

o ®
mental curve very well represent the values of kV calculated on the
)
)

-

basis of the X curve given by A in the upper panel. Curve B in the

upper panel represents a modification ol a portion of Curve A for (.-, )
o
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FIG, 16, Curves of ¥ and K: showing fnfluence of assumed 1ine

shape on the calculated ahsogption coefficient in the 3800 cm-l
region. Curve A in the lower panel represents the experimental
results for K: . The circles represent the values calculated on
the basis of nzlinc shape whose ¥ is piven by Curve A in the
upper panel. Variations in the line shape given by Curves B, C,
D, and E in the upper panel were assumed, and the corresponding

calculated curves of K: arc shown {n the lower panel. The six

vertical tines in the lngr pancl indicate the wavenumbers at which

experimental measurements were made,
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< 60 cm-l; Curve B in the lower panel represents the resulting calculated
values of ng. We see that the modification to the line shape for (v-vo)
less then 5 and 60 cm-'1 produces only a relatively small change in the
calculated values of K;Z between 3770 and 3780 cm-l. From this result we
conclude that much of the absorption in this region is due to lines more
than 60 cm-l away, although many lines nccur within this distance. Above
3800 cm-l the modification represented by Curve B in the upper panel
provides no significant change in the K;7 curve.
Similarly, the curves marked "C" in~hoth pancls of Fig. 16 indicate

the influence of a quite different modification to the X curve for (v-vo)

60 cm-l. Of course, modifications B and C do not affect the calculated
values of ng more than 60 cm-l above the highest-wavenumber lines being

considered,  The rather major change indicated by Curve € provides a

sizable change in the calcutated values of K; between 3770 and 3780 cm-l

2
P4

since the relative contribution of the nearby, weak lines is increased.

] . ; - A -1 .
The C curves are based on a Lorentz line shape for (- O) < 10 em © with
a sudden decrease in the absorption cocfficient as (- O) increases, The
quite significant difference between Curves A and C in the lower pancl of
Fig., 16 is evidence that N,-broadened lines are sub-Lorentzian within

2

=S '
10 cm of their centers.

g : 3 -1 -1
The modification represented by Curve I for 60 cm < (- O) + 150 cm

ok 2 SO , .
is seen to influence the calculated values of kV from approximately 3790
)

<

-1 .
to 3880 c¢m . We believe that the difference between Curves A and D in

5 o .0

the lower pancl is less than the uncertainty of the experimental kV
iy,
L
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values obtained in this region. Curve E illustrates the effect of quite
a large change in X for large (v-vo). We see that the calculated values
of K; below 3800 cm-1 are not influenced significantly by this modifica-
tion,zindicating that most of the absorption in this region is due to
lines within 60 cm-l.

We see from Fig., 16 that errors of 15 or 20 percent in the values of
K;Z might cause a significant change in the shape of the resulting curve
of X, although X at any value of (v-vo) might not be changed greatly, For
example, if the measured values of K;Z fell on Curve B at 3770 and 3780 cm-1
and on Curve D at 3815 and 3850 cm-l, the corresponding X curve would fall
on Curve B in the upper panel for (v-uo) < 60 cm-1 and on Curve D for
60 < (v-vo) < 150 cm-l. Beyond (r-vo) = 150 cm-l, the derived curve would
fall on the existing Curve A. Thus, relatively small errors in the
measurement of K; may cause quite a difference in the shape of the X
curve. Thereforef we must be careful not to place too much significance
on the shape of the X curve, although the average valuc of the curve over
relatively wide ranges can be considered reasonably accurate,

Ve will now return to a discussion of the results shown in Figs, 11-14,
In Curve A of Fig. 11, which represents self broadening of CO2 in the
7000 cm-1 region, ¥ appears to reach a minimum when (- O) Lan cm-l and
to increase slightly before attaining a maximum at approximately 60 cm-l
In view of the discussion of Fig, 16, we conclude that the minimum near
12 cm-1 and the maximum near 60 cm-l may or may not be real. However, it

is significant that the average X throughout this region is between 0,5

and 0,6,
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According to the simple, classical theory, the half-width of a
collision-broadened line is proportional to collision frequency and,
therefore, inversely proportional to the square-root of temperature, 6,
if the pressure is constant. This 9-1/2 dependence is usually regarded
as approximately correct for foreign broadening; however, various experi-
mental and theoretical results indicate that for self-broadening the
dependence on temperature may be as strong as 9-1.

Curves B and C of Fig., 11 show the X functions we obtained by
assuming a 9-1 and 9-1/2 dependence of ,:. The influence of temperature
on line strengths was accounted for in the calculations. Values on

1
dependence, are only about 0.6 as

Curve B, which corresponds to a 6
large as the room temperature values (Curve A) for the same (v—vo). If
a weaker temperature dependence is assumed, the deviation [rom Curve A
is even greater. Thus, it is apparent that increasing temperature changes

the line shapes with a marked decrease in the extreme wings,

at 431°K in Fig. 12 also falls well
-1/2

The curve corresponding to N2
below the room temperature curve. The 431°K curve is based on the 8
o . -1 : o

dependence of o No curve corresponding to the 8 relationship is shown
for N2 broadening, since this relationship is expected to apply to self
broadening only. Because of turbulence in the samples at high pressure and
431°K, we werc limited to somewhat smaller samples than at room temperature.
Consequently, we could not make reliable measurements as far above the

band head at the elevated temperature, and the ¥ curves are limited to

smaller (v-vo).
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A few measurements at elevated temperatures were made in the 3800 cm
region. However, the absorption by the nearby weak bands increascd so
rapidly with increasing temperature that the contribution by the extrecme
wings of the distant lines could not be measured accurately., Most of the
lower energy levels involved in the weak bands above 3760 cm-l are excited,
so that their populations, and, in turn, the band strengths increase with
increasing temperature. However, in spite of the increascd absorption by
the weak bands, the absorption near 3850 and 3900 cm-1 remained approxi-
mately constant. From this result we concluded that the absorption by the
extreme wings of the strong lines decreased with increasing temperature,
as in the 7000 cm-1 region.

We note that the N2 curve in Fig. 12 drops very rapidly to approxi-
mately 0,06 at (v-vo) - 25 cm-l. In accordance with the discussion of
Fig. 5, we have assumed that the Lorentz linc shape was valid x 1) for
N2 for (v-vo) < 0.5. Our results do not cnable us to determine reliably
the curves of X for 0.5 < (v-vo) <3 cm-l, and conversely, our calculated
values of KO are reclatively insensitive to the values of ¥ assumed for
this region. However, it is apparent from our data that ¥ is as low as
approximately 0.3 for (v-vo) 5 cm-l. Although the curve for sclf
broadening is sub-Lorentzian, it does not decrcasc as quickly as the curve

corresponding to N, broadening. The He curve decreases even faster than

2
the N2 curve, reaching approximately 0.08 for (v-xo) 5 cm-l. Both the

He and N2 curves appear to have an approximately-lcevel portion after the

first sudden decrease, although these level portions do not cover as large
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a range of values of (v-vo) as does the level portion of the self-broadening
curve. Evidence for the large difference between the wings of He- and

Nz-broadened lines was mentioned in the discussion of Fig. 2.

As in the 7000 Cm-l region, the N2 curve falls well below the self-

broadening curve for the 3800 Cm-l region in Fig. 13, However, the two
curves tend to approach each other for very large (v-vo). This phenomenon

was not observable in the 7000 Cm-l regicn, possibly because N2 measurements

could not be made for sufficiently large (v-vo). The curves for A, 02, and

N2 are similar for (v-vo) < 162 cm-l, but for larger values the N2 curve

falls above the other two, Also, as in the 7000 cm-1 region, the He curve

falls well below the N2 curve and is similar to the H2 curve, which is

based on limited data, Thus, H2’ which is a relatively efficient broadener
near the line centers (Table 2), is very inefficient for (v-vo) more than
a few cm-l.

Figure 14 contains similar curves for the 2400 cm-1 region. As in the

7000 Cm-l the N, curve falls considerably below the CO, curve then approaches

2 2

it as (v-vo) increases. The apparent crossing of these two curves near
-1 .

(v-vo) 230 cm © may not be significant because of the large uncertainty

in the curves near and beyond the crossing point. Illowever, the sudden

increase and the gradual decrease in the separation of the CO2 and N2

curves is probably significant, The relative shapes of the N2 and A curves

are also similar in the 3800 and 2400 Cm-l regions, The A curve lies above
the N2 curve throughout most of 4. region for (?-,c) < 90 cm-l, but bevond

this point their positions are reversed,

50



It is of interest that the curves corresponding to the two light
molecules, He and HZ’ are similar and both are quite different from those
representing the heavier molecules. The broadening by these two gases
appears to be similar in the extreme wings, although H2 is a diatomic
molecule and He is monatomic. It is apparent from the great divergence
of the X curves corresponding to the various gases that the mechanism

involved in the broadening of lines several cm-l from their centers is

quite different from the mechanism producing the broadening near the centers.

The broadening of the extreme wings is more strongly dependent upon the
broadening gas.

The results for He and H2 suggest that broadening in the extreme
wings may result from collisions with relatively slow-moving molecules
since the number of slow H2 and He molecules is much less than for heavier
molecules at the same temperature. Further support for this suggestion is
provided by the decrease in absorption by the wings of the lines as the
temperature increeses and the number of slow-moving molecules decreases,
Of course, there arc insufficient data here to prove conclusively that the
extreme wings are due to collisions with slow molecules; howcever, the
widely accepted belief that they result from the very hard collisions docs
not appear to be justified. If broadening in the extreme wings is, in
fact, due to slow molecules, the amount of broadening may depend stro_gly

on the amount of time the two colliding molecules remain within a certain

distance, rather than on the distance of closest approach.
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Argon was investigated siyce it is monatomic and heavier than either

N2 or 02. In view of its quite different physical characteristics, it is

surprising that its behavior as a broadening gas is so similar to that of

02. Since the molecular weight of A is approximately the same as that of

co

it is apparent that the broadening mechanism in the extreme wings
12

2’

cannot be explained by the molecular weights alone. It is well known
that the half-widths of lines depend on the dipole and quadrupole moments

of the colliding molecules, so that a knowledge of the masses and shapes

of the molecules is not sufficient to predict the broadening characteristics.
However, most of the present theories deal with hal f-widths end shapes near
line centers; very little work has dealt with the shapes of the extreme
wings,

In order to compare the shapes of the Lines in the different spectral
regions and to show the line shapes for several different broadening gases,
we have constructed the curves in Figs. 17 and 18. The quantity kmnx is
the absorption coefficient at the center of a Lorentz line with 0.1 cm-l,
which is typical of a self-hroadened CO, linc at slightly more than 1 atm.
Log-log plots have been used in order to represent the Lorentz shape by a
straight line when ('-'o) > 1. Each decade has been made twice as long
on the abscissa as on the ordinate so that the curves arc not as steep as
they would be otherwise. Fach curve was obtained by multiplying the
Lorentz curve by the appropriate value of ¥ from Figs. 11, 13, and 14,
Figure 17 shows the ratio k’kmax plotted versus (w-.o) for sclf-broadened

lines in the three spectral regions indicated. We sece that the curves
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the order of increasing wavenumber., This phenomenon may be based on the
ratio of the period of the electromagnetic waves to the time the colliding

molecules are within a certain distance.
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INFLUENCE OF X ON CALCULATED LINE STRENGTH

It is apparent that if X is less than unity for all (J-vo), Eq. (4)
cannot be satisfied exactly, and the line strength S given by Eq. (5) will
depend on pressure and on the broadening gas. Experience has shown us
that line strengths are not functions of pressure or broadening gas;
therefore, we must consider the validity of the method used to derive the
curves of X versus (v»vo) with respect to the condition of constant line
strength, If pressures are low and . is many times less than the minimum
value of (v-ro) for which X - 1, the integral of the right hand side of
Eq. (8) is barely changed when the non-unity values of X arc included.
However, if . is larger, the influence of substituting X into Eq. (8) is
not negligible,

This phenomenon is illustrated in Fig, 19, where Curve A represents
a Lorentz line with 1 cm-l, which corresponds to a typical self-

broadened line at a pressure of approximately 10 atm, Curve B represents
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FIG., 19, k plotted versus (v-xo) to show iniluince of ¥ on [kd: tor
a single line, Curves A and B represont a Lorence line and a €O, line

: -1 , ; J -1
in the 7000 cm region, respectively, with 1 ¢cm and

k l(atm cm ) . Curve € was obtained by maltiplving A by

max STP
values of ¥ given in Fig., 12 for N, lines, Curve D was obtained
by multiplying C by the appropriate factor, 1.5, so that the arca
is the same under Curves A and D,  The curves are shown f{or

-1 )
(V-vo) < 10 cm only, but larger ( -‘O) were considered when

calculating the areas under the curves.



the absorption coefficient of such a line after it has been modified accord-
ing to the curve of X versus (v-vo) for a self-broadened CO2 line in the
7000 cm-1 region, Curve B is coincident with Curve A for (v-vo) < 3 cm-l.
We see that the area under Curve B, which represents the [kdv, is not
greatly different from that under Curve A, so that the factor / in Eq. (8)
has only a moderate influence on the line strength., Approximately 0.065
of the total [kdv for a Lorentz line occurs for ;v-vo > 10 =, the distance
to which the curves in Fig. 19 have been drawn. Curve C represents an
Nz-broadened line with o = 1 cm-l 2fter it has been modified according to
the curve of X for N2 broadening in the 7000 cm-1 region. The area under
Curve C is only two-thirds the area under Curve A, Therefore, it is
apparent that the profile over all values of (v-vo) cannot be given by
Eq. (8) with X a function of (v-vo) only if the strength of the line is
independent of pressure.

Since Eq. (8) is not appropriate for all conditions, we will consider
the applicability of a slightly more complex relationship to a wider range

of ¢+ and (v-vo). We define
P(X, ) fkdv/jkL X(v=v_)dv,

where kl corresponds to a Lorentz line. For a given * function and a given
4

7, the absorption coefficient due to a single line is given by

k kL (X, 0) v(v-vo). (13)
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The quantity 9(X,n) is adjusted so that [k(v) is independent of pressure
or broadening gas. Since X < 1, @ must be > 1 and increase with increasing
e In the example of the N2-broadencd line given in the preceding paragraph,
pis 1 + 2/3 - 1.5, and k is represented by Curve D, which was obtained by
multiplying the values in Curve A by 1.5.

A test of the validity of Eq. (13) for a region including strong lines
was made from measurements on several samples in the R-branch of the 1001
band from approximately 3720 to 3740 cm-l. The integral of the observed
absorption coefficient, [kdv, over this region was found to be the same,
within 2 or 37 experimental error, whether the lines were self-broadened,
N2-broadened, or lle=broadcned. Furthermore, this quantity was essentially
the same for samples at 8 atm as at 15 atm, indicating that the sum of the
strengths of all of the lines is independent of the broadening gas or the
pressure, as assumed.

We assumed that Eq. (13) was valid and calculated k and [kdv over the
3720-3740 cm-1 region for sample parameters corresponding to the samples
of pure C02, CO2 + N2 and CO2 + He stucied, Values of X from Fig, 13 were
included in the calculaticn:. and the appropriate values of (Y, /) were
determined for substitution into Eq. (13) by the procedure followed in
obtaining Curve b of Fig., 19, The agreement between the calculated and
observed values was good, indicating that Eq. (13) could be used in a
region where the absorption is due to nearby, strong lines. The calculated
values were also essentially the same as those calculated for the same

samples on the assumption that the Lorentz shape was valid., This apparent
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lack of dependence on line shape occurs because essentially all absorption
in this region (3720-3740 cm-l) is due to nearby lines and, therefore,
independent of the shape of the extreme wings, provided [kdv within a few
cm-l of the center for each line remains constant.

If the relationship given by Eq. (13) is valid, the absorption coef-
ficient in the extreme wings of lines must increase more than linearly
with pressure. For example, & for a typical Nz-broadcncd line at 1 atm,
is approximately 0.08 cm-l, and the Lorentz line shape is valid for (v-vo)
less than approximately 7 . Therefore, the modification brought about by
multiplying by X for (v-vo) > 0.5 cm-1 causes only a small change in [kdv,
and @ © 1. But, as we have shown immediately above, at approximately
12 atm the half-width i{s 1 cm-1 and ¢ = 1.5, Therefore, if Eq. (13) is
valid, k in the extreme wings of the line is 1,5 x 12 = 18 times as great for
12 atm as for 1 atm. We have mcasured the absorption coefficient for both
self and N2 broadening for samples covering wide ranges of pressure and
have found no such super-linear relationship between absorption cocfficient
and pressure. All of our results indicate that the absorption coefficient
increases linearly with pressure when the absorption is due to lines whose
centers occur at a distance of several half-widths, Therefore, we conclude
that the absorption coefficient in the wings cannot be represented properly
by Ea. (13).

Most of the discussion in this section has applicd to situations in
which o is not a small fraction of the minimum value of (v-vo) at which
there is significant deviation from the Lorentz shape, Under these situa-

tions we find that Eq. (8) is not valid if we assume that ¥ is a function
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of (v-vo) only. We have found further that the shape of the extreme wings
cannot be represented by Eq. (13). More information than can be obtained
by the methods used in the present study are required before the shapes of
lines within approximately 5 cm-1 of their centers can be understood.
However, it should be noted that Eq. (8) is applicable with X a function
of (v-vo) when this quantity is more than a few o and pressures are

less than 1 or 2 atm, As the pressure increases this relationship is still

appropriate if (v-vo) is several times as great as .

62

————

$~<



SUGGESTED FURTHER WORK

The need for several additional experiments is apparent from the
results and the conclusions which can be drawn about the shapes of 002
absorption lines. Similar experiments should bhe done for absorption
bands of gases such as CO or N20 which have sutticlently sharp band heads
that wing absorption can be measurcd without excessive interference by
nearby lines. Additional information could be obtained from similar
measurements near Q-branches of scveral gases, including COO near 670 cm-l.

The stronger=-than-expected dependence of wing absorption on tempera-
ture neecds further investigation over wider temperature ranges, above and
below room temperature. Additional knowledge about the influence of
temperature is required in order to make reliable calculations of heat
transfer in atmospheres which contain considerable C02, such as Mars and

- . -1
Venus. Measurements of the absorption near 875 cm by the extreme wings

of lines at lower wavenumbers for high-pressure samples might also provide
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additional information about the previously unexpected dependence of wing
absorption on wavenumber. On the basis of comparisons made in Figs., 17 and
18, we expect the wings of the distant lines contributing to the absorption
near 875 <:m-1 to deviate even further than the lines included in the present
study from the Lorentz shape. The very weak absorption by the wings of
lines broadened by H2 and He is surprising and should be investigated
further in other spectral regions and with other absorbing gases.,

The present investigation has provided little more than qualitative
information about the shapes of lines between 0.5 and 5 <:m-1 from their
centers, The region near the band head at 6988, 56 <:m-1 could provide
additional information for this portion of the lines if measurements were
made with spectral slitwidths less than approximately 0.05 cm-l, which is
considerably narrower than we could attain. Wavenumber accuracy of approxi-
mately 0,01 (:m-1 would also be required. With these experimental conditions
the half-widths of the lines very near the band head could be measured and
their contribution to the absorption just above the band head could be
determined much more accurately than has been done in the present study,

Spectral scans made with very good resolution over regions containing
lines could also provide valuable information about the relative shapes of
lines within a few tenths of a cm-1 from their centers when broadened by
different gases. The method illustrated by Fig., 5 in which two samples
with different broadening gases, but the same absorber thickness, are
employed can provide a direct comparison of the shapes of lines broadened
by different gases without accounting for the distortion of the spectral

curve because of finite spectral slitwidth,
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All of the results obtained in the present study for the extreme
wings of lines relate to the high-wavenumber side of the line centers
(v > vo). Since band heads are formed on the high-wavenumber sides of
002 bands, regions where most of the absorption results from distant
lines occur above the line centers. There are no places in the spectrum
where most of the absorption is due to the extreme wings of lines at
higher wavenumbers, However, by making careful measurements on the low
wavenumber sides of some of the bands for samples at several atm pressure,
one could probably account for the nearby lines with sufficient accuracy
to estimate the contribution due to stronger, distant lines. The shapes
of the low-wavenumber sides of the lines (v < vo) could not be determined
as accurately as the high-wavenumber sides have been; however, certain
limits on the possible asymmetry of the lines could be e¢stablished,
Measurements of this type might be made more accurately with _amples
containing a single isotopic species in order to reduce the contribution
of weak isotopic lines which occur where the absorption would be measured,
Since the most common isotope, 0120;6, is lighter than the other isotopes
of significant abundance, the isotopic bands usually occur on the low-
wavenumber side of the stronger CIZO;ﬁ bands with the same transitions.
Cooling the samples to reduce the contribution by difference bands and

by high J value lines would probably make more accurate measurement s

possible.
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