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lnvestigatlons of line widths, self-to-foreign broadening coefficients and line
shapes for water vapor. In addition to these results, a method is proposed
which should enable the measurement of the far wing shape of a line without L
the need of considering overlap from other lines.
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INTRODUCTION

This is the final report of the A.R.O. sponsored research carried out

using the facilities of the U.S.Army’s Atmospheric Sc%~nces Laboratory at

White Sands Missile Range and conducted by Science Applications , Inc. This

study was undertaken to check the accuracy of existing modeling data and to

obtain experimental data to improve the modeling data base. The data base

generally used for high resolution atmospheric transmission modeling Is the

AFGL atmospheric absorption line compilation .1 The quantities of interest

for atmospheric modeling being individual line positions, line strengths

and pressure broadened line shapes of atmospheric constituents, in this

case, water vapor, carbon dioxide and carbon monoxide.

L This report is not intended to be a comprehensive technical report,

but a brief presentation of the major results with some elaboration on

important points being given in tables and figures. A more extensive ECOM

technical report covering this research is in preparation.

EXPERIMENTAL SETUP

The main exper imental equipment used in this study i s shown schema-

tically in Figure 1. The infrared radiation was suppl ied by a tuned diode

laser system manufactured by A. D. Little, which consists of a diode laser,

helium dewar , chopper, mode separating monochrometer and tuning rate ger—

manlum etalon. The absorption cells shown in Figure 1 consisted of a 20 cm

long, straight through cell which was filled with a cal ibration gas as well

as a 60 cm straight through cell and a two meter multiple path White cell;

either of which could be filled with the gas of interest. The White cel l

with a base length of 2 meters was capabl e of supplying optical path

— I
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lengths up to 120 meters , while the 20 cm calibration gas cel l was mounted on
a precision translator so that it could be moved in and out of the IR beam.a

The infrared radiation was detected by a Judson InSb photovoltaic
detector, with output from the detector being sent to a P.A.R. model 128

lock-in amplifier. The amplifier output was then displayed on the Y axis ofa
an X-Y recorder while the X axis was driven linearly with the diode current.

An alternate way of recording the data (which was developed late in the

research program) was through the use of a Hewlett Packard 2lOOA minicom-
I puter. In using the computer for data acqui sit ion, signal s from the lock-in

ampl ifier were sent directly to an analog to digital converter in the com-

puter while a separate oscillator was used to trigger the A-to-D at regulara
intervals. Initiation of the digitization process was accomplished by
monitoring the diode current on a second A-to-D channel and starting the

acquisition of a specified number of data points when the change in this

I current exceeded a given threshold. Once implemented, this data acquisition

system allowed for more sophisticated data reduction procedures than could

be accomplished with the analog data.
5~~~~~~~

MEASUREMENT TECHNIQUES

The frequency of an absorption line of Interest was determined by

* placing the calibration cell In the beam and comparing the unknown line

positions with those of the calibration gas. By placing the germanium

etalon in the beam during a subsequent scan, the frequency difference of

the lines could be determined using the etalon fringes, which had a nominal

-

‘ 
spacing of 0.0495 cnr1. Generally carbon monoxide was used as a cal ibration

gas and the frequencies of the CO lines were taken from Todd et. al.2

$ Both line strengths and line posItions were measured using a low pres-

sure gas fill (on the order of a few Torr or less) so that the line profiles

(2)
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would be nearly Doppler. The line strengths were then evaluated using the
observed peak line absorption and the calculated Doppler width while a smalla 
correction was applied to this value to account for the minimal pressure

broadening present. For cases where pressure broadening itsel f was being
investigated, the line widths were determined in a straight-forward manner
using the etalon fringes.

EXPERIMENTAL RESULTS

Carbon Dioxide

Line positions for carbon dioxide were measured throughout the 5.0 Mm

region using the procedures discussed above. In particular , the position

of the Q-branch lines of the two primary hot bands in this region, namely

the (20°O -i- 0110)1 and the (1220 + 0110)1, were used to evaluate molecular

parameters for CO2. In general , these parameters showed only slight dis—

crepancies compared with those tabulated for the AFGL compilation.1

An outstanding feature of the CO2 bands in this region, the
(1110 ~ 0000)1 band and its hot bands, is that the strengths of their lines

are strongly Influenced by coriolis interactions. This effect is usually

taken into account by multiplying the rigid rotor strength term by a so

called F-factor. For these CO2 bands the form of this F-factor Is usually

assumed to be (1 + cm)2, where c is the coriolis Interaction constant and

• m is an indexing number equal to -J for the P branch and J + 1 for the R

branch (the Q branch strengths being unaffected). This form of the F-

factor arises from 2nd ceder perturbation theory, the lowest order in which

this effect will appear. However, the present study has found experimental

evidence indicating that for the (1110 . 0000)1 band, one must Include a
- $ higher order term leading to an F-factor of the form (1 + c1m + ~2m

2)2.

This is shown in Figure 2, which is a plot of square root of the F-factor

~ •
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vs. the Indexing ni~~er m. The plotted points are experimentally derived

and the error bars Indicate ± 10% uncertainty, corresponding to roughly a
+ 20% uncertaInty in the strength measurement. As indicated in this plot,

a linear fit cannot adequately fit these points, even with the over generous

error estimates, while a quadratic fit does very well. Additional data,

especially measurements of P branch lines , would be valuabl e to adequately

substantiate this result. In contrast to this band, the measured strengths

of four P branch lines and the Q branch in the (20°O + O1
~

O) I band fit the

original form of the F-factor quite well without using a quadratic term.

Water Vapor

The strongest water vapor lines in this region are due to the bending

fundamental v~. One Of the purposes of this study was to check the accuracy

of the AFGL1 line compilation and to supplement It where required. How-

ever, early in the course of this study Camy-Peyret and Flaud3 published

calculations of positions and strengths for the lines of the v2 band,

based on very high resolution Fourier transform spectra. Therefore, com-

parisons of the results of the present study have been made with this data

as well as with the AFGL tabulation.

As shown in Tabl e 1, line strengths were measured for thirteen lines

in the band while the positions of five of these could be accurately

determIned relative to the calibration gas. The comparisons of this table

• Indicate that the line positions agree with the results of Camy—Peyret and

Flaud to within 0.003 cm 1 for all lines , while disagreement is found with

the AFGL values by 0.035 cm~ in one case and 0.01 cm~ in two others.

In comparing the line strengths, the present data shows substantially

• better agreement with Camy—Peyret and Flaud than with the AFGL. compilation,

but In several cases discrepancies are still significant. In general ,

(4) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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however, it appears that the Camy—Peyret and Flaud values for both line

strengths and positions are to be preferred.

Strengths have also been measured for several lines in the v1-’v2 and

v3-v2 hot bands which have also been studied by Flaud et. al. Unfortu-

nately, the present measurements do not seem to agree well with either their

study or with AFGL. However, observed discrepancies may be due simply to

line misidentification, as none of the positions of these lines could be

accurately determined relative to the CO calibration lines. More data needs

to be taken in these bands since, as Camy-Peyret and Flaud have indicated4,

the v1-v2 line strengths are of particular importance for adequate under-

standing and modeling of the water molecule.

Although the majority of this study was devoted to evaluation of line

positions and strengths, measurements were also begun to investigate line

shapes and foreign (N2) broadening coefficients for water vapor lines . To

do this, three absorption lines were chosen with a wide range of line

strengths and the l imited data collected on these lines are given in Table 2.

Because of the difficulties involved in measuring individual line

widths to a high degree of accuracy, a new method has been developed to

evaluate the self-to-foreign broadening ratio. This method consists of

generating the absorption profile of a given water vapor line using a path

length 1 and pure water vapor pressure P, yielding an optical depth P1.

Subsequent scans are then taken using a water vapor pressure decreased by

some factor n and a path length increased by the same factor so that the

optical path depth is identical to that of the first scan (P/n.nl = P1).
The profiles observed under these new conditions are then compared to the

Initial water vapor profile and nitrogen is added until the peak absorption

is the same in the two cases. If it is ass~ined that the line shape for

(5)
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sel f and foreign broadening is the same, then under those conditions for

which the peaks are equal , the half-widths are also equal and the self-to-

foreign broadening ratio is given directly by:

• PN2

P—P/n

where PN2 is the partial pressure of the nitrogen added. This Is true

because the PN2 Torr of nitrogen added in the second case broadens the same —

as the (P-P/n) Torr of water removed in going from the first case to the

second.

Although , at this time, only l imited data was col lected on the self-to-

foreign ratios for water vapor, the values for the lines at 2097 and 2107

cm’~ of Table 2 agree reasonably well with the average value of 5.0 accepted

for this molecule. However, the self-broadened width for the 2136 cm 1 line

is larger than that predicted from Anderson theory5’6 by approximately a

factor of two, while the foreign broadened width for the line at 2107 cm 1

Is larger by approximately 32%.

Since the AFGL tabulation depends heavily on Anderson theory predic-

tions, additional data should be gathered on self-broadened widths as well

as on self-to-foreign broadening ratios (using the procedures outlined

above) to determine the origin of these discrepancies. Since quantum many-

body calculations of half—widths7 disagree with Anderson predictions, es-

peclally for higher rotational states where both theories depend heavily

on the choice of the minimum collision diameter , these measurements would

also be valuable in resolving these basic questions.

The self-broadened data for the lines at 2107 cm~ and 2136 cm~~, as

well as self and foreign broadened data for a line at 2023 cm 1 , were alsoa
• .~ used to determine if there is any justification for the use of a non-voigt

(6)
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shape for water vapor. To do this, the observed profiles were compared

with the standard Voigt shape and with a “super-Voigt” shape based on the
‘4super-Lorentz ’ profile of Trusty et. al .

4 
For the 2107 cm~ line these

comparisons did not yield definitive results because, with the large half-

- 

width of this line , the profile observable with the diode system did not

extend far enough into the line wings for the two profiles to be signifi-

cantly different. For the self-broadened data of the 2136 cnr 1 line,

however , the observed profile showed substantially better agreement with

the Voigt shape than with the sl super_voigtlu . Unfortunately, this line is

sufficiently strong so that residual H2O absorption in the air path be-

tween the diode system and the absorption cell had to be corrected for in-

troducing possible errors. The data gathered on the 2023 cm~ line,

although not completely analyzed at this t ime, does qual itatively indicate

that the nitrogen broadened profile falls off less rapidly in the wings

than the self-broadened profile. This suggests the possibility of “super-

Voigt” behavior in the presence of foreign broadening even though this is

not indicated for self-broadening.

In experimentally measuring the absorption of spectral line wings,

one encounters severe difficulties. These arise because the Lorentz shape

falls off increasingly slowly as one gets more than a few half widths from

line center. This slow fall-off coupled with the decreasing absorption as

• one goes into the wings , makes accurate measurement of the absorption l evel

• extremely difficult. In addition , as one gets farther from the line cen-
$

ter, the absorption due to the line of interest will no longer be large

- enough for one to neglect the contributions from wings of adjacent lines.

If one is to account for these other lines , one must have accurate data on
$

their positions, strengths and widths, and must be able to make valid

(7)
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assumptIons regarding thei, shapes. Consequently, the problem of accurately

determining the l ine shape becomes almost impossible unless one can eliminate

the interference due to this line overlap. In the present study, a method

has been devised which shows good promise of allowing one to study far wing

shapes by eliminating this overlap problem. This method involves observing

a line at fairly low pressure so that the pressure broadening Is small.

• Al though under these conditions the line center will have a nearly Doppler

profile, the wings will still be mainly the result of the pressure broad-

ening. If one can observe a strong line with a sufficiently large path

length, then the wings will be observable out to many times the pressure

broadened width while still being close enough to line center so that other

l ines may be neglected.

Some features of this method are illustrated in Figure 3. While this

spectrum was taken for the purpose of studying the water vapor absorption

line on the right, the strong carbon monoxide absorption line , P( 9), on the

left illustrates the method. The upper trace was taken with the carbon

monoxide cell removed from the optical path and the small carbon monoxide

absorption is due to contamination in the nitrogen gas used to buffer the

water vapor. The lower trace has the 20 cm long cel l 10 Torr of carbon

monoxide placed in the beam. The CO line in this scan is listed in the

AFGL compilation as having a foreign broadening coefficient of 0.0648 cm~
cm~~/atm.

1 Assum ing a self-to-foreign ratio of 1.1 , the broadened half-

• width of this line is only 0.000938 cm~~. Absorption of at least a few

percent is evident at about 0.1 cm 1 from line center (about two frInge

• spacings). In general , CO l ines are spaced about 4 cnr1 apart, or for the

above case, 4000 hal f-widths. Under these conditions, measurements even 100

• adjacent lines.

• 
~~~ half-widths from line center are essentially unaffected by the wings of

(8)
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Figure 2. Carbon Dioxide F-Factor for the (1110 00OO)~ Band.
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