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" High-Resolution Spectra of CH, In the
2700 to 3200 cm-1 Region

1. INTRODUCTION

The AFGL atmospheric line compilation contains the line parameters of the
infrared methane bands. 1 The work on methane was started by Kyle and later re-

vised by Fox. - The compilation of methane is rather extensive, covering most of
the major infrared bands; however, it is still considered incomplete. The most
intense band of methane in the infrared region is the so-called Va band (00011001 -
00000000 transition according to the designation used in the AFGL line compilation)
of C12H4, extending in spectral range from 2700 cm-1 to 3200 cm_l. The line data
for this band are compiled from both existing experimental data and theoretical
analysis. Other methane bands, which are weaker than the Vq band of Cle4 but

. make a significant contribution to infrared absorption in this region, are the vq of
c'%H, (00011001 — 00000000) and the (15 + v,) of C'°H, (0110112 = 00000000). The
calculated strength of lines in these bands, which are in the compilation, ranges
=23 45 2x10719
The methane spectrum in this spectral range (2700 » 3200 cm-l) exhibits a

from 10 in units of cm™ /(molecules o 2).

somewhat complex structure. If the spectroscopic measurement is made to resolve

(Received for publication 24 November 1976)

1. McClatchey et al (1973) AFCRL Atmospheric Absorption line Parameters Com-
pilation, AFCRL-TR-T3-0096,

2, Fox, K. (1973) Analysis of Vibration-Rotation Spectra of Methane, AFCRI.-TR-
73-0738.
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all the spectral lines, the resolution of the spectrometer must be at least as fine as
the Doppler width of these lines, that is, 0, 0047 cm_l. Our 2-m path~difference

3,4

interferometer spectrometer is capable of producing the required resolution.

The present work was accomplished to achieve two goals: testing the performance
capability of our interferometer, and examining the line parameters compiled for the
3-4 methane lines in the AFGL atmospheric line compilation.

Traditionally, the spectral analysis has been mainly concerned with the deter-
mination of line positions in the measured spectral band. On the other hand, very
little has been done in the way of analysis of measured line strengths and widths of
individually measured lines. The present work was undertaken to devise an auto-
matic computation program for analyzing line strengths and widths as well as for
determining line positions.

2. EXPERIMENTAL PART

The interferometer spectrometer used for the present measurement has been
described in previous reports, together with the scheme for recording the inter-

ferogram function. The computational method used in processing the interfero-
gram data to obtain the spectrum was also described in the above reports; conse-
quently, no detailed description of it will be presented here. The description that
follows highlights those features that are pertinent to the present specific measure-
ment.

The interferometer, with its auxiliary optical components, is housed in a
vacuum chamber. Figure 1 is a schematic diagram showing the arrangement. The
radiation from the primary source, which is a small tungsten-filament incandescent
lamp GE 51, is first focused on a blade of a vibrating reed chopper driven at a rate
of 450 Hz. A spectral bandpass filter is placed between the source and the chopper
to isolate the spectral region of interest. The chopped beam is refocused at the
1-mm-diam entrance aperture, and then collimated using all-reflecting optics. A
10~-cm-long absorption cell, made of fused quartz, is placed before the interfer-
ometer and in the path of the collimated beam. Two PbS detectors operating at
liquid nitrogen temperature are placed at both output ends of the interferometer
to observe the complementary modulations of the interferogram signals. The
6329 } line from the frequency-stabilized He-Ne cw laser supplies the reference
signal used to control the interferometer stepping and the interferogram data samp-
ling. No correction is needed to the measured line position, since the whole

3. Pritchard et al (1973) Two~Meter Path Difference Interferometer for Fourier

Spectroscopy, AFCRL-TR-73-0223.
4. Sakai, H. (1974) High-Resolution Fourier Spectroscopy, AFCRL-TR-74-0571.




interferometer system is under vacuum and the atmosphere does not influence the
calibration.
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Figure 1. Optical Layout of Interferometer and its Auxiliary
Optics. CM;: stationary cat's eye; CM3: movable cat's eye;
SMi: piezo-electric crystal transducer; SM9: magnetic motor;
SMg: printed circuit motor; S;: signal sources; Sy: reference
laser; C: chopper; F: filter; P: entrance hole; Dg and Dy:
interference fringe signal detectors; B.S.: beam splitter plate;
Dy and Dg: interferogram signal detectors; Ms: mirrors

The scheme used for recording the interferogram data is shown in Figure 2.
The detectors are carefully positioned to produce optimum balance of their output
modulations. After these outputs are individually amplified, they are subtracted
from each other to yield an interferogram signal that is modulated about zero volt-
age. An analog phase-adjusting circuit is inserted in one channel, prior to the
differencing amplifier, to improve signal balancing. An analog-to-digital converter
is used to convert the interferogram signal into a series of digital numbers. The
PDP 8e minicomputer performs the arithmetic operations on these digitized values,
the operations being equivalent to synchronous demodulation and integration. The
interferogram data thus obtained are recorded on digital magnetic tape and pro-
cessed at the central-site large-scale CDC 6600 computer. The overall dynamic
range in this recording scheme is better than 18 bits (approximately 2.6 > 105\.
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Figure 2. Block Diagram of Data Acquisition System

The methane gas used in the present measurement was of Linde cp grade. The
amount of methane in the absorption cell was measured using a Texas Instrument
quartz spiral pressure gauge and an oil manometer. The stepping distance of the
interferometer was set to twice the wavelength of the He-Ne laser line, which
means that the interferogram signal was sampled at every 2 ¥ 6329, 9 = 12659, 8 1.
The measurement of a complete interferogram took about 10 hr, covering an optical
path difference of 100 cm. The hold time of the liquid-nitrogen-detector dewar
limits the total measurement time to about 10 hr. The measurements were carried
out either at night on workdays or on weekends, in order to avoid the harmful dis-
turbances that we cannot eliminate under normal workday conditions.

The spectral range covered in a single measuremeat was approximately from
2700 cm-l to 3200 cm-l. As mentioned above, a spectral bandpass filter was used
to isolate this spectral region. The recorded interferogram contained about 108
data points, which is considerably more than necessary to satisfy the sampling
theorem.

Figure 3 shows typical methane spectral data obtained by Fourier-transforming
the recorded interferogram data. The spectrum represents the Q branch region of
the C12H4 Vg band. The periodic modulation of the peak power observed in the
spectrum is channelled spectrum, caused by the spectral bandpass filter. The
spectral resolution, which corresponds to the distance between adjacent independent
spectral data points, is 0. 006 cm-l, corresponding to a maximum optical path dif-
ference of 90 cm. Table 1 summarizes the experimental conditions under which

data were taken for the present analysis.
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Figure 3. Raw Methane Absorption Spectrum

Table 1. Summary of the Data Runs Taken for Various Methane Pressures

(Absorption cell length = 10 cm)

Methane Pressure in mm Hg No. of Runs

0
6
5

e e I e =S

1.
1.
2.
247
(2
1.

0
21,0

3. DATA ANALYSIS

Analysis of the spectral data was carried out according to the sequence shown
in the flow diagram of Figure 4. The absorptance spectrum produced by the first

stage program is shown in Figure 5. In the next stage the positions, of all absorp-

tion peaks were determined to an accuracy better than 1/8 of the ~pectral resolution.

The last stage of the sequence was to determine the strengths and widths of all
observed lines, using the least-square-error curve-fitting algorithm. In construct-
ing the last stage algorithm, the following assumptions were made: (1) the lines

may be characterized as having a Doppler-broadened Gaussian shape; (2) all lines

are free of severe overlapping so that the observed peaks correspond to the centers
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of the lines; and (3) all lines are not strongly saturated at their absorption peaks.
The algorithm was able to produce the strengths and widths of each constituent line,

even in the case where the lines being analyzed overlapped somewhat.
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The first assumption is considered appropriate, since the pressured ranges
used for all the measurements were quite low. The intermolecular collisions in
those pressure ranges do not produce any significant line broadening. The widths
determined for most of the data were not too different from the theoretically calcu-
lated value of 0.0047 cm-l. Thus, there is no indication of inconsistency between
the assumptions and the results obtained.

The second assumption can be tested by examining the widths determined from
the analysis. An unusually large value of line widths compared witi. those deter-
mined for neighboring lines would indicate the presence of hidden lines, even if the
observed data suggest a single line. This was not the case for most of the data
observed, except for the forbidden Q+ branch where the blending is quite severe.

The third assumption is the most crucial one for deciding on the applicability i
of the algorithm. It was found that the algorithm failed to produce a unique set of E
solutions for the strengths and widths of lines that are too strong. Once the ab-
sorption coefficient at the line center exceeds a certain threshold value, inter-
dependency between these two parameters becomes too high to allow independent
determination of the strength and width. TIterative application of the least-square
curve-fitting computation for this case fails to produce a convergent set of solutions.
This difficulty can be avoided by selecting the appropriate range of pressures for
the analysis of individual lines. The stronger lines were analyzed using the low
pressure data, while the weaker lines were processed using the high pressure data.

The line parameter data produced from data from‘ each interferogram were
normalized according to the methane concentration present in the absorption cell.
The data obtained from all interferograms were collected for the individual lines K
and averaged. Figure 6 shows a comparison between one of the observed absorp- :
tance spectrum and the spectrum calculated for the same methane concentration
using the line parameters resulting from analysis of the present data. The agree-
ment between these two spectra is adequate to conclude that the line parameters »
determined in this work are acceptable and within experimental error for the pre-
sent measurement.

Figure 7 shows a comparison between the observed absorptance spectrum and
that synthesized from the line parameters compiled by Fox. It can be seen that the
band head section of the Q branch shows satisfactory agreement. Discrepancy be-
tween these two spectra is noticeable, however, in the region below 3013 cnfl,
where the lines are due to transitions between levels corresponding to high rota-

tional quantum numbers.
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4. RESULTS AND DISCUSSION

The results of this study are listed in Table 2, using the format of the AFGL
atmospheric line compilation (F10.3, E10.3, F5.3, F10.3, 2A9, 2A8, 214, I3).
The lines are usually identified according to the line listing compiled by Fox.
Values for the widths are left blank, since the present work essentially only mea-
sured the Doppler ~-broadened width. As indicated in Figure 7, the line compilation
for the spectral range of 3000 em” ! to 3013 cm-1 is unsatisfactory. Of the lines
observed in this spectral range, identification is assigned only to those lines that
show good agreement with the line compilation. The unidentified lines show a blank
space between column 27 and 77. The values of the lower energy levels in the
present list are taken from the recent French work. 4 The internal identification
code that appears from column 81 through 84 is 36 for the present result. The
lines for the forbidden Q" branch in the range around 3020 em™! are those com-
piled by Fox, and are indicated by the code 73. The analysis of these lines was
not attempted because of their severe overlapping. Several other C12H4 lines of
the Vg band are also left unanalyzed, because of the same difficulty. Those lines
are listed in Table 3.

After the major portion of the present work had been completed, but before
this report was written, work by Pine was published. ? He measured the major
C12
laser technique. The spectral resolution that he attained using the laser technique
is better than 10 “em™ L,
cantly better thanthat of the present measurement. The line strength values obtained

I14 lines of the Vg band between 2916 cm°1 and 3123 cm-1 using the tunable
The signal-to-noise ratio of his measurement is signifi-

by Pine for those lines are slightly higher than the values compiled by Fox (about
20 to 30 percent), while the values obtained by the present work average around the

Fox values.

5. Tarrago et al (1976) J. Mol. Spectrosc., 57:246.

6. Pine, A.S. (1976) J. Opt., Soc. Am., 97.
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