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We have measured high-resolution absorption spectra of methane broadened by N, and
air at sample temperatures between 173.0 K and room temperature. The measurements
were performed based on direct laser absorption spectroscopy using a tunable diode laser
combined with a temperature controlled cryogenically cooled absorption cell. These
spectra have been analyzed to determine the pressure-broadened half-width coefficients
as well as their temperature dependences for six singlet lines belonging to the v3 band of
methane near 3.38 pm. To our knowledge, the temperature dependence exponents for the
pressure-broadened half-width coefficients are reported experimentally for the first time
for six transitions of '2CH, with intensities stronger than 4 x 10~2° cm~!/(molecule
cm~2). The measured half-width coefficients and the temperature dependence exponents
of these transitions are compared with the available values reported in the literature and

the HITRAN2012 database. Agreements and discrepancies are discussed.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Methane is an important trace constituent and a green-
house gas of the Earth's atmosphere, and also present in the
outer planets and Titan's atmosphere [1]. Its concentration
has significantly increased due to human activities on the
Earth's environment since the last century. Precise knowl-
edge of the spectroscopic line parameters are key to infrared
remote sensing of CH, of the atmospheres for the earth and
the outer planets [2,3] which will help scientists understand
its atmospheric evolution, and accurate interpretation of
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infrared observations of terrestrial and extraterrestrial
atmospheres [4].

In the near infrared region, CH; spectrum at room
temperature and low temperature are extensively studied
by many groups [5-10]. In the mid-infrared region, for
instance, CH4 spectra in the v3 band contains many strong
absorption lines which are very important for trace gas
detection [11] and the Earth's radiation balance [12]. In
order to fulfill the requirement of these important appli-
cations, precise line parameters (i.e. positions, intensities,
broadening coefficients and temperature dependence
exponents) of the spectral lines are required, especially the
temperature dependence exponents because of the wide
temperature range in the earth and other planetary
atmospheres. Previously, the line parameters of CH, in this
band have been studied by Benner et al. [13], Pine [14] and
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Pine and Gabard [15] but all studies were performed at
room temperature. To the best of our knowledge, three
papers reported high resolution work on the vs band of
CH,4 at low temperature [16-18]. In 1979, the air tem-
perature dependence exponents of three lines (R(0), R
(1) and R(2)) have been reported by Varanasi [ 16]. Later, in
1983, Devi et al. [17] have published the temperature
dependence of nitrogen-broadened half-widths of '>CH, in
the v3 band from 2870 to 2883 cm ™! with a tunable diode
laser spectrometer. In 2007, the temperature dependence
of the nitrogen broadening coefficients of four lines of the
P9 manifold in the v; band have been published by Mon-
delain et al. [18] for atmospheric purposes. In the 2726-
3200 cm~ ! interval, the HITRAN2012 database (hereafter,
shortened to "HITRAN") [19] has assumed the air-
broadened temperature dependence exponents from Ref.
[20], which calculated the pressure-broadened half-width
and the pressure-induced line shift for roughly 4000
transitions with N, O, and air as the perturbing gases. The
calculations were made at 225.0 and 296.0 K in order to
determine the temperature dependence of the half-width.
Besides these results, no further low temperature experi-
mental information has been obtained for these lines, and
hence the present measurements are important.

In the present study, a temperature controlled cryo-
genically cooled absorption cell combined with a narrow
linewidth tunable diode laser were used to study six
strong lines in the v; band of methane near 3.38 pm
broadened by air and nitrogen at low temperature as well
as room temperature. The temperature dependence
exponent n and the pressure-broadened half-width coef-
ficients for six transitions of >CH, with intensities stron-
ger than 4 x10-2°cm™'/(molecule cm~2) have been
determined and compared with the available values
reported in the literature and the HITRAN2012 database.
Since the present study was focused on halfwidth coeffi-
cients and their temperature dependence exponents, other
parameters are not provided in our final results.

DFB 330nm Beam splitter
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2. Experiment details

The experimental setup is schematically shown in
Fig. 1. The light source used was a continuous wave dis-
tributed feedback diode laser emitting radiation near
3.38 pm with a relatively narrow linewidth of about
3 MHz, which can be neglected comparing to Doppler
limited molecular absorption linewidth (for a CH,4 line near
3.38 pm at 296 K, the typical Doppler half-width at half-
maximum is about 137 MHz). The typical power of the
laser was about 1.1 mW; its temperature and current were
driven by a low noise controller (ILX Lightwave LDC-
3724C). The controller was linked to a computer via a GPIB
interface. During the experiment, the laser temperature
was fixed while its current was scanned in a step by step
mode with typical step size of 0.1 mA in order to sweep
the molecular transitions. The beam was split into three
parts by a wedged CaF, beam-splitter. The first part (about
90%) was introduced into a wavemeter (Bristol-621A IR) to
record the frequency of the absorption lines with the
repeatability of 0.00018cm~! and the uncertainty of
0.0015 cm~! at 3.38 um. The second part (about 5%) pas-
sed through a room-temperature reference cell (30.7 cm)
filled with pure CH, at low pressure ( < 0.5 Torr) providing
the reference signal. The third part (about 5%) propagated
through the sample cell for the absorption signal. Two
photodetectors (Vigo, PVI-4TE-4) were used to record the
sample and the low-pressure reference spectra. Since the
wavemeter needs adequate power for the wavelength
readings and the detectors are very sensitive, therefore we
arranged the 3 parts as mentioned above. The signals from
the photodetectors were acquired via a DAQ card (NI,
USB6356) by a computer using Labview software and then
stored for post-processing analysis.

The temperature controlled low temperature absorp-
tion cell was previously described in Ref. [21]. Briefly, the
optical path length of the sample cell is 17.4 cm. In order to
get proper thermal uniformity, the cell body was made of
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Fig. 1. Schematic of the experimental setup for the CH, spectra measurement.



52 H. Ma et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 171 (2016) 50-56

copper because of its high thermal conductivity. The entire
sample cell and a two-liter liquid nitrogen storage dewar
were enclosed in a external stainless steel cylinder with
two CaF, windows (1 cm in diameter). An external vacuum
chamber provides high vacuum integrity to isolate thermal
conductivity. The temperature in the cell is monitored
using two PT100 sensors mounted at different locations on
the wall of the sample cell, while the sample cell can be
controlled well from 150 K to room temperature with a
stability of better than 0.3 K. The gas samples (methane,
air, nitrogen) with a purity of 99.99% were used. The
pressures of the gas mixtures were measured with a
capacitance gauge (MKS 626C) with an accuracy of 0.25%.

3. Data processing

For a monochromatic laser beam, the transmission of
light radiation T, at a frequency v through a uniform gas
can be given by the Lambert-Beer law

T, = IyI(l/) — KWL 1)
0

where Iy and I, (v) are referred to the incident and trans-
mitted power, respectively, x(z) (in [cm~!]) is the spectral
absorption coefficient; L (in [cm]) is the optical path length
within the cell.

To retrieve the Lorentz half-width coefficients of
methane transitions, a nonlinear least-squares fitting
(NLSF) method was used to determine the parameters by
fitting the spectra to the Voigt profile, where the Doppler
half-width Avp was fixed and the other parameters were
adjusted by the computer, including line position, inte-
grated area, line width, and the parameters for the base-
line which was modeled by a third order polynomial.

For a given perturber, the collision half-width can be
defined by:

Ay = Py - Vself +Pout * Your (2)

where Py, is the partial pressure of methane, y,, is the
coefficient for self-broadening, P, is the perturber (air or
nitrogen) pressure, y,,; is the coefficient for collisional
broadened by air and nitrogen.

The temperature dependence exponent of the mea-
sured half-width coefficients follows the relation

T n
T.P)=Pr(To.Po)| | 3)

where the reference pressure and temperature are
Po=1 atm and Ty=296 K, respectively. Here y(T,P) is the
measured half-width at pressure P and temperature T, and
y(To, Po) is the half-width of the line at 1 atm pressure and
reference temperature To=296 K.

Fig. 2 presents an example of an absorption spectrum
and the corresponding base line given by the fit. To fit the
observed spectra for these transitions, a multi-peak fitting
program was used, the spectrum parameters, including the
line positions, the pressure-broadened width and the
absorption coefficient, were obtained by using the multi-
peak fitting program with the Voigt spectral profile. Note
that the Doppler width was fixed at the calculated value

during the fitting. Fig. 3 shows an example of the
absorption spectrum at 223.0 K which was broadened by
air. As it is shown in Fig. 3, the multi-peak fitting program
was well suited for the fitting, and the same procedure was
also used for the following data processing.

4. Results and discussion
4.1. Air- and Ny-broadening coefficients

During the measurements, the sample cell was first
evacuated to the order of 10~“Torr using a mechanical
together with a molecular pump (Leybold, TW300), then
filled with the natural abundance CH4 gas of 99.99% purity
and air or Nj. In order to mix the gases fully, signals were
always recorded after at least 3 h of preparing the gas
mixtures. Table 1 summarizes the experimental conditions
for the entire set of spectra used in this work.

To obtain pressure-broadened half-width coefficients, we
have recorded 3 or 4 spectra for each experimental condi-
tion. Using the NLSF fit of the spectral profile, the Lorentz
half-width, can be derived from each spectrum. Because the
fraction of CH, in the mixture gases was always less than
0.5 Torr, the Eq. (2) can be simply described by:

AI/L =Pour Yout (4)

Using Eq. (4), the pressure-broadened half-width
coefficients yg’z and y4" were determined by plotting the
Lorentz widths versus gas pressure and then fitting them
by straight lines. The slopes of these lines give directly the
broadening parameters for each spectral transition. Fig. 4
illustrates the individual air-broadening coefficient
obtained for the transition at 2958.017263 cm~!, with
different symbols indicating measurements at different
temperatures. The temperature and pressure were varied
between 173.0 and 296.0K and from 50 to 350 Torr,
respectively. The pressure-broadened half-width coeffi-
cients at various temperatures achieved in the present
work are plotted against wavenumber values for 6 transi-
tions are shown in Fig. 5. The error bars correspond to one
standard deviation given by the linear regression of the
present work. These errors represent only the uncertain-
ties as obtained from the nonlinear least-squares fits and
do not reflect the actual uncertainties. At the mean time,
the systematic errors of the air- and N-broadening coef-
ficients arising from the choice of line profile model, fre-
quency, pressure and temperature were also estimated
according to Ref. [22], these systematic errors are difficult
to assess, but are less than 5%, as stated from our experi-
ence. Accounting for the various errors, the maximum
absolute errors in our measured parameters are estimated
to be better than 8% for the N,- and air-broadening coef-
ficients. Fig. 5 also shows that, the air-broadening coeffi-
cients (upper panel) are slightly smaller than N,-broad-
ening coefficients (Lower panel), and the broadening
coefficients at each temperature have the similar tendency.

Starting two decades ago, the air-, N,- and O,-broad-
ening coefficients have been measured by Benner et al.
[13] for more than 450 transitions in the vs; region of
12CH,, between 2650 and 3200 cm ™. Later, in 1997, Pine
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Fig. 2. Spectrum of N+ 2CH, and corresponding base line. The blue base
line was obtained by least squares fitting to a third-order polynomial.
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Fig. 3. Spectrum of air+ '2CH, and fits of Voigt profile (solid line). The top
panel shows the measured (in dotted line) and calculated (in solid line)
line profiles with a multi-peak fitting program. The lower panel shows
the corresponding fitting residuals.

Table 1
Summary of experimental conditions of CH,; spectra analyzed in
this work.

Temperature (K) Broadening gas Pressure range (Torr)

296.0+0.3 Air 50.95-287.8
251.0+0.2 Air 70.3-299.9
223.0+0.2 Air 79.6-344.3
198.0 +£0.2 Air 80.64-307.7
173.0+0.3 Air 72.83-290.9
296.0+0.1 N> 84.37-294.6
251.0+0.2 N> 58.47-273.8
223.0+03 N, 69.39-293.5
198.0+0.3 N> 73.94-305.5
173.0+0.3 N> 80.1-294.4

Note: The partial pressure of CH, in the mixture gases was always less
than 0.5 Torr in this study (CH4+air and CH4+N, mixtures). For 296 K,
the room temperature was controlled by an air conditioner.

[14] measured the N,- and Ar-broadened spectra of the
allowed P- and R-branch manifolds for <10 in the v3
band of CH4 by using a difference-frequency generation

35
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Fig. 4. Air pressure-induced half-widths of the CH,; line at

2958.017263 cm~! derived from a linear fit of the absorption spectra of

CH4-air mixtures at various pressures and temperatures. The slope of the

regression line through each set of symbols corresponds to the broad-
ening coefficient in cm~' atm ' at that temperature.

(DFG) spectrometer based on the difference-frequency of
two dye-lasers. In 2000, the Speed-dependent broad-
enings and shifts have been reinvestigated for this band of
CH4 perturbed by Ar and N, using a multispectrum fitting
analysis. Here, we compared our broadening coefficients at
room temperature with those from Refs. [13-15].

Fig. 6 compares the N,-broadening coefficients of six
transitions at room temperature. The figure shows that for
the first three transitions (P6 A1 1, P6 F1 1, P6 F2 2), our
results are in good agreement with the previous studies
within —5.4% {(Present work-other results)/(other
results) x 100%} with those from Refs. [13-15]. For the P6
A2 1, P6 F2 1, our results are close to Ref. [14] and Ref. [15],
the maximum difference is less than —6.7%. When com-
pare our results (for P6 A2 1 and P6 F2 1) with those from
Ref. [13], the difference becomes large (up to 13.3%). As to
P6 E 1, our value is smaller than the other works, the
differences are about -13.8%, —-10.9% and -11.5%
between our results and the measurements reported by
Ref. [13], Ref. [14] and Ref. [15], respectively. It is difficult to
explain this rather large difference for the last transition.
However, it is interesting to note that, the broadening of
methane in the v3 or other band was noted to be sym-
metry dependent, with some E transitions tending to be
narrower than A or F Ref. [14 and reference therein].

It can be noticed that in Ref. [13], the N>-broadening
coefficients were obtained using a Fourier transform
spectrometer with a limited resolution of 0.01 cm~!, and
the coefficients were retrieved from the best nonlinear
least square fitting routine of the absorption lines assum-
ing a Voigt lineshape while we were using very narrow
laser source together with a nonlinear least-square fitting
program based Voigt lineshape. In Ref. [14] and Ref. [15],
N,-broadening coefficients were measured using a DFG
spectrometer with 1-5 MHz resolution. In Ref. [14], the
absorption lines were fitted assuming a Rautian profile
taking into account the Dicke narrowing effect. In the
latter work, the speed dependent broadening and line
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Fig. 6. The measured N,-broadening coefficients of six transitions at
room temperature from this work are plotted as a function of wave-
number and compared with other measurements (Refs. [13-15]).

mixing effects were also taken into account providing
details of the theoretical line shape model used.

The air-broadening coefficients at room temperature
from this study are summarized in Table 2 and compared
with the data from other works. For the first line, the
HITRAN value is higher than the present result (—6.6%),
but we found our value was close to Ref. [13] with a dis-
crepancy of about 2.7%. For the rest of the lines, HITRAN
assumed the values from Ref. [13], so we only compared
our values with those from HITRAN in the following text.
For the transitions P6 F1 1, P6 F2 1 and P6 A2 1, the dif-
ferences are —6%, —0.6% and 5.7%, respectively. For the
last two lines, good agreement was not achieved, the dif-
ferences are 13.3% and —10.7%, respectively. The possible
reason for the difference may be caused by the different
setup we used as we mentioned before. Since the N,- and
air-broadening coefficients were obtained using the same
setup and our results agree well with the Refs. [14,15]

2 The assigned quantum numbers J, C, N represent the angular
momentum, the rovibrational symmetry and the running number
according to increasing energies within the polyads [23].

P The wave number values are extracted from HITRAN2012.

(except the last line), therefore, the presented results are
believed to be reasonable.

4.2. Temperature dependence exponent

The temperature dependence exponent n of the air- and
N»-broadening coefficients can be derived by using the Eq.
(3) with the Lorentz width measured at room and low
temperatures, which are listed in Table 3 together with the
values from HITRAN database. The results are presented in
Table 3. Fig. 7 shows the N, temperature dependence of the
transition at 2958120040 cm~! as an example. For the
temperature dependence exponents of our measurements,
no significant trend was found. From Table 3 we can see that
our air temperature dependence exponents are globally
larger than those in HITRAN. (Note: these six temperature
dependence exponents in HITRAN are from Antony et al.
[20]). The average difference (12.2%) for the temperature
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Table 3

Temperature exponent n for the air- and N,-broadening coefficients of CH, derived from the Voigt profile. The uncertainties in parentheses correspond to
the errors obtained on the linear regression. These errors do not reflect errors arising from the systematic errors.

Line vo(cm=1) n [(Exp-HITRAN)/ HITRAN]%
This work HITR-
AN
Air N, Air
P6 A1 1 2958.017263 0.762(9) 0.772(24) 0.72 5.8%
P6 F11 2958.120040 0.876(8) 0.890(16) 0.72 21.7%
P6 F2 1 2958.232937 0.828(15) 0.844(26) 0.72 15.0%
P6 A2 1 2958.536362 0.792(16) 0.798(27) 0.72 10.0%
P6 F2 1 2958.650830 0.754(8) 0.773(18) 0.72 4.7%
P6 E 1 2958.682546 0.812(6) 0.817(28) 0.70 16.0%

Note: The wavenumber values are extracted from the HITRAN2012.
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Fig. 7. Fits In [y(T)/y(To)] of as a function of In(T,/T) for the transition at
2958.120040 cm~' of CH,4 using N,-broadened half-widths measured
over the range 173.0-251.0 K.

dependence exponents are slightly higher because our
experiment temperature range is from 296.0 K to 173.0 K
while the calculations of Ref. [20] were made at 225.0 and
296.0 K. Note that Antony et al. [20] compared their theo-
retical calculations of the temperature dependence expo-
nents with those of earlier experiments [16-18]. It is how-
ever worth mentioning that the overall trend in their cal-
culations shows that the theoretical temperature depen-
dence exponents for the lines belonging to the v; band of
methane are ~17-48% smaller when compared to all
experimental data (except the R (0) line measured by Var-
anasi [16]). Unfortunately, we did not find the N, tempera-
ture dependence exponents for comparison.

5. Summary

The N,- and air-broadening coefficients were measured
from the analysis of the spectra of >CH, for six lines in the
v3 band at room and low temperatures. The temperature
dependence exponents have also been determined. The
measurements were performed using a narrow linewidth
diode laser operating at 3.38 pm along with a home-made
cryogenic cell. It was shown that for the two perturbers

(air and N,), the line broadening coefficients increase with
the decrease in temperature for a given transition and all
the air-broadening coefficients are slightly smaller than
N,-broadening coefficients. For air temperature depen-
dence exponents, our results are globally larger than those
in HITRAN with 12.2% discrepancy, while this is agreeing
well with other experiments and calculations. The line
parameters obtained in this work are credible through the
detailed comparisons of our results and the previously
published experimental data. These data will be helpful for
the Earth's radiation balance and remote sensing of the
Earth and outer planets atmospheres.
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