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Line strengths, self-broadening, and line mixing
in the 20 00]0110 „S]P…Q branch of carbon dioxide

Adriana Predoi-Cross, Caiyan Luo, R. Berman, J. R. Drummond, and A. D. Maya)

Department of Physics, University of Toronto, Toronto, Canada M5S 1A7
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Using a difference frequency spectrometer we have measured theQ(2) to Q(38) 2000←0110,
S←P transitions of carbon dioxide at 296 K and pressures up to 15 kPa. These low pressure spectra
were analyzed using both the Voigt model, and an empirical line shape that blends together a hard
collision model and a speed dependent Lorentzian profile. The broadening coefficients were
obtained with an accuracy of 1% or better. The low density or first order low pressure line mixing
parameters were also determined. We have compared both our measured low pressure line-mixing
parameters and the complete band spectrum at high pressures with those predicted by a relaxation
matrix calculated from an EPG fitting law. Spectra at the highest pressures were recorded using both
the difference frequency spectrometer and an FTIR spectrometer, the temperature for the latter
experiments being 303 K. The vibrational band intensity and linear pressure shift of the branch as
a whole were also measured. ©2000 American Institute of Physics.@S0021-9606~00!01519-1#

INTRODUCTION

Carbon dioxide, because it is both a strong IR absorber
and is uniformly mixed at altitudes up to 80 km, is the con-
stituent most commonly used for satellite remote sensing of
the temperature of the Earth’s atmosphere.1 As in any remote
sensing technique, the measurements rely upon having avail-
able a correct model of the absorption profiles. Typically, the
line parameters reported in the literature were obtained in the
laboratory by fitting the spectral profiles to a Lorentz or
Voigt line shape. The drawback here is that such profiles
may not correctly model the real absorption profile of an
isolated line.2

A second problem, from the view of remote sensing, is
that even with the appropriate spectral model, the parameters
required to generate the profile may not have been accurately
measured. This is the case for many of the very closely
spaced lines of some of theQ branch lines in CO2 perturbed
by N2 and O2. In such cases the practice3 has been to assume
that the linewidths are branch independent and to set them
equal to measured widths of lines belonging to other
branches where the lines are more widely spaced and the
parameters more easily measured.

There is a third problem which goes beyond the question
of determining the appropriate line profile, line strength and
the broadening and shifting parameters for isolated lines. For
closely spaced lines, coupling may become important and the
band can not be represented as a sum of isolated lines.4–6

The impact of this interference between the lines~line mix-
ing! on temperature retrievals has already been stressed by
several authors.7–9 For instance, Edwards and Strow9 esti-
mated that omitting line mixing in the retrieval algorithm
may result in errors in the measured temperature as high as

10 K in certain measurements. For CO2, understanding and
quantifying line mixing is very important as it is the ‘‘ther-
mometer’’ for most atmospheric sounding systems.1

In this study, we are concerned with the physics of pure
CO2 gas. This case is applicable to the planetary atmosphere
of Venus, which is almost pure CO2. The case of terrestrial
atmosphere is more complex as the gas is diluted to less than
0.04% by N2 and O. This study of the pure gas system is a
necessary precursor to the study of the mixed gas system
strictly applicable to the earth’s atmosphere and such future
studies are required. However, many of the results can be
immediately applied to remote sounding computations since
even an approximate treatment of line mixing is superior to
ignoring the effect entirely.

The physics of line mixing is well understood.4–6 How-
ever, quantifying the effect is not trivial. Coupling between
the lines is described by a relaxation matrix. For an isolated
line only the diagonal elements or broadening coefficients
are required and a band may be described on a line by line
basis. When the lines overlap, all elements of the relaxation
matrix are important and are required to describe the band as
a whole. There are no direct measurements of the off-
diagonal elements of a relaxation matrix for any gas. One
source of information about the off-diagonal elements comes
from the measurement of the so-called mixing coefficients,
in the weak mixing limit.10,11Experimentally this requires an
accurate measure of the asymmetry of individual lines at low
pressure. For closely spacedQ branch lines (DJ50) this
means very low pressures where the limiting width is the
Doppler width. Consequently, reliable mixing coefficients
can only be obtained if the instrumental resolution is at least
10 times smaller and preferably 100 times smaller than the
Doppler width. For the 2130 cm21 Q branch of CO2 at at-
mospheric temperatures the Doppler width is about 120 MHz
~FWHM!. Thus direct measurements of weak line mixing in
this system requires a resolution at least on the order of 20
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MHz and preferably higher. Currently, the only spectrom-
eters capable of such high resolution are diode spectrom-
eters12 and difference frequency laser spectrometers.13 These
can achieve resolutions on the order of 1 MHz. Line shifts in
atmospheric gases are typically much smaller than line-
widths. Nevertheless, with a resolution of 1 MHz it is pos-
sible to measure line shifts. Here we use a difference fre-
quency spectrometer to measure linewidths and asymmetries
and the overall band shift of the 2130 cm21 Q branch of pure
CO2 at low pressures. The lines are analyzed in terms of a
Voigt profile and spectral profile first introduced by Henry
et al.12 and adapted to include line mixing by Berman
et al.2,13 and Predoi-Crosset al.14 At high pressures, where
severe overlapping of the lines occurs and resolution is not a
problem, we have used an FTIR spectrometer to record the
band. Here, we examine the suitability of an EPG
‘‘law’’ 8,9,11to relate the broadening to both the mixing when
the lines weakly overlap and to the spectra at high pressures.

EXPERIMENTAL DETAILS

We have described our difference frequency laser spec-
trometer in earlier publications.15,16Here we outline its main
features. Infrared radiation in the 2.5 to 5.5mm region is
obtained by overlapping the beams from a frequency-
stabilized Argon ion laser and a Coherent 699-29, R6G dye
laser and mixing them in a nonlinear LiIO3 crystal. The in-
frared power is normalized by dividing the infrared beam
and monitoring the input and output signals of an absorption
cell with two identical LN2 cooled InSb detectors. To avoid
etalonning effects in the optics, the cell and detectors had
CaF2 windows mounted at the Brewster angle while the
LiIO3 crystal was antireflection coated. The maximum varia-
tion of the empty cell transmission~baseline signal! was one
part in 500 for a 1 cm21 scan. The frequency measuring
subsystem has as principal component a temperature stabi-
lized, scanning Fabry–Perot interferometer and a frequency
stabilized He–Ne laser to monitor the variation of the fre-
quency of both the dye and Argon ion laser. Using this ex-
perimental setup we can achieve a resolution of about 1 MHz
(331025 cm21) and a signal-to-noise ratio close to 1500:1
for a 1 second integration time.

In the present experiment at low pressures, we have used
a temperature controlled 4 m long gas cell. The cell middle
point temperature~296 K! was controlled with a precision of
60.4 K and measured using thermocouples. We have tried to
minimize the temperature gradients at the cell ends by at-
taching additional heating coils to the end flanges. As a
check we have compared the thermocouple readings with the
temperature determined spectroscopically by measuring the
ratio of line intensities of twoQ branch lines. This ratio
depends upon the rotational gas temperature and the transi-
tion dipole strengths. For line strengths we have used the
values reported in the HITRAN database.3 Using this simple
method we have confirmed that the rotational gas tempera-
ture agrees within 0.5 K with the reading of the mid-cell
thermocouple.

Most measurements with the difference frequency spec-
trometer were made at pressures ranging from 0.7 to 15 kPa.
The gas pressure was measured with an MKS 120 AA ca-

pacitance manometer, calibrated by the manufacturer to an
absolute accuracy of 0.05% of the full scale reading. The
calibration of the MKS gauge at atmospheric pressure was
checked with a barometer and the zero point was adjusted
using a vacuum gauge.

The high pressure spectra presented in this work were
recorded using a Bomem DA8.003 Fourier transform spec-
trometer with a 0.5 mm aperture. With this setting, the in-
strumental linewidth~0.004 cm21! was much smaller than
the width of the collapsedQ branch. For the FTIR spectra we
used a 25.0 cm, temperature-controlled cell equipped with
CaF2 windows. The temperature was measured and stabi-
lized at 303 K. Spectra with a signal-to-noise ratio in excess
of 1000:1 were recorded from 1 to 20 atm. In all cases, the
gas was precision Aquarator~,7 ppm methane! and sup-
plied by Matheson. To provide a comparison between the
two sets of measurements, a few spectra in the neighborhood
of 1 atm and lower were recorded with both spectrometers.
No systematic difference between the two sets was detected.

Figure 1~a! shows the FTIR transmission spectrum of
CO2 from 2060 to 2140 cm21 as measured at a pressure of
97.49 kPa. There are three strongQ branches in this region.
The branch at 2077 cm21 was studied by Bermanet al.13

Here we report on the branch at 2130 cm21. In a future
publication we will report on the branch at 2093 cm21. Fig-
ure 1~b! shows on an expanded frequency range theS←P
branch at 2130 cm21 observed with the FTIR spectrometer at
several pressures between 1 and 19 atm. Figure 1~c! shows
the same spectrum observed with the difference frequency
spectrometer but over a range of pressures from 0.67 to
13.34 kPa~100 kPa51 atm!. Below 15 kPa the lines are
generally well resolved~line mixing is weak! and have a
width ~HWHM! on the order of 100–300 MHz. Since the
resolution limit of the FTIR spectrometer is 120 MHz it is
clear that it could not yield accurate line shapes at such low
pressures. On the other hand, the difference frequency spec-
trometer with a resolution on the order of 1 MHz is ideal for
accurate line shape studies of this band at such pressures.
This would continue to hold true even if the pressure were
reduced further since the limiting Doppler width is calcu-
lated to be 60 MHz~HWHM!. As we shall see, below 15 kPa
line mixing is weak for thisQ branch. Consequently our
paper naturally divides into two sections. The first part deals
with spectra recorded at low densities with the difference
frequency spectrometer. These spectra are analyzed in terms
of isolated lines or lines showing weak mixing. The second
section deals with measurements at higher pressure made
with either the difference frequency or the FTIR spectrom-
eter. The analysis at high pressures consists of seeing how
well the analysis at low pressure may be extrapolated to in-
terpret the spectra in the strong mixing limit. Since this paper
deals with a number of aspects of line shapes, to aid the
reader, we make liberal use of titles and subtitles to separate
the different areas.

ANALYSIS

Figure 1~c! showed sample CO2 spectra of the 2130
cm21 Q branch at pressures below 15 kPa. OnlyJ even lines
exist for this branch since onlyJ even states are found in the
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upper level. It is convenient to analyze the band as a whole,
rather than on a line by line basis. We do this in an iterative
and progressive manner. First we analyze the data up to 5
kPa using approximate values of weak mixing coefficients.
The approximate mixing coefficients are derived from broad-
ening data for the CO2 Q branch at 2077 cm21. This yields
reliable experimental values of the line strengths and a good
first order approximation to the experimental widths. In a
second iteration, we use the strengths from the first step and
fit the band, for pressures up to 15 kPa, for accurate values of
the widths and approximate experimental values of the first
order mixing parameters. In a final iteration we estimate the
second order mixing terms7 using our broadening coeffi-
cients and refit again for the experimental widths and now
accurate experimental values of the first order mixing param-
eters. We have found that this method of analysis converges
rapidly and is convenient when fitting an entireQ branch.
The final results are accurate experimental values of the line
strengths, broadening coefficients and weak mixing param-
eters. The band shift, being small, is less accurately deter-
mined.

For the first step in the analysis we required anestimate
of the first order mixing parameters. We follow a common
practice and construct a relaxation matrix starting from the
low density width of the lines and an EPG law8,9,11 for the
rates of relaxation of the rotational states. The EPG law gives
the collisional transfer rate,k jk , from a rotational statek to a
higher rotational statej as

k jk5a@ uDEjku/B0#2b exp@2cuDEjku/B0#, ~1!

whereDEjk is the rotational energy difference between the
two states andB0 is the rotational constant. The parameters
to be optimized area, b, andc. Since the molecular system is
in thermodynamic equilibrium, the rates of population trans-
fer must satisfy the detailed balance condition

rkk jk5r jkk j ~2!

whererk is the population of the rotational state,k. Equation
~2! fixes the rates for downward transitions, relative to the
rates for the upward transitions.

There is a question as to the relative values of the rota-
tional relaxation rates in the two different vibrational states.
Following Edward and Strow9 and Bermanet al.13 we take
k jk to be the rates for the vibrational state with onlyJ even,
here the upper level for the 2130 cm21 Q branch. For the
lower state we take the rate between evenJ states asbk jk

and theJ odd toJ even as (12b)k jk . This model keeps the
rates, out of a given, evenJ state in both the lower and upper
vibrational levels, nearly the same.

We must now establish the relationship~s! between the
population relaxation rates and the elements of the relaxation
matrix W. In a pure random phase approximation one would
set the diagonal elements ofW, or width of a line, to one-half
of the sum of the total rates out of the lower and upper levels
involved in the transition. The off-diagonal elements of the
relaxation matrix would then be one-half the sum of the
single rates between the two upper levels and the two lower
levels of the corresponding transitions. Such a model would
automatically yield interbranch (P–Q–R) mixing and sat-

FIG. 1. Absorption spectra of pure CO2, ~a! FTIR spectrum showing
bands in the 2100 cm21 region at 1 atm,~b! FTIR spectra of theQ branch at
2130 cm21 at several pressures above 1 atm, and~c! difference frequency
spectra of the Q branch at 2130 cm21 at a fraction of an atm
(1 atm5100 kpa).
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isfy the sum rule for a column of the relaxation matrix. As in
Refs. 9 and 11, we depart from a pure random phase model
by ignoring interbranch mixing. However, we still fix the
widths or diagonal elements according to

Wkk5~1/2!H(
j

k jkJ
1~1/2!H(

j
bk jk1(

j
~12b!k jkJ , ~3!

wherek is even. On the right hand side, the first two terms
havej even while the third term hasj odd. The curly brackets
separate the contributions associated with the upper and
lower vibrational states. It is clear, givena,b,c, b and the
spacing of the rotational states, that the broadening coeffi-
cients may be calculated. Conversely, given the broadening
coefficients the set of constantsa,b,c and b may be deter-
mined or fitted in a least squares sense. At the first stage we
lack experimental values of the broadening coefficients for
this Q branch. However, as is well known, the widths are
relatively insensitive to the particularQ branch. Initially we
use both the broadening parameters and the value ofb re-
ported in Ref. 13 for the branch at 2077 cm21. We also
require the rotational state energies. These we take from the
HITRAN database.3 The estimated values ofa, b, andc are
51.08531023 cm21/atm, 0.258 167 and 0.002 64, respec-
tively.

So far we have outlined the connection between broad-
ening coefficients or diagonal elements of the relaxation ma-
trix and the rotational relaxation rates. For the first fitting of
our experimental profiles we require an estimate of the first
order line mixing. This requires, among other things, the
off-diagonal elements of the relaxation matrix,Wjk . Con-
tinuing to follow Refs. 9 and 13, we assume that the rela-
tionship between the off-diagonal elements ofW and the
rotational relaxation rates to be given by

Wjk52bk jk ~4!

when theP state is involved. This is justified on the basis of
calculations performed by Green.17

Having established our model for the relaxation matrix,
the next step is to describe the spectral profile~s! used for the
band. If we neglect the translational motion and assume the
broadening and shifting is speed independent, then up to sec-
ond order in the components of the relaxation matrix, the
absorption coefficient may be written7 in the form

a~n!5(
i

~N/p!Si$Pg i~12PZi1P2Gi !1PYi~n2n i

2Pd i2P2Hi !%/$~n2n i2Pd i2P2Hi !
21~Pg i !

2%,

~5!

where the broadening coefficient,g i equals the real part of
Wii ~expressed in per atm! and the shifting coefficient,d i ,
equals the imaginary part ofWii . P is the pressure,N is the
number of active molecules per unit volume, andn i is the
free molecule transition frequency. If the integrated line in-

tensity, Si , is given in cm21/~molecule/cm2!, then frequen-
cies in Eq.~5! must be in cm21. The complex weak mixing
coefficientYi1 iZi is given by

Yi1 iZi5(
k

m imk ~Wikrk1Wkir i !/Sin ik, ~6!

wheren ik5n i2nk andWik is an off-diagonal element of the
relaxation matrix. To be consistent with the gap law model
introduced above we must takeZi equal to zero. It is clear
from Eq.~5! that each line consists of a Lorentzian line shape
plus an asymmetric term proportional to the associated dis-
persion curve. In the weak mixing limit (Gi5Hi50) the
strength of the asymmetric term grows linearly with pressure
relative to the symmetric component. This is a well-known
signature of weak mixing.

For the first fewQ branch lines the Rosenkranz10 or
weak mixing approximation is inadequate at 15 kPa. As im-
plied by the iterative fitting routine outlined above we correct
the experimental profiles by estimating the contribution
made by the second order or Smith’s terms,Gi andHi and
subtracting them from the experimental data. The intensity
factor,Gi is given7 by

Gi5(
k

WikWki /nki
2 2H(

k
~mk /m i !Wki /nkiJ 2

12(
k

~mk /m i !WkiWii /nki
2

22(
k

(
l

~mk /m i !WkiWli /nkin l i . ~7!

The quadratic shift coefficientHi is given7 by

Hi5(
k

WkiWik /nki . ~8!

Now Eq. ~5!, as it stands, is inadequate for atmospheric
modeling. It neglects Doppler broadening and Dicke narrow-
ing and it neglects speed dependent broadening and shifting.
For CO2, collisional shifting is weak and almost constant
across the branch~see, for example, Ref. 13!. Thus we may
safely ignore speed dependent shifting. It is common practice
in atmospheric modeling to neglect Dicke narrowing and
speed dependent broadening and to consider only Doppler
and collisional broadening. The corresponding Voigt profile
including line mixing is obtained from Eq.~5! by convolu-
tion with a Gaussian profile. We refer to this profile as the
Vwm band profile. The main reason for considering it is his-
torical. A more realistic model that includes Dicke narrowing
and speed dependent broadening is needed.

To include speed dependent broadening and Dicke nar-
rowing for isolated lines, Henryet al.12 convolved the speed
dependent Lorentzian with the hard collision model for the
translational motion. Since an entire band, including weak
mixing, has the form of a sum of isolated line profiles plus
the associated dispersion curve it was possible for Berman
et al.2,13 and Predoi-Crosset al.14 to generalize the form of
Henry et al.12 They constructed a profile for an entire band,
including weak mixing, speed dependent broadening and
Dicke narrowing. We refer to this model as the HCv ~band!
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profile. For the expert reader, we note this is distinct from the
well-known speed dependent hard collision model of Rautian
and Sobelman.18 Bermanet al.2 have shown that the HCv
model gives a realistic description of an isolated line all the
way from the low density Doppler limit up to the extreme
Dicke limit where the direct contribution of the translational
motion to the width may be ignored. Most important, of all
the models examined, they showed that it gives the most
physical result for the width, i.e., proportional to pressure.
The hard collision model for the translational has as input
parameter, the diffusion constant. Here we use the mass dif-
fusion constant.19 This yields a value of 10.9 atm21for the
so-called narrowing parameter commonly used in the
literature.20 Finally, Bermanet al.21 have recently given an
algorithm for calculating a speed-dependent Lorentzian in
terms of two carefully chosen speed independent or simple
Lorentzians. Thus it is a simple matter to implement a model
with weak mixing, Dicke narrowing and with speed-
dependent broadening by adding two equations of the form
given above for the band absorption coefficient@Eq. ~1!#
each convolved with a Gaussian profile. A method for estab-
lishing the relative strengths and relative widths of the two
speed-independent Lorentzians to best describe a speed de-
pendent Lorentzian has been given by Bermanet al.21 In
their terminology the value ofq used here for all of the lines
was 6.00.

RESULTS „0 TO 15 kPa…

Frequency calibration

In analyzing the low pressure results, we found small
systematic differences existed between the measured relative
frequencies and those listed in Hitran96.22 Figure 2 shows a
plot of the difference in frequency plotted as a function of
the frequency of the line. Note the disagreement is only a
few times 1024 cm21, i.e., less than 10 MHz. The difference
can be explained by a change, during realignment, in the
length of the interferometer used to monitor the frequency of
the dye and argon ion lasers. To correct for this we have

recalibrated the interferometer spacer using the Hitran96 val-
ues for the frequencies of the lines. For all further analysis
we used the corrected experimental frequency axis.

Spectral fits

The simplest test of a spectral profile is the accuracy
with which it reproduces the experimental profiles. In Fig. 3
we present an experimental spectrum at 14.55 kPa and the
residual from the fit with the both theVwm and the HCv
model. Without the frequency corrections there would be
very large residuals at each line. More important is the fact
that the residuals are much larger for theVwm model than for
the HCv model. This is understandable. At 14.55 kPa Dicke
narrowing is important and the Voigt profile is no longer
appropriate. As HCv converges toVwm at low densities the
two residuals must converge at lower pressures. At 5 kPa
both profiles reproduce the experimental profiles equally
well. Thus we inter-compare fitted values only for results
below 5 kPa. As we will see below the frequency shifts are
very small and except for the very lowJ lines, line mixing is

FIG. 2. Difference between measured frequencies in the 2130 cm21 Q
branch lines and correspondingHITRAN96 values plotted versus line position.

FIG. 3. Transmittance (I /I 0) for the CO2, Q branch at 2130 cm21, measured
with the difference frequency spectrometer at 14.55 kPa and 298 K. Also
shown are the residuals (Tobs2Tfit) when theVwm or theHCv model is used
in the fitting routine.
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unimportant below this pressure. Thus we actually inter-
compare only the intensities and the broadening coefficients
determined from fitting HCv andVwm .

Intensities

The first results to appear from the iterative and progres-
sive fitting routine are the line intensities. Line mixing can
alter the apparent intensities even when the lines appear rela-
tively well resolved, i.e.,Zi may not be zero experimentally.
Thus accurate individual line intensities emerge from an
analysis of the data below a few~;5! kPa. Table I lists the
two values of the line strengths as determined from the two
fitted profiles. Examination of the table reveals that the line
strength determined from the best fitVwm profile is margin-
ally smaller than that from the HCv model. The results
should be the same and indeed they overlap within the
quoted error bars. Also included in the table are the values as
measured by Rinslandet al.23 and the values tabulated in
HITRAN96.22 These were determined by fitting profiles to a
simple Voigt profile. At the low densities used here we may
ignore the difference between a simple Voigt profile and
Vwm . Essentially, our results agree with the HITRAN values
within our quoted errors.

Neglecting interbranch mixing, the integrated band in-
tensity is independent of the degree of line mixing. From the
medium pressure spectra (5<P<15 kPa) we can determine
the total band strength. In the fitting process we fixed the
relative line strengths to the values obtained from spectra at
lower pressures and floated the overall vibrationalQ branch
intensity. The dominant source of error in our result arises
from baseline uncertainty. The uncertainties in the pressure
and cell length are negligible.

In Table II we compare our vibrational band intensity
with Fourier transform measurements of several other
groups.22–24 The error quoted in Table II for our results is
twice the fit error. Our measurement does not agree within
the stated error limits with the two Fourier transform mea-
surements but is close to the mean value tabulated in
HITRAN96.22 Given the higher frequency resolution of the
difference frequency system and better baseline determina-
tion than in the other experiments, we believe our strength
measurement to be the most accurate value for this band.

Widths and broadening coefficients

As an example, Fig. 4 shows, as a function of pressure, a
plot of the widths, determined by fitting the profiles to the
HCv model. When speed dependence of the broadening is
included in the fitting profile, the term ‘‘width’’ loses precise
meaning. The width reported here is the Boltzman averaged
width and is generally designated asGm in the literature.21 In
spite of the fact that the model is mathematically flawed
~strictly speaking, one cannot write the spectrum as a
convolution6! we see from Fig. 4 that the width satisfies the
commonly accepted view that it should be proportional to
pressure. Thus we may define pressure broadening coeffi-
cients as the slope of the line which passes through zero, in
plots ofGm versus pressure. We designate these asḡ. Similar

TABLE I. Frequencies in cm21 and line strength in units of
10224 cm21/~molecule/cm2! of CO2 at 2130 cm21 and 298 K.

Present experiment Ref. 23 HITRAN 96
J v in cm21 SQ(J)a SQ(J)b SQ(J)c SQ(J)d

38 2128.880 38 1.98~3! 1.99~4! 1.98 1.97
36 2128.961 04 2.53~3! 2.51~4! 2.47
34 2129.039 07 3.09~3! 3.07~4! 3.01 3.04
32 2129.114 22 3.73~3! 3.70~6! 3.68
30 2129.186 11 4.39~3! 4.36~5! 4.34 4.37
28 2129.254 65 5.11~3! 5.08~6! 5.08
26 2129.319 50 5.81~3! 5.78~4! 5.80
24 2129.380 49 6.48~3! 6.45~4! 6.58 6.48
22 2129.437 44 7.09~3! 7.06~5! 7.09
20 2129.490 14 7.54~3! 7.51~5! 7.64 7.58
18 2129.538 44 7.89~3! 7.86~5! 7.97 7.91
16 2129.582 18 7.99~3! 7.96~6! 8.15 8.04
14 2129.621 25 7.88~3! 7.84~7! 8.06 7.93
12 2129.655 52 7.48~3! 7.44~8! 7.71 7.56
10 2129.684 91 6.85~4! 6.81~8! 7.05 6.92
8 2129.709 48 5.99~4! 5.94~8! 6.17 6.01
6 2129.728 81 4.98~7! 4.88~8! 4.86
4 2129.742 18 3.53~9! 3.59~9! 3.51
2 2129.752 13 1.96~9! 2.13~10! 2.00

aAs determined by fitting with theHCv model.
bAs determined by fitting with theVwm model.
cAs determined by fitting with a Voigt profile.
dAs determined by fitting with a Voigt profile and averaged over several
bands.

TABLE II. Total strength in units of 10224 cm21/~molecule/cm2! of the CO2

Q branch at 2130 cm21 and 298 K.

References SQ(2130 cm21)

Present measurements 209.36~4!
Rinslandet al. ~Ref. 23! 213.2~5!
Rothmanet al. ~Ref. 24! 119.0
HITRAN ~Ref. 22! 209.93

FIG. 4. Measured half-width~HWHM! as a function of pressure for the
Q(10) line. The error bars are the statistical values~one standard deviation!
obtained from the fits to theHCv profile. The solid line is the best fit straight
line forced to pass through the origin.
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results~width proportional to pressure! were found when the
profiles below 5 kPa were fit withVwm . We designate the
broadening coefficients determined in such a manner simply
as g. SinceVwm is almost identical to a sum of pure Voigt
profiles at these pressures, these broadening coefficients may
be compared with values obtained by other researchers who
used a simple Voigt profile to fit individual lines.

We summarize in Table III our broadening coefficients
for the 2130 cm21 band and those measured by
others11,13,23,25,26for a variety ofQ branch lines. We see from
the first two columns of broadening coefficients that the val-
ues resulting from fitting with a Voigt profile,g, are system-
atically smaller than those obtained using theHCv model,ḡ.
This is consistent with the observations of Bermanet al.2 As
a consequence it is only reasonable to compare our Voigt
results with the results of others, all of whom used a Voigt
profile or at least a profile that neglected speed dependence.
Figure 5 illustrates what is well known, viz that the broad-
ening coefficients are largely band independent, an assump-
tion made in compiling the HITRAN data base.

Line mixing coefficients

The last major result obtained from analyzing the low
pressure data (0<P<15 kPa) is the weak mixing parameter,
i.e., the combination, PY, of Eq.~5!. We only useHCv since
Vwm does not well represent the isolated line spectral profile
well over the entire pressure range, 0–15 kPa. If the isolated

line is not well represented then there is confusion as to how
much asymmetry is due to direct overlap of lines and how
much is due to line mixing. The first test of the analysis,
usingHCv , is the dependence of the strength of the mixing
on pressure. Figure 6 shows plots, as a function of pressure,
of the mixing parameter for theQ(2) andQ(20) lines. One
way of interpreting the parameter is the ratio of the maxi-
mum amplitude of the dispersion or asymmetric component
of the line to the amplitude of the symmetric component at
line center. For theQ(2) line it is already 20% at about 4
kPa. On the other hand, for theQ(20) line it is only about
1/2% at the same pressure. We see in both cases that the
mixing parameter is indeed proportional to the pressure. For
each individual spectral line we have determined the mixing
parameters,Y(J) by a linear regression, forcing the fitted
line to pass through the origin. These direct experimental
measurements of line mixing are presented in Table IV.
There we present two columns of results. One, experimental
values obtained by neglecting the second order mixing terms,
G andH and second, values obtained by correcting the data
using our estimated values ofG and H. We see from the
table and from a plot of the results~Fig. 7! that the second
order terms only make a significant contribution to the mix-
ing for J values below about 10.

As is evident from Fig. 7 the line mixing coefficients
vary considerably throughout the band, both in magnitude
and sign. This is characteristic of line mixing inQ branches.

TABLE III. Broadening coefficients of pure CO2, in units of cm21/atm.

ma

Present resultsb Ref. 13c Ref. 11d Ref. 25e Ref. 20f Ref. 22g

4.7 mm 4.7mm 4.8mm 4.8mm 10.6mm 4.3mm All bands

2 0.1276~45! 0.1317~12! 0.1243~17! 0.1343 0.119 0.1214 0.1228
4 0.1169~26! 0.1156~6! 0.1165~5! 0.1175 0.1162 0.1173 0.119
6 0.1128~30! 0.1078~8! 0.1129~5! 0.1137 0.1108 0.1124* 0.1141
8 0.1102~18! 0.1054~6! 0.1094~3! 0.1098 0.1074 0.1115 0.1116

10 0.1075~6! 0.1037~4! 0.1063~4! 0.107 0.1066 0.1074 0.1091
12 0.1044~4! 0.1014~4! 0.1037~3! 0.1072 0.1053 0.1042 0.1067
14 0.1021~4! 0.0998~4! 0.1018~3! 0.1025 0.1038 0.1043
16 0.1003~3! 0.0980~4! 0.0996~3! 0.1015 0.1009 0.102
18 0.0985~3! 0.0967~4! 0.0979~3! 0.0988 0.099 0.0998
20 0.0969~3! 0.0946~4! 0.0961~6! 0.0974* 0.0994 0.0977
22 0.0953~4! 0.0937~4! 0.0945~4! 0.0956 0.0973* 0.0956
24 0.0938~4! 0.0920~4! 0.0925~5! 0.0937 0.0959 0.0935
26 0.0921~4! 0.0904~4! 0.0906~5! 0.0902* 0.0917 0.0916
28 0.0903~4! 0.0887~4! 0.0886~7! 0.0869 0.0893* 0.0897
30 0.0884~5! 0.0868~4! 0.0867~6! 0.0885 0.0882 0.0878
32 0.0873~5! 0.0855~4! 0.0848~5! 0.0856 0.0882 0.086
34 0.0853~4! 0.0848~4! 0.0843
36 0.0831~4! 0.0833~4! 0.0826
38 0.0821~5! 0.0814~14! 0.081

am5 j 11 for the R branch,m52 j for P branch, andm5 j for Q branch transitions. TheP and R branch
measurements are averaged asg5@gm1gm11#/2. The* indicates that eithergm or gm11 was not available.

bThe second column givesḡ, the broadening coefficient obtained using theHCv model, and the third column
gives the values forg obtained using theVwm profile.

cThe Q branch measurements of Bermanet al. ~Ref. 13! were made at 301 K.
dGentry and Strow’s~Ref. 11! measurements were made at a single pressure and 296 K.
eThe results of Danaet al. ~Ref. 33! are fromP andR branch measurements in the laser band region at 294 K.
fThe results of Johns~Ref. 25! are fromP and R branch measurements made in a hot band near 4.3mm at
300 K.

gHITRAN96 @Rothmanet al. ~Ref. 22!# uses a collection of results and assumes the widths to be band and branch
independent.
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The strength of the mixing varies inversely as the frequency
separation of the lines, which inQ branches changes qua-
dratically with the rotational quantum number,J. The change
in sign of the mixing coefficients is characteristic of mixing
in general. It merely indicates the band as a whole is narrow-
ing by collapsing to a point near the center of gravity of the
band. In Fig. 7 we have plottedJ increasing to the left. For
this band, then, frequency decreases to the left in Fig. 7 just
as it does in Fig. 1. This presentation makes a later discus-
sion simpler.

Testing the EPC model

Above we used the broadening coefficients~diagonal el-
ements of the relaxation matrix! to determine the constants
of the EPG model. We then used the model to calculate all
elements of the relaxation matrix. In the final iteration of the
fitting routine the off-diagonal elements were used to esti-
mate the second order or Smith’s correction in order to gen-
erate improved experimental values of the weak mixing co-
efficients. We now ask how well the off-diagonal elements
based on the EPG model are able to predict these experimen-
tal weak mixing coefficients. Included in Table IV are the
estimated mixing coefficients for two different choices ofb
@see Eqs.~4! and ~6!#. We see thatb50.6 gives the closest
agreement between the experimental values and those esti-
mated from a EPG law for the rotational relaxation rates and
the assumed relations between these rates and the elements
of the relaxation matrix. The values for thea, b, andc coef-
ficients in Eq.~1! obtained forb equal to 0.6 are: 51.782
31023 cm21/atm, 0.259 739 and 0.002 635, respectively.
These differ little from our first estimate or from the values
for the Q branch at 2077 cm21.13 Also included in Table IV

are the weak mixing coefficients as modeled by Strow
et al.27 Except for theQ(4) line the latter are in agreement
with our experimental values and our values based on an
EPG law.

Assuming detailed balance between the off-diagonal
elements of the relaxation matrix and the expression
for the mixing coefficient allows one to deduce the
sum rule, S iSiYi50.28,29 We checked our experimental
values for agreement with this sum rule
and found S iSiYi521.6831022311.34310223520.34
310223cm21/~molecule/cm2!. This is significantly different
from zero. It can be argued that the discrepancy arises from
the neglect of interbranch mixing. The sum rule is supposed
to be applied to the entire spectrum or at least to all interact-
ing lines. Since a branch collapses towards its center of grav-
ity, Fig. 7 reminds us that our sign convention is such that

FIG. 5. ObservedQ branch broadening parameters as a function ofJ. Open
circles are the present results usingVwm to fit the spectra. The various lines
show the results of other experimenters for a variety of branches~see Table
II for details!.

FIG. 6. Measured line mixing parameter forQ(2) andQ(20) as a function
of pressure. The error bars are the statistical values~one standard deviation!
obtained from the fits to theHCv profile. The solid lines are linear regres-
sion fits to the data.
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negativeY values pulls this band towards lower frequencies.
Since interbranch mixing between theQ branch and the
strongP branch at lower frequencies~see Fig. 1! will pull the
Q branch towards it, it follows that the interbranch contribu-
tion to mixing in theQ branch will be negative. Thus a sum
over only theQ branch lines is expected to be negative. This
is the first piece of evidence thatP–Q branch mixing may
not be ignored even at low pressures. If the discrepancy in
the sum rule is due to interbranch mixing, then undoubtedly,
it is the anomalously low intensity of theR branch with
respect to theP branch that makes it possible to detect the
effect in thisQ branch.

Frequency shift „low pressures …

The fitting routine included the mean frequency of the
band as a floated parameter. Figure 8 shows a plot of the
frequency shift versus pressure. We see that it is linear in
pressure. The fitted straight line shown in Fig. 8 has a slope
~shifting coefficient! of 0.14631023 cm21/atm. This is of
the same size but of opposite sign from that measured by
Bermanet al. for theQ branch at 2077 cm21. Perhaps this is
explained by the fact that the character of the states involved
~S andP! are the same but the levels for the two transitions
are inverted one with respect to the other.

RESULTS „PÐ15 kPa…

There are a number of interesting, and at the same time
disturbing, features in the spectra as the pressure is increased
beyond 15 kPa. Figure 9 shows a set of spectra at approxi-
mately 0.5, 1, 3, and 5 atmospheres compared to our calcu-
lated spectra. The calculated spectra use our relaxation ma-
trix, as determined from the low pressure broadening
coefficients and an EPG model for the relaxation of the ro-
tational states. We follow the usual method of full inversion

FIG. 7. Measured weak line mixing coefficients versus rotational quantum
number,J. Open triangles are results obtained without correcting spectral
data for second order mixing. Filled circles are mixing coefficients obtained
with a second order correction based on an EPG law for the rotational
relaxation rates. The error bars are obtained from the linear regressions of
the line mixing parameters as a function of pressure. The smooth solid line
is the value calculated from the EPG law and the broadening coefficients of
this paper.

TABLE IV. Weak line mixing coefficients, in units atm21, for transitions of
the 2130 cm21 Q branch of pure CO2 at 298 K.

J

Experimental Calculated

a b c
b50.6

d
b50.63

e
b50.54

2 25.32~12! 25.03~11! 25.022 25.296 24.892
4 21.80~4! 21.43~4! 21.493 21.573 20.950
6 20.35~2! 20.28~3! 20.236 20.248 20.248
8 20.038~8! 20.08~2! 20.006 20.006 20.012

10 0.078~9! 20.006~10! 0.091 0.096 0.089
12 0.081~5! 0.048~5! 0.153 0.161 0.137
14 0.099~6! 0.087~9! 0.183 0.193 0.160
16 0.169~8! 0.143~9! 0.198 0.209 0.172
18 0.169~9! 0.161~9! 0.205 0.216 0.176
20 0.196~8! 0.179~5! 0.205 0.216 0.176
22 0.211~9! 0.200~6! 0.202 0.213 0.175
24 0.201~9! 0.198~5! 0.198 0.208 0.172
26 0.215~6! 0.206~6! 0.192 0.202 0.168
28 0.200~9! 0.206~4! 0.186 0.196 0.164
30 0.208~7! 0.196~9! 0.180 0.189 0.160
32 0.172~6! 0.187~5! 0.173 0.183 0.157
34 0.184~8! 0.172~5! 0.167 0.176 0.153
36 0.174~7! 0.165~4! 0.162 0.170 0.150

aExperimental results obtained by ignoring the second order or Smith~Ref.
7! terms.

bExperimental results obtained by correcting data for second order terms.
cCalculated coefficients from present broadening coefficients using a value
for b of 0.6.

dCalculated coefficients from present broadening coefficients using a value
for b of 0.63.

eCalculated coefficients using the expressions given in Ref. 27 forb
50.54.

FIG. 8. Shift of the 2130 cm21 Q branch as a function of pressure. The solid
line is a straight regression fit that is used to define the position of the origin.
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of the matrix equation for the band spectrum,5,6 including in
the calculated spectra the measured shifting of theQ branch
and the simple overlap with neighboringP and R branch
lines. Doppler broadening/Dicke narrowing and speed de-
pendent broadening are safely ignored in the strong mixing
limit. Note these are not fits to the high pressure spectra but
are rather extrapolation of the low pressure spectra to pres-
sures where strong mixing occurs at least among the lowJ
lines, if not the entireQ branch. At this level of mixing our
calculations are insensitive to the choice of the broadening
coefficients,g or ḡ that are used to determine the EPG pa-
rameters.

We see clearly, from the plot of the residuals in Fig. 9,
that there is an asymmetric component which becomes in-
creasingly larger with increasing pressure, although not lin-
early at the highest pressures. If mixing within theQ branch
was all that mattered, then the asymmetry should decrease
with increasing pressure. Another disturbing feature is the

overall shift of theQ branch. The apparent shifting coeffi-
cient is negative, being about four times larger and of oppo-
site sign to that measured at low pressures. If only the data
above 3 atm were available, it would be tempting to shift the
computed spectra to lower frequencies. While such a shift
would reduce the overall size of the residual near the peak of
the branch it would however produce a significant mismatch
between the structure which is evident for the highJ lines at
1 atm. It is this structure which fixes the two frequency
scales.

We are therefore forced to conclude that the model is
deficient in that it cannot predict the asymmetry of the band
with increasing pressure and we must consider what physics
is being ignored or poorly represented in the model. As sug-
gested above, one immediate candidate is interbranch mixing
which in this case is primarily between theQ and theP
branch since theR branch is suppressed by Coriolis
interactions.30 If interbranch mixing is indeed the main

FIG. 9. A comparison of high pressure spectra~solid lines! of the 2130 cm21 Q branch of CO2 and spectra~dotted curves! predicted with no adjustable
parameters from an EPG law that is fitted to low pressure difference frequency spectra. Also shown are the plots of the residuals. The spectra at~a! 1/2 atm
and~b! 1 atm were recorded with the difference frequency spectrometer. The spectra at~c! 3 atm and~d! 5 atm were recorded with the FTIR spectrometer.

8376 J. Chem. Phys., Vol. 112, No. 19, 15 May 2000 Predoi-Cross et al.

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  129.173.74.41 On: Wed, 15 Jun 2016

17:11:58



source of the mismatch between the observed and calculated
spectra, then our sum rule results indicate that it may not be
ignored even at low pressures. Interbranch mixing is an ac-
tive area of research31–33 and it remains to be seen if it is
possible to incorporate this effect into the present model.
These calculations are being pursued. We must emphasize
that we have by no means proved that interbranch mixing is
the main or sole source of the problem. Our calculations also
ignore mixing within theP branch. It is clear from Fig. 1~b!
that such mixing is strong above 3 atm since structure in this
branch is beginning to disappear at such a pressure. No struc-
ture is observable in theP branch at 7 atm.

CONCLUSION

In summary we have measured, at pressures below 15
kPa, the line and branch strengths, and the broadening, mix-
ing and band shifting coefficients for theQ branch of CO2

situated at 2130 cm21. The data have been analyzed using
two different line shape models,Vwm , a speed independent
Voigt that included weak line mixing andHCv , a speed
dependent hard collision model that also included line mix-
ing. It has been found that theHCv model best represents
our data. Where appropriate, we have compared our results
with experimental values available in the literature. Measure-
ments made at pressures above 15 kPa, and up to 2000 kPa
~20 atm! strongly indicate that interbranch mixing with theP
branch may not be ignored. At low pressures (P,15 kPa) it
will affect the line asymmetry and cause the weak mixing
sum rule to be violated.
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