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Line strengths, self-broadening, and line mixing
in the 20 °0—01'0 (3 «1II) Q branch of carbon dioxide

Adriana Predoi-Cross, Caiyan Luo, R. Berman, J. R. Drummond, and A. D. May®
Department of Physics, University of Toronto, Toronto, Canada M5S 1A7

(Received 22 October 1999; accepted 24 February )2000

Using a difference frequency spectrometer we have measure@ (@ to Q(38) 20— 0110,

3«11 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. @00 American Institute of Physids$§0021-96060)01519-]

INTRODUCTION 10 K in certain measurements. For @nderstanding and
o o quantifying line mixing is very important as it is the “ther-
C_:arbc_)n d|0X|de_, because_ it is both a strong I_R absorbelrnometer,, for most atmospheric sounding systéms.
and is uniformly mixed at altitudes up to 80 km, is the con- In this study, we are concerned with the physics of pure

stituent most commonly used for satellite remote sensing O&OZ gas. This case is applicable to the planetary atmosphere
the tgmperatu_re of the Earth’s atmosphede in any rer_note f Venus, which is almost pure GOThe case of terrestrial
sensing technique, the measurements rely upon having avail;

. . . tmosphere is more complex as the gas is diluted to less than
able a correct model of the absorption profiles. Typically, the0.o4% by N and O. This study of the pure gas system is a

line parameters reported in the literature were obtained in thﬁecessary precursor to the study of the mixed gas system

Iab_orat_ory by fitting the speciral profllgs to a Lorentz .Orstrlctly applicable to the earth’s atmosphere and such future
Voigt line shape. The drawback here is that such profiles . .

. ) studies are required. However, many of the results can be
may not correctly model the real absorption profile of an; . . . . .
isolated liné immediately applied to remote sounding computations since

. . ._even an approximate treatment of line mixing is superior to
A second problem, from the view of remote sensing, is. PP 9 P

that even with the appropriate spectral model, the parametel'%no_lr_'rr]l 9 ”;]e gffectf?_ntlrely._ . I understoddf H

required to generate the profile may not have been accuratel € physics ot fine mixing 1S well understod. How-
measured. This is the case for many of the very closel ver, quantifying the effect is not trivial. Coupling between
spaced lines of some of th@ branch lines in C@perturbed the lines is described by a relaxation matrix. For an isolated
by N, and Q. In such cases the practideas been to assume line only the diagonal elements or broadening coefficients
that the linewidths are branch independent and to set thefi® _requwed and a band may be described on a line by !|ne
equal to measured widths of lines belonging to otherPasis. When the lines overlap, all elements of the relaxation

branches where the lines are more widely spaced and tHyatrix are important and are required to describe the band as
parameters more easily measured. a whole. There are no direct measurements of the off-
There is a third problem which goes beyond the questiorfliagonal elements of a relaxation matrix for any gas. One
of determining the appropriate line profile, line strength angSOurce of information about the off-diagonal elements comes
the broadening and shifting parameters for isolated lines. Fdfom the measurement of the so-called mixing coefficients,
closely spaced lines, coupling may become important and thi® the weak mixing limit.%* Experimentally this requires an
The impact of this interference between the lilise mix-  Pressure. For closely spacég branch lines 4J=0) this
ing) on temperature retrievals has already been stressed Bjeans very low pressures where the limiting width is the
several author§:® For instance, Edwards and Strdwsti- ~ Doppler width. Consequently, reliable mixing coefficients
mated that omitting line mixing in the retrieval algorithm can only be obtained if the instrumental resolution is at least
may result in errors in the measured temperature as high d$ times smaller and preferably 100 times smaller than the
Doppler width. For the 2130 cit Q branch of CQ at at-
dAuthor to whom correspondence should be addressed. Department (z ospheric tempe_ratures the Doppler width is apom 120 M.HZ
Physics, University of Toronto, 60 St. George St., Toronto, _\NHM)- Thus d!reCt measure_ments of weak line mixing in
Canada M5S 1A7. Electronic mail: dmay@physics.utoronto.ca this system requires a resolution at least on the order of 20
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MHz and preferably higher. Currently, the only spectrom-pacitance manometer, calibrated by the manufacturer to an
eters capable of such high resolution are diode spectronmabsolute accuracy of 0.05% of the full scale reading. The
eters? and difference frequency laser spectrometdéfhese  calibration of the MKS gauge at atmospheric pressure was
can achieve resolutions on the order of 1 MHz. Line shifts inchecked with a barometer and the zero point was adjusted
atmospheric gases are typically much smaller than lineusing a vacuum gauge.
widths. Nevertheless, with a resolution of 1 MHz it is pos- The high pressure spectra presented in this work were
sible to measure line shifts. Here we use a difference frerecorded using a Bomem DA8.003 Fourier transform spec-
guency spectrometer to measure linewidths and asymmetrié#ometer with a 0.5 mm aperture. With this setting, the in-
and the overall band shift of the 2130 ¢hQ branch of pure strumental linewidth(0.004 cm?t) was much smaller than
CO, at low pressures. The lines are analyzed in terms of @he width of the collapse® branch. For the FTIR spectra we
Voigt profile and spectral profile first introduced by Henry used a 25.0 cm, temperature-controlled cell equipped with
etall? and adapted to include line mixing by Berman CaF, windows. The temperature was measured and stabi-
et al?>*3 and Predoi-Crosst al1* At high pressures, where lized at 303 K. Spectra with a signal-to-noise ratio in excess
severe overlapping of the lines occurs and resolution is not af 1000:1 were recorded from 1 to 20 atm. In all cases, the
problem, we have used an FTIR spectrometer to record thgas was precision Aquaratd7 ppm methaneand sup-
band. Here, we examine the suitability of an EPGplied by Matheson. To provide a comparison between the
“law” 891ltg relate the broadening to both the mixing whentwo sets of measurements, a few spectra in the neighborhood
the lines weakly overlap and to the spectra at high pressuresf 1 atm and lower were recorded with both spectrometers.
No systematic difference between the two sets was detected.
EXPERIMENTAL DETAILS Figure Xa) shows the FTIR transmission spectrum of

Al
We have described our difference frequency laser spec(—:02 from 2060 to 2140 " as measured at a pressure of

trometer in earlier publicationiS:*® Here we outline its main 2/ 49 kPa. There are three stro@doranches in this region.
features. Infrared radiation in the 2.5 to 54n region is :

obtained by overlapping the beams from a frequency
stabilized Argon ion laser and a Coherent 699-29, R6G dy

laser and mixing them in a nonlinear Li}@rystal. The in- _ )
frared power is normalized by dividing the infrared beambranch at 2130 cimt observed with the FTIR spectrometer at

and monitoring the input and output signals of an absorptiorﬁfv‘g’ral pressurtes bet\éveen 1dan$h1t9h atgj];fFlchr)es?ows
cell with two identical LN cooled InSb detectors. To avoid € same Spectrum observed wi € dirference frequency
gpectrometer but over a range of pressures from 0.67 to

CaF, windows mounted at the Brewster angle while thelg'34 kPa(100 kPa-1 a.trT‘b. B.ellow .15 kPa the lines are
generally well resolvedline mixing is weak and have a

LilO 5 crystal was antireflection coated. The maximum varia-°; .
tion of the empty cell transmissidibaseline signalwas one width (HWHM) on the order of 100-300 MHz. Since the

part in 500 for a 1 cm! scan. The frequency measuring resolution limit of the FTIR spectrometer is 120 MHz it is

subsystem has as principal component a temperature sta&l-ear that it could not yield accurate line shapes at such low

lized, scanning Fabry—Perot interferometer and a 1‘requenc?ress'ures'_on the other hand, the difference frequency spec-
stabilized He—Ne laser to monitor the variation of the fre-OMeter with a resolution on the order of 1 MHz is ideal for

quency of both the dye and Argon ion laser. Using this eX_accurate line shape studies of this band at such pressures.

perimental setup we can achieve a resolution of about 1 MHZ Nis would continue to hOId. true even If the pressure were
(3x10 5cm %) and a signal-to-noise ratio close to 1500:lreduced further since the limiting Doppler width is calcu-
for a 1 second integration time lated to be 60 MHZHWHM). As we shall see, below 15 kPa

In the present experiment at low pressures, we have use!@e mixing 1S ngk for thisQ brangh. Consequently our
a temperature controlled 4 m long gas cell. The cell middidParer naturally divides into two sections. The first part deals

point temperaturé296 K) was controlled with a precision of with spectra recorded at low densities with the difference

+0.4 K and measured using thermocouples. We have tried tgeguency spectrom_eter. Thes_e spectra ar_e_analyzed In terms
of isolated lines or lines showing weak mixing. The second

minimize the temperature gradients at the cell ends by at-" ™. . .
taching additional heating coils to the end flanges. As gection deals with measurements at higher pressure made

check we have compared the thermocouple readings with th‘@ith either the difference frequency or the FTIR spectrom-

temperature determined spectroscopically by measuring tHaer The analysis at high pressures consists of seeing how

ratio of line intensities of twoQ branch lines. This ratio well the analysis at low pressure may be extrapolated to in-

depends upon the rotational gas temperature and the trandf'Pret the spectra in the strong mixing limit. Since this baper
tion dipole strengths. For line strengths we have used th eals with a number of aspect_s of line shapes, to aid the
values reported in the HITRAN databassing this simple readgr, we make liberal use of titles and subtitles to separate
method we have confirmed that the rotational gas temperéhe different areas.
ture agrees within 0.5 K with the reading of the mid-cell
thermocouple.

Most measurements with the difference frequency spec- Figure Xc) showed sample COspectra of the 2130
trometer were made at pressures ranging from 0.7 to 15 kPam ! Q branch at pressures below 15 kPa. Ohlgven lines
The gas pressure was measured with an MKS 120 AA caexist for this branch since onlyeven states are found in the

The branch at 2077 cnt was studied by Bermaet a
Here we report on the branch at 2130 ¢min a future
gublication we will report on the branch at 2093 ¢hFig-
ure 1(b) shows on an expanded frequency range Jhell

ANALYSIS
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FIG. 1. Absorption spectra of pure GO(a) FTIR spectrum showing
bands in the 2100 cnt region at 1 atm(b) FTIR spectra of th& branch at
2130 cm* at several pressures above 1 atm, émyddifference frequency
spectra of theQ branch at 2130 cat at a fraction of an atm

(1 atm=100 kpa).
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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 COQ branch at 2077 cit. 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 termsusing 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 enti@ 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 requiredestimate
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 B! for the
rates of relaxation of the rotational states. The EPG law gives
the collisional transfer ratex;, , from a rotational statkto a
higher rotational statgas

rkik=a[|AE;|/Bo] P exd —c|AE;|/By], (]

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

PKKjk= PjKKj (2

wherep, is the population of the rotational state 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 Strotand Bermaret al!® we take
ki to be the rates for the vibrational state with odlgven,
here the upper level for the 2130 ¢mQ branch. For the
lower state we take the rate between evestates a3«
and theJ odd toJ even as (+ ) kj. This model keeps the
rates, out of a given, evehstate in both the lower and upper
vibrational levels, nearly the same.

We must now establish the relationstspbetween the
population relaxation rates and the elements of the relaxation
matrix W. In a pure random phase approximation one would
set the diagonal elements\0f, 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 interbranchR—Q—R) mixing and sat-
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isfy the sum rule for a column of the relaxation matrix. As in tensity, S, is given in cm ¥(molecule/crf), then frequen-
Refs. 9 and 11, we depart from a pure random phase modeles in Eq.(5) must be in cm®. The complex weak mixing
by ignoring interbranch mixing. However, we still fix the coefficientY;+iZ; is given by

widths or diagonal elements according to

Yi+izi=; it (Wigpi+ Weipi) I Sivigs (6)
Wkk=(1/2)(2 Kij . .

] wherev; = v;— v, andW,, is an off-diagonal element of the
relaxation matrix. To be consistent with the gap law model

+(1/2){ 2 BKijrz (1_,3),(“(], ©) introduced above we must talgg equal to zero. It is clear
i j from Eq.(5) that each line consists of a Lorentzian line shape
) i ) i plus an asymmetric term proportional to the associated dis-
wherek is even. On the right hand side, the first two termspersion curve. In the weak mixing limitG;=H,=0) the

havej even while th? th'.rd term hqsx_)dd. The_ curly brackets strength of the asymmetric term grows linearly with pressure
separate the contributions associated with the upper angaive to the symmetric component. This is a well-known
lower vibrational states. It is clear, givemb,c, 8 and the signature of weak mixing.

spacing of the rotational states, that thg broadening coe_ffi— For the first fewQ branch lines the Rosenkrafizor
C|ent§ may be calculated. Conversely, given the broadenln\g,eak mixing approximation is inadequate at 15 kPa. As im-
quffI(;:Ien]'E.S ”:je, set IOf constarasb,c and mzy ?_e deter- lied by the iterative fitting routine outlined above we correct
ok experimental values of the broadening coefficents fof =, &*PeTimental profies by estimating the coniribution
made by the second order or Smith’s terf@s,andH; and

this Q bra_nch. quever, as is _weII known, the_ yvidths aresubtracting them from the experimental data. The intensity
relatively insensitive to the particul® branch. Initially we factor, G, is giverf by
1 I

use both the broadening parameters and the valye ref
ported in Ref. 13 for the branch at 2077 ¢ We also
require the rotational state energies. These we take from the
HITRAN databasé. The estimated values @ b, andc are
51.085< 10 3cm Yatm, 0.258167 and 0.002 64, respec-
tively.

So far we have outlined the connection between broad-
ening coefficients or diagonal elements of the relaxation ma- —22 D (] ) Wi Wi /v v 7)
trix and the rotational relaxation rates. For the first fitting of kol
our experimental profiles we require an estimate of the firs,, quadratic shift coefficient is giverf by
order line mixing. This requires, among other things, the
off-diagonal elements of the relaxation matrij;,. Con-
tinuing to follow Refs. 9 and 13, we assume that the rela-
tionship between the off-diagonal elements Wfand the
rotational relaxation rates to be given by

2
GiZEk: Wi Wi / v — Ek: (peic] i) Wy I v

+22k (! i) Wi Wi /v

Hi:; Wi Wi /vy - 8

Now Eg. (5), as it stands, is inadequate for atmospheric
modeling. It neglects Doppler broadening and Dicke narrow-
W= — B (4) ing and it neglects speed dependent broadening and shifting.
For CO, collisional shifting is weak and almost constant
when thell state is involved. This is justified on the basis of across the branctsee, for example, Ref. 13Thus we may
calculations performed by Greéh. safely ignore speed dependent shifting. It is common practice
Having established our model for the relaxation matrix,in atmospheric modeling to neglect Dicke narrowing and
the next step is to describe the spectral predilesed for the speed dependent broadening and to consider only Doppler
band. If we neglect the translational motion and assume thand collisional broadening. The corresponding Voigt profile
broadening and shifting is speed independent, then up to setticluding line mixing is obtained from Eq5) by convolu-
ond order in the components of the relaxation matrix, thelion with a Gaussian profile. We refer to this profile as the
absorption coefficient may be writtein the form V,m 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, Henrgt al!? convolved the speed
—P&—P?H)M{(v—v;—P5—P?H))*+(Py)?}, dependent Lorentzian with the hard collision model for the
(5)  translational motion. Since an entire band, including weak
mixing, has the form of a sum of isolated line profiles plus
where the broadening coefficieng; equals the real part of the associated dispersion curve it was possible for Berman
W;; (expressed in per atmand the shifting coefficients; , et al>*® and Predoi-Crosst al!* to generalize the form of
equals the imaginary part &, . P is the pressureN is the  Henry et al12 They constructed a profile for an entire band,
number of active molecules per unit volume, andis the including weak mixing, speed dependent broadening and
free molecule transition frequency. If the integrated line in-Dicke narrowing. We refer to this model as the H®and

a(v)=z (N/m)S{Pvy(1-PZ+P2G))+PY,(v—r,
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FIG. 2. Difference between measured frequencies in the 2130 ¢n El'ooo ‘
branch lines and correspondingrAaNgs values plotted versus line position.

i L 0.998 : : . '
profile. For the expert reader, we note this is distinct from the 21289 21291 21293 21295 21297 2129.9
well-known speed dependent hard collision model of Rautian 1.002
and Sobelmar® Bermanet al? have shown that the HC [ HC, model
model gives a realistic description of an isolated line all the -
way from the low density Doppler limit up to the extreme _§ LI
Dicke limit where the direct contribution of the translational 7 1000 AT D
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. 0.998 . . . s .
The hard collision model for the translational has as input 21289 21291 21293 21295 21297 2129.9
parameter, the diffusion constant. Here we use the mass dif- Frequency (cm™)

fusion constant? This yields a value of 10.9 atiifor the

so-called narrowin arameter commonly used in thé:I.G' 3. Tra_msmittancel(lo) for the CQ, Q branch at 2130 cit, measured
gp Y with the difference frequency spectrometer at 14.55 kPa and 298 K. Also

; 20 = 21 ;
“teraFure' Finally, Be_rmanet al™" have recently g'Ven_an . shown are the residual3 §,s— Tr;) when theV,,, or theHC, model is used
algorithm for calculating a speed-dependent Lorentzian inn the fitting routine.
terms of two carefully chosen speed independent or simple
Lorentzians. Thus it is a simple matter to implement a model
with weak mixing, Dicke narrowin nd with - . . . .
t ca g, DICke narrowing a d. th speed recalibrated the interferometer spacer using the Hitran96 val-
dependent broadening by adding two equations of the form . . .
. . - ues for the frequencies of the lines. For all further analysis
given above for the band absorption coeffici¢ay. (1)] we used the corrected experimental frequency axis
each convolved with a Gaussian profile. A method for estab- P q y '
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 Bernearal? In  Spectral fits

their terminology the value af used here for all of the lines The simplest test of a spectral profile is the accuracy

was 6.00. with which it reproduces the experimental profiles. In Fig. 3
we present an experimental spectrum at 14.55 kPa and the

RESULTS (0 TO 15 kPa) residual from the fit with the both th¥,,,, and the HC

model. Without the frequency corrections there would be
very large residuals at each line. More important is the fact
In analyzing the low pressure results, we found smallthat the residuals are much larger for ¥g,, model than for
systematic differences existed between the measured relatiiee HG, model. This is understandable. At 14.55 kPa Dicke
frequencies and those listed in Hitran&@rigure 2 shows a narrowing is important and the Voigt profile is no longer
plot of the difference in frequency plotted as a function ofappropriate. As HC converges to/,,, at low densities the
the frequency of the line. Note the disagreement is only dwo residuals must converge at lower pressures. At 5 kPa
few times 10%cm ™%, i.e., less than 10 MHz. The difference both profiles reproduce the experimental profiles equally
can be explained by a change, during realignment, in thevell. Thus we inter-compare fitted values only for results
length of the interferometer used to monitor the frequency obelow 5 kPa. As we will see below the frequency shifts are
the dye and argon ion lasers. To correct for this we haverery small and except for the very loiMines, line mixing is

Frequency calibration
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TABLE I. Frequencies in cmt and line strength in units of TABLE II. Total strength in units of 10%*cm™~Y(molecule/crf) of the CG,

10~ ?*cm Y(molecule/crd) of CO, at 2130 cm* and 298 K. Q branch at 2130 cm' and 298 K.
Present experiment Ref.23  HITRAN 96 References So(2130 cmd)
J i 2 J)2 J)P J)°© J)¢
vmem Sold) Sold) Sol) Sold) Present measurements 209486

38 2128.88038 1.99) 1.994) 1.98 1.97 Rinslandet al. (Ref. 23 213.25)
36 2128.96104 2.53) 2.51(4) 2.47 Rothmanet al. (Ref. 24 119.0

34  2129.03907 3.09) 3.074) 3.01 3.04 HITRAN (Ref. 22 209.93

32 2129.11422 3.13) 3.706) 3.68

30 2129.18611 4.39) 4.365) 4.34 4.37

28  2129.25465 5.1B) 5.086) 5.08

26 2129.31950 5.8B) 5.784) 5.80 In Table Il we compare our vibrational band intensity
24 2129.38049 648  6.454) 6.58 6.48 with Fourier transform measurements of several other
22 2129.43744 7.09) 7.0605) 7.09 > o4 ) .

20 212949014 7.58) 7.515) 764 758 groups? The error quoted in Table Il for our results is
18 212953844 7.89) 7.86(5) 7.97 791 twice the fit error. Our measurement does not agree within
16  2129.58218 7.99) 7.966) 8.15 8.04 the stated error limits with the two Fourier transform mea-
14 2129.62125 7.88) 7.847) 8.06 7.93 surements but is close to the mean value tabulated in
12 212965552 7.48)  7.448) rn 7.56 HITRAN96.2? Given the higher frequency resolution of the
10 2129.68491  6.88) 6.818) 1.0 6.92 difference frequenc tem and better baseline determina
8 212070948 598)  5.948) 6.17 6.01 1l _frequency system el rmina-
6 212072881 4.98) 4.898) 4.86 tion than in the other experiments, we believe our strength
4 2129.74218 3.59) 3.599) 3.51 measurement to be the most accurate value for this band.

2 2129.75213 1.98) 2.1310 2.00

As determined by fitting with théiC, model. Widths and broadening coefficients

PAs determined by fitting with th&/,,,, model. . .
°As determined by fitting with a Voigt profile. As an example, Fig. 4 shows, as a function of pressure, a

dAs determined by fitting with a Voigt profile and averaged over severalplot of the widths, determined by fitting the profiles to the
bands. HC, model. When speed dependence of the broadening is
included in the fitting profile, the term “width” loses precise

unimportant below this pressure. Thus we actually inter.M€@NING. The width reported here is the Boltzman averaged

compare only the intensities and the broadening coefficientg"ijtteh 2?%2 %thertig ?ﬁ:'ggggi?]?j Ir?wt\?r?elrl::;rt?ctglrle% fllgwe q
determined from fitting HC and V. P y

(strictly speaking, one cannot write the spectrum as a
convolutiorf) we see from Fig. 4 that the width satisfies the
commonly accepted view that it should be proportional to
The first results to appear from the iterative and progrespressure. Thus we may define pressure broadening coeffi-
sive fitting routine are the line intensities. Line mixing can cients as the slope of the line which passes through zero, in
alter the apparent intensities even when the lines appear relplots ofI',,, versus pressure. We designate these. &milar
tively well resolved, i.e.Z; may not be zero experimentally.
Thus accurate individual line intensities emerge from an

Intensities

analysis of the data below a fe#-5) kPa. Table | lists the 0.014
two values of the line strengths as determined from the two
fitted profiles. Examination of the table reveals that the line 0.012
strength determined from the bestVi},,, profile is margin-
ally smaller than that from the HCmodel. The results 0.010 I
should be the same and indeed they overlap within the —
guoted error bars. Also included in the table are the values as 's 0.008 I
measured by Rinslandt al?® and the values tabulated in <
HITRAN96 22 These were determined by fitting profiles to a E i
simple Voigt profile. At the low densities used here we may = 0.006
ignore the difference between a simple Voigt profile and T
Vu.m- Essentially, our results agree with the HITRAN values 0.004 1
within our quoted errors.
Neglecting interbranch mixing, the integrated band in- 0.002 [
tensity is independent of the degree of line mixing. From the
medium pressure spectra®<15kPa) we can determine 0.000 L L L L L J
the total band strength. In the fitting process we fixed the 0 2 4 6 8 10 12
relative line strengths to the values obtained from spectra at Pressure (kPa)

lower pressures and floated the overall vibratioQabranch G4 M o halfwidtiHWHM function of or th
intensity. The dominant source of error in our result arise% 4. Measured half-width ) as a function of pressure for the

. . L. . (10) line. The error bars are the statistical val(@se standard deviation
from baseline Uncertam_t)’_- The uncertainties in the pressurgyiained from the fits to thei C, profile. The solid line is the best fit straight
and cell length are negligible. line forced to pass through the origin.
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TABLE IIl. Broadening coefficients of pure CQin units of cm Yatm.

Present resulfs Ref. 1% Ref. 11 Ref. 258 Ref. 20 Ref. 22
m? 4.7 um 4.7 pm 4.8 um 4.8um 10.6 um 4.3 um All bands
2 0.127645) 0.131712) 0.124317) 0.1343 0.119 0.1214 0.1228
4 0.116926) 0.11566) 0.1163%5) 0.1175 0.1162 0.1173 0.119
6 0.112830) 0.10788) 0.11295) 0.1137 0.1108 0.1124 0.1141
8 0.110218) 0.10546) 0.10943) 0.1098 0.1074 0.1115 0.1116
10 0.107%6) 0.10374) 0.10634) 0.107 0.1066 0.1074 0.1091
12 0.10444) 0.10144) 0.10373) 0.1072 0.1053 0.1042 0.1067
14 0.10214) 0.09984) 0.10183) 0.1025 0.1038 0.1043
16 0.10083) 0.098a4) 0.09963) 0.1015 0.1009 0.102
18 0.0985%3) 0.09674) 0.09793) 0.0988 0.099 0.0998
20 0.09693) 0.09464) 0.09616) 0.0974 0.0994 0.0977
22 0.0958%4) 0.09374) 0.094534) 0.0956 0.0978 0.0956
24 0.09384) 0.09204) 0.09255) 0.0937 0.0959 0.0935
26 0.09214) 0.09044) 0.090845) 0.090% 0.0917 0.0916
28 0.000%4) 0.08874) 0.08867) 0.0869 0.0898  0.0897
30 0.08845) 0.08684) 0.08676) 0.0885 0.0882 0.0878
32 0.08785) 0.085%4) 0.08485) 0.0856 0.0882 0.086
34 0.085%4) 0.08484) 0.0843
36 0.08314) 0.08334) 0.0826
38 0.08215) 0.081414) 0.081

*m=j+1 for the R branch,m=—j for P branch, andn=j for Q branch transitions. Th® and R branch
measurements are averagedtyas| ym+ vm+11/2. The* indicates that eithey,, or y,.1 was not available.
bThe second column giveés, the broadening coefficient obtained using Hi€, model, and the third column
gives the values fow obtained using th¥/,,,, profile.

‘The Q branch measurements of Bermemal. (Ref. 13 were made at 301 K.

dGentry and Strow'sRef. 11) measurements were made at a single pressure and 296 K.

€The results of Danat al. (Ref. 33 are fromP andR branch measurements in the laser band region at 294 K.
The results of John&Ref. 25 are fromP and R branch measurements made in a hot band neau3at

300 K.

9HITRANSE [Rothmanet al. (Ref. 22] uses a collection of results and assumes the widths to be band and branch
independent.

results(width proportional to pressurevere found when the line is not well represented then there is confusion as to how
profiles below 5 kPa were fit witV,,,,. We designate the much asymmetry is due to direct overlap of lines and how
broadening coefficients determined in such a manner simplyhuch is due to line mixing. The first test of the analysis,
asy. SinceV,,, is almost identical to a sum of pure Voigt usingHC,, is the dependence of the strength of the mixing
profiles at these pressures, these broadening coefficients may pressure. Figure 6 shows plots, as a function of pressure,
be compared with values obtained by other researchers Whgr the mixing parameter for th@(2) andQ(20) lines. One
used a simple Voigt profile to fit individual lines. way of interpreting the parameter is the ratio of the maxi-
We summarize in Table Il our broadening coefficients mum amplitude of the dispersion or asymmetric component
for the 2130 cm' band and those measured by of the line to the amplitude of the symmetric component at
others™#32>2for g variety ofQ branch lines. We see from |ine center. For the)(2) line it is already 20% at about 4
the first two columns of broadening coefficients that the valyp, on the other hand, for th@(20) line it is only about
ues resulting from fitting with a Voigt profiley, are system-  1/5¢4 ot the same pressure. We see in both cases that the
atlc_:al_ly smal_ler than_those obtamed.usmg He, modezl,y. mixing parameter is indeed proportional to the pressure. For
This is consistent with the observations of Berneaml.” As each individual spectral line we have determined the mixing

e e oo fomPare 4 edrametrsy (1) by  Inea reression, orcing e e
' Yine to pass through the origin. These direct experimental

profile or at least a profile that neglected speed dependenc%’easurements of line mixing are presented in Table IV
Figure 5 illustrates what is well known, viz that the broad- 9 P '

ening coefficients are largely band independent, an assum here we p_resent two colu.mns of results. One, e>.<per|mental
tion made in compiling the HITRAN data base. alues obtained by neglecting the second order mixing terms,

G andH and second, values obtained by correcting the data
using our estimated values @& and H. We see from the
table and from a plot of the resulFig. 7) that the second
The last major result obtained from analyzing the loworder terms only make a significant contribution to the mix-
pressure data (@ P<15kPa) is the weak mixing parameter, ing for J values below about 10.
i.e., the combination, PY, of E¢5). We only useHC,, since As is evident from Fig. 7 the line mixing coefficients
V.ym does not well represent the isolated line spectral profilevary considerably throughout the band, both in magnitude
well over the entire pressure range, 0—15 kPa. If the isolatednd sign. This is characteristic of line mixing @branches.

Line mixing coefficients
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014 ©  Our measurements (V)

o Berman et al. (Ref. 13)
§ -—-— Gentry and Strow (Ref. 11)
- ---- Dana et al. (Ref. 25)
Voo e Johns (Ref. 26)
i —— - HITRAN 96 (Ref. 22)
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FIG. 5. Observed) branch broadening parameters as a functiod @pen
circles are the present results usMg,, to fit the spectra. The various lines
show the results of other experimenters for a variety of brantdes Table

Il for details). 0.02

The strength of the mixing varies inversely as the frequency
separation of the lines, which i® branches changes qua-
dratically with the rotational quantum numbér,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 plottedlincreasing to the left. For Q(20)
this band, then, frequency decreases to the left in Fig. 7 just
as it does in Fig. 1. This presentation makes a later discus- 0.00 L L L L . L )
sion simpler. 0 2 4 6 8 10 12 14

Pressure (kPa)

0.01

Testing the EPC model FIG. 6. Measured line mixing parameter 1@(2) andQ(20) as a function

. o . of pressure. The error bars are the statistical valore standard deviation
Above we used the broadening coefficieftigonal el- obtained from the fits to thelC, profile. The solid lines are linear regres-

ements of the relaxation matjixo determine the constants sion fits to the data.

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 estiare the weak mixing coefficients as modeled by Strow
mate the second order or Smith’s correction in order to genet al?’ Except for theQ(4) line the latter are in agreement
erate improved experimental values of the weak mixing cowith our experimental values and our values based on an
efficients. We now ask how well the off-diagonal elementsEPG law.

based on the EPG model are able to predict these experimen- Assuming detailed balance between the off-diagonal
tal weak mixing coefficients. Included in Table IV are the elements of the relaxation matrix and the expression
estimated mixing coefficients for two different choices®f for the mixing coefficient allows one to deduce the
[see Egs(4) and(6)]. We see thag=0.6 gives the closest sum rule, 3;SY;=0282° We checked our experimental
agreement between the experimental values and those estalues for agreement with this sum rule
mated from a EPG law for the rotational relaxation rates anénd found 3;SY;=—1.68x 10 2+ 1.34x10 = —0.34

the assumed relations between these rates and the elememtd0 >2cm™Y(molecule/cri). This is significantly different

of the relaxation matrix. The values for tlag b, andc coef-  from zero. It can be argued that the discrepancy arises from
ficients in Eq.(1) obtained forgB equal to 0.6 are: 51.782 the neglect of interbranch mixing. The sum rule is supposed
X 10" 3cm Yatm, 0.259739 and 0.002635, respectively.to be applied to the entire spectrum or at least to all interact-
These differ little from our first estimate or from the valuesing lines. Since a branch collapses towards its center of grav-
for the Q branch at 2077 cit.!® Also included in Table IV ity, Fig. 7 reminds us that our sign convention is such that
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TABLE IV. Weak line mixing coefficients, in units atm, for transitions of

the 2130 cm® Q branch of pure C@at 298 K.

Experimental Calculated
a b c d e

J B=06 p=0.63 p=0.54

2 —-5.3212) —5.0311) -5.022  —5.296 —4.892

4 -1.804) —1.434) -1.493 —-1573 —0.950

6 -0.352) -0.293) —0.236 —0.248 —0.248

8 —0.0388) —-0.082) —0.006 —0.006 —-0.012
10 0.0789)  —0.00610) 0.091 0.096 0.089
12 0.0815) 0.0485) 0.153 0.161 0.137
14 0.0996) 0.0879) 0.183 0.193 0.160
16 0.1698) 0.1439) 0.198 0.209 0.172
18 0.1699) 0.1619) 0.205 0.216 0.176
20 0.1968) 0.1795) 0.205 0.216 0.176
22 0.2119) 0.2006) 0.202 0.213 0.175
24 0.2019) 0.1985) 0.198 0.208 0.172
26 0.21%6) 0.2066) 0.192 0.202 0.168
28 0.20@9) 0.2064) 0.186 0.196 0.164
30 0.2087) 0.1969) 0.180 0.189 0.160
32 0.1726) 0.18715) 0.173 0.183 0.157
34 0.1848) 0.1725) 0.167 0.176 0.153
36 0.1747) 0.1654) 0.162 0.170 0.150

#Experimental results obtained by ignoring the second order or SiRéh
7) terms.
PExperimental results obtained by correcting data for second order terms.

“Calculated coefficients from present broadening coefficients using a valupegativeY values pulls this band towards lower frequencies.
for B of 0.6.

dCalculated coefficients from present broadening coefficients using a value

for B of 0.63.

®Calculated coefficients using the expressions given in Ref. 27 gfor

=0.54.

FIG. 7. Measured weak line mixing coefficients versus rotational quantu
number,J. Open triangles are results obtained without correcting spectr.
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FIG. 8. Shift of the 2130 cm' 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.

Since interbranch mixing between th@ branch and the
strongP branch at lower frequenciésee 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 th&-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 thR branch with
respect to the® 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 0.146<10 3cm Yatm. This is of
the same size but of opposite sign from that measured by
Bermanet al. for the Q branch at 2077 cit. Perhaps this is
explained by the fact that the character of the states involved
(2 andII) are the same but the levels for the two transitions
are inverted one with respect to the other.

RESULTS (P=15kPa)

There are a number of interesting, and at the same time
disturbing, features in the spectra as the pressure is increased
gbeyond 15 kPa. Figure 9 shows a set of spectra at approxi-

data for second order mixing. Filled circles are mixing coefficients obtainedmately 0.5, 1, 3, and 5 atmospheres compared to our calcu-
with a second order correction based on an EPG law for the rotationalated spectra. The calculated spectra use our relaxation ma-

relaxation rates. The error bars are obtained from the linear regressions ?i[
the line mixing parameters as a function of pressure. The smooth solid liné

ix, as determined from the low pressure broadening

is the value calculated from the EPG law and the broadening coefficients o@oefﬁCientS and an EPG model for the relaxation of the ro-
this paper.

tational states. We follow the usual method of full inversion
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FIG. 9. A comparison of high pressure spedalid lineg of the 2130 cm?® Q branch of CQ and spectrgdotted curvep 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. Théaspézmamat
and(b) 1 atm were recorded with the difference frequency spectrometer. The spe@)a8atm and(d) 5 atm were recorded with the FTIR spectrometer.

of the matrix equation for the band spectrafiincluding in  overall shift of theQ branch. The apparent shifting coeffi-
the calculated spectra the measured shifting ofQHaranch  cient is negative, being about four times larger and of oppo-
and the simple overlap with neighborirfg and R branch  site sign to that measured at low pressures. If only the data
lines. Doppler broadening/Dicke narrowing and speed deabove 3 atm were available, it would be tempting to shift the
pendent broadening are safely ignored in the strong mixingomputed spectra to lower frequencies. While such a shift
limit. Note these are not fits to the high pressure spectra butould reduce the overall size of the residual near the peak of
are rather extrapolation of the low pressure spectra to preshe branch it would however produce a significant mismatch
sures where strong mixing occurs at least among theJow between the structure which is evident for the higines at
lines, if not the entire) branch. At this level of mixing our 1 atm. It is this structure which fixes the two frequency
calculations are insensitive to the choice of the broadeningcales.
coefficients,y or y that are used to determine the EPG pa- We are therefore forced to conclude that the model is
rameters. deficient in that it cannot predict the asymmetry of the band
We see clearly, from the plot of the residuals in Fig. 9,with increasing pressure and we must consider what physics
that there is an asymmetric component which becomes inis being ignored or poorly represented in the model. As sug-
creasingly larger with increasing pressure, although not lingested above, one immediate candidate is interbranch mixing
early at the highest pressures. If mixing within ®éranch  which in this case is primarily between ti@ and theP
was all that mattered, then the asymmetry should decreaswanch since theR branch is suppressed by Coriolis
with increasing pressure. Another disturbing feature is thénteractions? If interbranch mixing is indeed the main
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