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We have measured the room temperature, widths, pressure shifts, and line asymmetry coefficients
for many transitions of the first overtone band of CO and CO perturbed. byTRe broadening
coefficients were obtained with an accuracy of about 1%. The pure CO profiles have been fitted by
a Voigt profile while the CO-Blspectral profiles have been fitted with a Lorentz and an empirical
line shape model (HG that blends together a hard collision model and a speed-dependent Lorentz
profile. In addition to the Voigt, Lorentz, and HGnodels, we have added a dispersion profile to
account for weak line mixing. The line broadening and shift coefficients are compared to
semiclassical calculations employing a variety of intermolecular interactions. The line asymmetry
results are compared to line mixing calculations based on the energy corrected @@d&emodel.

The results indicate that effects other than line mixing also contribute to the measured line
asymmetry. ©2000 American Institute of Physid$§0021-9606)0)01425-2

INTRODUCTION that the asymmetries are not entirely due to line mixing.

it work e present room tempratre, experimenta MOCEE 0 amoseher absorlon redure Ine parem
measurements of the broadening, shifting, and line asymme- 9 P P ‘

tries in CO and CO—pmixtures for the first overtone band. interpolate between experimental values and to extrapolate

These spectroscopic parameters are needed for the MOPI yond them, it is essential to support any empirical law by
satellite project. The purpose of MOPITT is to measure thetheoretical calculations that establish an understanding of the

concentrations of CO and GHn the troposphere. Specifi- underlying physics that controls the important Iipe param-
cally for CO, the objective is to obtain profiles with a reso- eters. For this reason we have performed theoretical calcula-

lution of 22 km horizontally, 3 km vertically, with an accu- tions of the width and shift coefficients using the Robert and

racy of 10%. The results of the MOPITT project will be Bonamy(RB) formalisnf and several interaction potentials.

global maps of carbon monoxide and column methane diSI__me mixing coefficients were calculated using the energy

. . ’10
tribution in the troposphere and will lead, through three—CorreCted sudde(ECS approximatiort
dimensional(3D)-modeling, to an increased knowledge of
tropospheric chemistry. EXPERIMENTAL DETAILS AND RESULTS

In the last 40 years, there have been few laboratory mea- o )
surements of the broadeniti§ and shifting® of the first The spectra analy;ed in this work were recorded using a
overtone,P andR branch lines of pure CO or perturbed by Bomem DA8.003 Fourier transform spectrometer. The CO

N,. Plyler and Thibault have summarized the very early SPectra were recorded at 0.01 chresolution using a 1.5

measurements of self-broadening. There have been no preyiM aperture. We have used two different cells. The C9-N
ous measurements of line asymmetries for the02band.  SPectra were recorded using a cell of I_ength 25.06 cm while
This paper reports on the first in a series of high resolutiorf"€ pure CO spectra were recorded using a 2.5 cm cell. Both
studies planned to extend the range and precision of me&€lls were equipped with Cafwindows. In order to enhance
surements of the widths and shifts and to measure the we4R€ signal-to-noise ratio, the InSb detector was provided with

asymmetry coefficients. One of the results will be to show? €0ld, narrow-band filter. The CO-Nneasurements were
made at 303 K at pressures ranging from one to six atmo-

spheres. The pure CO spectra were recorded at room tem-

dpresent address: JDS Uniphase Corporation, 570 West Hunt Club R
Nepean, Canada K2G 5W8, dperature(296 K) over a range of pressures from 30 to 80 torr.

bAuthor to whom correspondence should be addressed; electronic mail-Of the CO—N measurements a miXt_Ufe of 5% CO_ i.l} N
dmay@physics.utoronto.ca was used. The temperature was monitored and stabilized us-
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not be ascribed solely to line mixing. For this reason, when

10 Tq‘ﬂe‘“‘” SRR ‘\ (i I Y ‘ ‘ ‘u w‘ i U“ W of the symmetrigLorentzian component of the profile, can-
09 1
g o | i ‘ ‘ 1 ‘ H discussing the experimental results we will simply refer to
e asymmetry coefficients. The cdddor the Voigt profile fits
§ 07T spectra in a 10 cmt band at all pressures simultaneously. In
06 | 1 atm essence this forces the width, shifting, and asymmetry to
0s ‘ . . , scale linearly with density. In addition to successfully fitting
4160 4180 4200 4220 4240 4260 4280 4300 4320 4340 the spectral profiles, the code also models correctly the zero-
level, phase error, and parameters associated with the level
L0 [N | i M ”” and shape of the instrumental continuum. The output from

H “ ‘ “ 1 “ | i \‘ \“ \ H \\‘Mu“\‘w‘”\“‘\‘
09 b

V=)

. asymmetry coefficients. The gas behaves as an almost ideal

oo
T

m. the fitting routine are values of the broadening, shift, and

M il
‘ J ‘ gas at these low pressures and it is therefore meaningful to
l \ l follow a practice common in atmospheric work and quote all
3 atm coefficients in atm?.
0s ‘ . ‘ The spectra used to determine the-$pectral param-
4160 4180 4200 4220 4240 4260 4280 4300 4320 4340 eters were all recorded at pressures above one atmosphere.
At such pressures the Voigt profile is inappropriate from a
physical point of view. For this reason we have chosen to fit
' our N,-broadened spectra using a Lorentzian profile with an
L ‘H associated dispersion profile to account for line mixing ef-
H \‘ “ “ ‘HH fects. This program does not incorporate the instrumental
” ‘H line shape. At the pressures used in our study the half-width
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06 [ 6 atm of the pressure broadened spectral lines was at least ten times
05 ‘ . . . . L larger than the half-width of the instrumental line shape.
4160 4180 4200 4220 4240 4260 4280 4300 4320 4340 A second profile, the speed-dependent hard collision in-

wavenumber

troduced by Hennet al3 (called H* in Ref. 13 and labeled
FIG. 1. Sample Fourier-transform infrared spectra of the first overtone ofHC, here, was also used to analyze the CO,-lata. This
CO at 303 K, perturbed by N profile provides a realistic scaling with density all the way
from the low-density Voigt limit to the high-density Dicke
narrowing regimé* HC, is distinct from the speed-
ing an Omega temperature controller. The wave numbe@ependent hard collision model of Rautian and Sobelfian.
scale was calibrated using the residual water fhpsoduced ~ The underlying profile in HC is the speed- dependent
by absorption within the evacuated spectrometer. The meakorentzian, L,, given by, L,(w)=[f(v)dv/[Aw?
uncertainty in frequency for unblended lines is estimated to+ I'(v)?], wheref(v) is the normalized Boltzmann distribu-
be +0.0005 cm®. Signal-to-noise ratios in excess of 2000 tion for the speedy, of the active moleculedw is the fre-
were achieved foa 1 sec integration time. quency measured from line center, ahiv) is a speed-
As an example, Fig. 1 shows a plot of the transmissiordependent width. To incorporate the effects of speed-
spectrum for the first overtone band of CO-&t three dif- dependent broadening, the Doppler effect and Dicke
ferent pressures. At one atmosphereRrendR branch lines  narrowing;® Henry et al.'® convolvedL () with the hard
are well resolved and there is negligible overlap of adjacencollision model for the translational motidmcalled T,(w)
lines. At 3 atm the valley between the lines is just beginninghere and (w) in Eq.(3.4) of Rautian and Sobelm&t. Thus
to “fill in.” Prior to an analysis of the profiles, we labeled HC, can be written as HEw)=Tp(w)*L,(w), where*
this the regime of weak line mixing. In hindsight it is the indicates a convolution. For completeness we note, if the
regime of weak asymmetry. At 3 atm, “line mixing” is more width is speed independent, thaj(w) reduces to the well-
severe but there is little or no evidence of the overall collapsé&nown Lorentzian profile,L(w)=1[Aw?+T?]. Further-
of the band that occurs at very high pressdfeBor CO at  more, if G(w) is the Gaussian profile associated with Dop-
the highest pressur@0 torn, the spectrum looks very simi- pler broadening, then the Voigt profile/(w), may be
lar to the 1 atm spectrum presented in this figure for CQ~N written asV(w)=G(w)*L(w).
i.e., there is no overlap between adjacent lines. The expression fol'(v) used in the speed-dependent
We have fitted the experimental absorption coefficientprofile, HG, , is the one of Warat al’ This model is char-
using several line shape models and two computer codesacterized by a spectroscopic interaction varying agd the
The CO-CO measurements were made at low pressuregower N (wherer is the separation between the center of
where the Voigt profile convolved with the instrumental line mass of the active molecule and the perturbend by a
shape function is the appropriate line shape for isolated linedoltzmann averaged widtH; ,,= [ f(v)I'(v)dv. Typically,
To this profile we have added the corresponding dispersivé ,, andN are fitted parameters. In our cadevas set equal
term with the original intention of accounting for line mix- to 6% For both line profile§HC, andL) the spectra were fit
ing. Below we will see that the line asymmeti,as defined in sections about 10 cht wide at each pressure. The broad-
by the amplitude of the dispersive relevant to the amplitudeening (), shifting (), and asymmetryY) coefficients were
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TABLE I. Line broadening, shifting, and asymmetry coefficients in the precise values but our measurements are more extensive. To

20 band of pure CO at 296 K s a functionrof the best of our knowledge there are no previous direct mea-
y surements of the CO-CQassumeg weak mixing or
Voigt model s(m) Y(m) Rosenkran? coefficients for this band.

m [10 %cmtatm ] [10%cmtatm ']  [10%atm '] The results for CO—MNare plotted in Fig. 3 and com-
20 53.6049) —5.4855) 3.87) pared with previous measurements. For the broadening coef-
~19 54.1032) —5.3544) 2.86) ficients the earlier measurements of Bouanich and Brodbeck
-18 55.6038) —5.5037) 1.1(4) are higher than ours in the regionmfequal to 7(only theR
-17 57.1021) —5.1531) 2.04) branch values are plottedThe results of James and Plyler
:12 gg'igig :ggi;g :g'éi; are systematically lower, while the recent results of Voigt
_14 60:2(013) 74:9322) 71:5(4) et al® are essentially in agreement with our more precise
~13 61.6011) —4.9320) —3.7(4) values. For the shifts, the measurements of Bouaetc °
-12 62.009) —4.7219 0.24) are in agreement with our more precise and more numerous
-1 62.909) —4.8718 0.13) measurements. Once again, there are no previous measure-
_fg 22';’33; :3';;(1% :;"5‘(&8 ments of thelassumegpiweak mixing coefficients. This com-

g 65.907) —4.6417) —2.204) pletes the summary of the experimental results. In the next

7 67.1G7) —4.5516) —2.803) section we outline the theories used to analyze the measure-

-6 69.0a8) —4.3616) —4.1(4) ments.

-5 71.2Q7) —4.1416) —4.6(7)

-4 73.949) —3.6316) —5.2(5)

-3 77.6012) -3.3318 ~7.305) THEORETICAL CALCULATIONS

-2 81.6019) —-2.7321) -8.7(3)

-1 87.4043) —-2.5035) —-9.1(6) Within the usual semiclassical framework, the colli-

1 87.3033) —2.2632) 8.1(5) sional half-width,vy, and frequency shifty, of an isolated,
g %-ggig :g'géig ‘S‘gg pressure broadened transition are given by,

4 73.847) —3.3414) 0.4(5) n o o

5 71.1G6) —3.5514) —0.24) y+i6=—2 pjf uf(u)duJ 27bdbSb,u,d), @

6 68.605) —3.7114) —2.5(4) 27C % 0 0

; 2333 jﬁ?éig :2:;(3 wheren is the number density of the perturber gé&y) is

9 64.706) ~3.7513) —3.604) the Maxwellian distribution in the relative speed, of the

10 63.605) —~3.9013) —3.2(5) absorber-perturber collision pajr; is the relative population

11 62.605) —3.81(13) -5.23) of the perturber in théJ,v =0) state,Sis the complex dif-

12 61.606) —4.0014 —3.16) ferential cross section representing the collisional efficiency,

13 60.606) —4.11(15) —4.2(6) : : :

14 50.607) 42716 _5.95) andp is the impact parameter. Of course Ed) is poj[ cor-

15 58.507) —4.2316) ~8.1(6) rect if speed dependence of the active molecule is important.

16 57.5016) —4.4418) —5.905) We ignore this subtlety here. Furthermore, performing the

17 56.2Q11) —4.3519) —7.25) calculations only at the mean relative veloc{ty) leads to

18 55.7014) —4.5122 —7.44) small errors, an insignificant price to pay for a large reduc-

;g gggg;g :i'gigg :g'ig tion in computer timé® Performing the two integrations

21 52.0028) —4.7036) ~11.76) separately allows the first to be replaced @y and the

22 51.5034) —5.3847) ~11.07) complex differential cross section to be written as

23 50.2042) —4.7358) —-12.35) S(b,(u),J) or, in condensed notation, &(b)+iS(b).

Within the RB formalisnf the differential broadening and
shifting cross section§”(b) and S%(b), respectively, are
given by,
determined from a plot of the appropriate parameters as a .y, nis niso, clis
function of pressure. For CO-N small corrections were $°(b)=1—ex{ReS;™ x cog Im S5 S7°] (2
applied to correct for departures from ideal behavior at theand
higher pressures. The results for CO-CO and C®-ah¢ S/ nis . NSO i
gi\g/en iinabIes I and Il, respectively. The error Iimitgquoted S (b)—e?q{Re$ PxsinIm S5 S, ®
in the tables are one standard deviation. The C@rdsults  where Re§™) is derived from the anisotropic part of the
were corrected for self-broadening and shifting. potential and represents the real part of the second-order per-
For CO-CO, the results are plotted in Fig. 2, along withturbation expansion oB(b) in powers of the interaction.
previous measurements near room temperature. For tHen(S™®) is nonzero because of the noncommutative charac-
broadening coefficientsy, we see there is general agreementter of the interaction at two different timeS;°, a real quan-
between the various measureméfitsat low values of the tity, is the vibrational phase shift arising from the difference
line number,m. For values ofm|>5 the present results are in the isotropic part of the potentia¥,, between the initial
systematically slightly lower than all of the previous mea-and final state of the transition. The trajectory model used in
surements. For the shifts, the most recent measurements of this work includes the influence &f;,, [taken as a Lennard-
Bouanich and co-worket$ are in agreement with our more Jones(LJ) potential in the equation of motion around the
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TABLE II. Line broadening, shifting, and asymmetry coefficients in tke@®band of CO:N at 303 K as a
function of m.

Y Y

Lorentz model HC, model S(m) Y(m)

m [10 3 cm tatm 1] [10 3 cm tatm 1] [10 3 cm tatm 1] [10 % atm 1]
-21 50.1122) 50.6025) —5.0814) 1.07)
—-20 51.2720) 51.5320) —5.0516) 1.0(6)
-19 52.0Q14) 52.4115) —5.0612) 0.84)
—18 52.6218) 53.2916) —5.1610) —0.4(4)
-17 53.5510) 54.1411) ~5.118) —1.7(5)
-16 54.347) 54.968) —5.058) —0.4(4)
-15 54.926) 55.747) ~5.117) —1.1(4)
—-14 56.077) 56.508) —5.108) —2.1(4)
-13 56.664) 57.234) ~5.007) —2.04)
-12 57.674) 57.945) —4.899) —1.43)
11 58.344) 58.654) —4.696) —2.6(4)
-10 59.113) 59.394) —4.696) —2.54)
-9 59.7@3) 60.193) —4.585) —-2.84)
-8 60.433) 61.114) —4.497) —3.23)
-7 61.493) 62.253) —4.177) —3.6(4)
-6 62.983) 63.733) —3.988) —4.6(7)
-5 65.073) 65.743) -3.809) —6.7(5)
-4 67.694) 68.495) —3.5610) —7.1(5)
-3 71.116) 72.115) —3.3610) —8.43)
-2 75.0810) 75.6411) —2.8211) —10.76)
-1 80.0311) 81.0310) —3.1610) 5.6(5)
1 79.859) 81.048) ~3.339) 4.7(5)
2 75.047) 75.616) —3.498) 2.73)
3 71.164) 72.125) -3.697) 0.95)
4 67.795) 68.414) —3.678) —0.6(4)
5 65.153) 65.504) —3.706) —1.6(4)
6 63.024) 63.384) —3.697) —2.2(3)
7 61.293) 61.843) —3.649) —2.84)
8 60.663) 60.693) —3.699) —-3.34)
9 59.612) 59.793) —3.7209) —3.7(5)
10 58.55%3) 59.022) —3.7%19) —4.303)
11 57.962) 58.332) —3.767) —5.7(6)
12 57.493) 57.633) -3.797) —6.1(6)
13 56.483) 56.943) —3.81(10) —6.6(5)
14 55.483) 56.233) ~3.91(10) ~6.96)
15 54.963) 55.484) —3.9710 -8.0(5)
16 54.324) 54.704) —4.1010) —8.4(5)
17 53.625) 53.895) —4.2913 —9.8(4)
18 52.686) 53.046) —4.3315) —11.05)
19 51.617) 52.147) —4.4017) -11.95)
20 50.7718) 51.2718) —4.5916) —13.06)
21 49.918) 50.369) —4.7515) -12.96)

distance of closest approach. Note in Eq9—(3) we have where for the active molecul€O) « runs overu, Q, {2, and

suppressed subscripts indicating the initial and final states ab. In the case of Blas the perturbei is limited toQ and®.

the radiator while in Egs(2) and (3) we have also sup- For CO-CO there are a total of 16 terms.

pressed the quantum state of the perturber. Details of a typi- The V1 potential is represented by a three-term expan-

Several forms of the intermolecular potential were used 1 6

. . o . o o

in the RB calculations. The first intermolecular potentigl, Vry(r,0)=4e (?) _

Tipping—Hermaf? potential, V1. The most complete elec- o\12 [ g6

trostatic potential used includes the dipd}e), quadrupole X P;(cosf)+4ey —) —(—)
r r

ments of molecules and can be written in the form, (5)

+24e

cal calculation are given in Refs. 20 and 21. sion in Legendre polynomials as
d o 13 o 7
— 2 — — | —
consists of the sum of electrostatic interactiovis, and the U) ( r ) ( r)
P,(cosb),
(Q), octopole(Q)), and hexadecapoléb) electrostatic mo-
wheree and o are the Lennard-Jones parameterthe inter-

v IE E v 4) molecular distancef the angle between the molecular axis
iy B’ of CO and the intermolecular axis, adds the separation of
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FIG. 2. (@) A comparison of experimental self-broadening coefficienis,
for the first overtone of CO(b) A comparison of the self-shifting coeffi-
cients,d, of the first overtone spectrum of C@) Weak mixing coefficients,
Y, for the first overtone of CO.

FIG. 3. (a) A comparison of experimental Abroadening coefficientsy, for
the first overtone of COb) A comparison of the Mshifting coefficients,
of the first overtone spectrum of C@) N, weak mixing coefficientsy, for
the first overtone of CO.

Lgated atl, +1,=4. The radial functions are themselves ex-
panded in inverse powers of the separation of the centers of
mass, expressed as a sum of LJ potentials. In general, the
terms retained are (8,12, LJ(8,14), and LJ10,16. Below,

a further approximation is made farqq,.

Ciz Cs The values of the potential parameters used in the calcu-
T Te with Cip=4e0™® and Ce=4€o®,  (6) |aiions were all taken from other sources, i.e., they were not
adjusted to fit the present experimental results. The molecu-
lar, as opposed to the site—site, LJ parameters are needed
Both to determine the trajectory around the distance of clos-
est approach and in the Tipping—Herman potential. For
CO-CO the values were taken from Hirschfelder, Curtis,
and Bird?* The CO-N parameters were obtained using the
usual combination rules and the LJ parameters of CO-CO
and the revised LJ N-N, values from Ref. 25. The value of
d, the separation of the CO center of charge and center of
mass, was taken from Friedmaffhwhile the value of the

the center of charge from the center of mass of CO. Th
reduced polarizability anisotropy of CO is defined a@s
=(ay—a,)/(ay+2a,). The isotropic part oV can be
written as,

iso

where thee and o are molecule—molecular LJ parameters.
Note that the vibrational dependence of the coefficients lead
to contributionsACg andAC,, to ST°.

The second potentiaV,, involves, in addition to the
electrostatic potential, an atom—atom poteftidlased on
elementary site—site LJ interactions between all the atoms,
of the active molecule and all the atonmspf the perturber

and written in the form,
12 a-ij 6
_(T) ' () dimensionless anisotropy of the polarizability was taken
. from the compilation(Table D.3 of Gray and Gubbing’
where thee ando are atom—atom LJ parameters. The atom—ye have used a value of 0.089. The experimental values of
atom potential used iW; is obtained fronVss by expressing  0.1098 3® and —2.0 DA??® were used for the dipole and
it as a potential of the form, quadrupole moment of CO. For the higher moments we have
used the theoretical valué$0=2.56 DA? and ®=-3.40
Vaa= 2 Ui m(DYim(01,60)Y1 -m(f2.¢2), (8) DA, respectively. The odd multipole moments of re
lnlzm zero. ForQ we have used the value of Flygare and Berison
whereé,, ¢, and#d,, ¢, are the orientations of molecules 1 (—1.40 DA) and for ® we have used the value of Stone
and 2 with respect to the line joining the centers of mass oét al3? (—3.40 DA’). The numerical values of the atom—
the two molecules. As in Refs. 8 and 21, the series is trunatom potential were computed using the site—site LJ param-

Jij

rij

VSS:iz]' 48”
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eters of Bouanicfi® Since the code for the trajectory is writ- where, to repeaty is the number density of perturbers and

ten in terms of a LJ potential, the isotropic part of the atom—(u) is the mean relative velocity.

atom interaction,Ugo(r), was fitted to an LJ(®) form, In several significant papers, Goldfaet al3*%° and

wheren is not necessarily an integer. The fitted valuesiof Greert! showed, by starting with the close coupled formal-

o, and € for CO-CO are 14.6, 3.6529 A, and 91.104 K, ism and making a sudden approximation, that the generalized

respectively. The corresponding numbers for CQ-a&e  cross sections, for the interaction of a rigid spherical top

14.4, 3.6851 A and 85.361 K. The molecular constants camolecule and an atomic perturber, may be written in the

be taken from Herzbef§ or Reuteret al® or they may be form,

determined from the Dunning parameters of Gecegal*° e

All of the above constants have been determined indepen- O_lilf :(E) z [L]Flilfl- Q (10)

dently of measurements of the broadening and shifting of the ~ iiit-i{if \[Ji]l) “T Bedfip et

spectral lines. .
The isotropic LJ potentials depend upon the CO internuyvhereli s thg angular momer_1ta along the syr_nm(_atry axis,

clear separation. It is the difference between the vibrationa) re zero for a Imea_r m?‘lecule like C.G’ a cqrr_lbln’:atlon O.f

matrix elements of the potential that leads to th€4/Cgq ] and § symbols, is a "speciroscopic coefficient” contain-

and ACy,/Cy, or AC, /C, contributions to the shift. These ing the geometry of the interaction with the field and the

guantities are not known independent of the shifts. The);nteraction potential and th@'s are dynamical factors or
have been fitted from previous measurements of shifts in thgffectively reduced cross sections that contain the intrinsic
fundamental” and the first overtorfeof CO perturbed by CO collisional dynamics. Throughout this sectiojx] means

or N,. The presently accepted value®C4/Cg is 0.009 for (.2X+ L. Ir) an apgzroxmate but clever boot-str_ap calcula-
the 2--0 band and the ratig=(AC,/C,)/(ACs/Cq) (for tion, de Pristoet al.™ removed the sudden restriction from
n=12 orn~14—15 is 1.6 neen 676 Eg. (10). This introduces adiabaticity factor§). The ECS

We have also considered two other potentid]sandV, mr?_dﬁl 'nVOkiﬁ the rtl)gld-rotortr\]/ersmt)n 0]]: the g(Tntgral :esul':c, n
formed by dropping the terms i; andV, that involve the which case theQ, become the rate of population transfer

octopole and hexadecapole from the electrostatic potentiajlfom Fhe rot4a3t|onal state. to_ the ground rotational state.
For CO-CO,V, contains the weak dipole—dipole and the emkinet al.™ expanded the Gsymbols in terms of Bsym-

weak quadrupole—dipole interactions. For both CO-CO an&)OIS’ writing the generalized cross section as

CO-N,, V. contains the strong quadrupole—quadrupole in- a_lilf :(_l),—fﬂ;([jf][j )V

teraction and the weak dipole—quadrupole interaction. Jibg i f
Using these potentials the broadening and shifting coef-

ficients for CO—CO at 296 K and CO-Nat 303 K were y oL )

computed by including the contributions from perturbing I e P L

molecules in the fundamental vibrational state withalues ., .,

up to 42 for CO and 41 for Neach weighted by the Boltz- Ji Loy ) lilg+] (11)
mann factor and the nuclear spin factdr for CO and I+1g =1 =1 0t

[(—1)?2+3]/2 for N,). The results will be presented below.
One drawback to using the RB formalism is that it has

not been formulated to account for line mixing, being re-

stricted to the diagonal elements of the relaxation matrix

The ECS formalism does allow us to treat mixing. While it ISéhat the adiabaticity factors are introduced and the rates gen-

not cast in terms of the molecular interaction, it has a soun . . . ?
. S - eralized to include the diagonal elements of the relaxation
theoretical base. Its strength lies in its ability to model broad-

. o : . . matrix. This leads to the following expressid for the ba-

ening and mixing for an entire absorption spectrum with only _. .
) o ~sic cross sections,
a few parameters. Its weakness is that shifting must be in-
serted “by hand.” This is not a serious drawback as shifting_, .
is weak in the present case. i TGt
It is well known'8 that the mixing coefficients describing

the asymmetric component of weakly overlapping lines are i Lo
linear functions of the off-diagonal elements of the relax- Xzo [L] 0 0 O
ation matrix. Here we summarize the ECS model for the
relaxation matrix. Let represent the quantum numbers in thewhere j<(j>) is the smallest(largesj value of the pair
initial state and those in the final state of a transition. Here (j;,j{). The populationsp, are introduced in a manner that
i=(j;,v;=0) andf=(j;,v;=2). The off-diagonal elements guarantees detailed balance. The adiabaticity facforsre
of the relaxation matrizxV(if —i’f")%® are related to gener- given by,
alized cross sectiong;(if —i’'f’"), by,

where the 1 in the Bsymbols arises because we are consid-
ering dipole absorption. In the case of diatomic molecules,
the index,l, can only take on values of 0 and 1. The state-
to-state cross sectionk, contain theQ, ’s. It is at this level

Pi=Vo i 1—1)
pj)QJ>[J<]( 1)

i Lo
| 0 -—

l)QLﬂfl, (12

Q 1 ijzlﬁ - 13
. nuy where Aw; is the energy spacing between the rotational
i = Xy I
Wt i) 27cC o(iti't), © states(j~, j~ or L) and the next lower rotational state to
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which an inelastic collisional transition may occur. Finally,

| is a scaling length that is related to the finite duration ofa [ _ o R branch
collision. N\ CO-Co v Pbranch
The basic rate®, are given by the gap law P
QUL=A(EL/B) ™ “exp(— BE_ /KT), 149 £
where E| is the rotational energy of levdl(#0), B the 'E
rotational constant, and, «, and 8 are constants. & 65l
Since Eq.(12) guarantees detailed balance for the off- i
diagonal elements of the relaxation matrix, the linear rela- |
tionship between the weak mixing coefficien¥§, and the
elements ofW becomes, 4 |
0 25
ey - 1§/
Yii=—22 d ,fW_(If_I'f ) (15)
dis(virpr —vi5) 05
where thevs indicate the transition frequencies and the sum
is over the linesi( —f'). Itis common practice to label the g5
line of interest, (—f) by | and the interfering line i( -
—f'") by k. Thus the sum in Eq(14) is overk, W may be § 7L
labeled W;,, and the frequency difference written asy ( "z
—v,). There are a variety of methods of fixing the param- «~ sl
eters of the ECS modelA(3,a,l.). Below, we fix the pa- =
rameters by fitting the measured broadening coefficients. = _|
This does not introduce additional variables's), since they
are fixed in terms of the other ECS paramétebs/ a sum . . . . ‘ ‘ . . . ‘
rule [see Egs(5), (7), and(8) in Ref. 9. 0 5 10 15 20 25

|m|

COMPARISON OF EXPERIMENT AND CALCULATIONS FIG. 4. CO-CO broadening coefficients for CO lines in the@band at
296 K. The triangles with error bars represent the experimental values ob-

Broadening coefficients, ¥y tained in this work. The curves i@) represent the calculated results derived
. . . from the potentials involving the Tipping—Herman potential, thosébin
First we compare the RB calculations of the broadeningnvolve the atom—atom potential. Dashed curvesMegror V,, solid lines

coefficients with the measured values. Experimentally, theor V; orV;.

broadening coefficients are symmetric in the line nunrber

This is consistent with the calculations I8{"*9 being

small. The results for CO-CO, calculated with andVy, ity of modeling atmospheric absorption precludes any theo-
are shown in Fig. @). ForV, andV, they are shown in Fig. retical calculations of the broadening and shifting. These pa-
4(b). The corresponding comparison between calculated andimeters are always measured but never over the complete
measured broadening coefficients for CO—&te found in  range of variables encountered in the atmosphere. The main
Figs. 5a) and §b). All potentials yield results that are in advantage of the RB formalism for atmospheric work comes
semiquantitative agreement with the measured values. Thieom the fact that it gives broadening coefficients that are
figures would appear to indicate a preference for the potensemiquantitativeprovided we have a reasonable poteitial
tials built around the Tipping—Herman potentigl, andV;)  and it is easy to implement. Therefore it can be used to
over those built around atom—atom potentid, andV,).  establish scaling rules that permit one to extrapolate experi-
However, in a recent artict®, Bruet et al. have shown that mental results to other regions of parameter sgpoessure,

RB semiclassicalSC) calculations, for a given potential, temperature, compositipnA prime example of a tempera-
yield broadening coefficients that may be in error by someure scaling rule is that of Bonanst al*®

10% when compared with coupled stdteS) calculations. We note, for a given potential, that the level of discrep-
The latter are themselves known to reproduce the full clos@ancy is not the same for CO—CO as for CO~Nsince the
coupled(CC) calculations within about 1%. There are two dominant source of the broadening is the quadrupolar inter-
aspects to this theoretical disagreement. One has to do witlction, we are led to suspect that the relative value of the
the validity of a semiclassical theory itself and the secondjuadrupole moment for CO and,Nthat we have used is in
with the fact that the RB formalism does not give an exacterror. An absolute value for the quadrupole of CO less than
solution to the semiclassical problem. For heavy particles ther equal to 1.8 DA, accompanied by an absolute value for the
second difficulty is probably the most serious. Neverthelessquadrupole moment of Nlarger or equal to 1.5 DA, will
without performing a coupled state calculation or an exacbring the calculated broadening coefficients for CO—-CO and
semiclassical calculatiofwith our potentialy it is not pos- CO-N, to the same satisfactory level of agreement with the
sible to separate the contribution to the widthgiperrors in  experimental values. Such values for the quadrupole moment
the potentials fronii) the bias in the RB calculations. This of CO lie outside of the range of values recently reported in
is not a serious problem for atmospheric work. The complexthe literature?’
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FIG. 5. CO-N broadening coefficients for CO lines in the-D band at
303 K. The triangles with error bars represent the experimental values o
tained in this work. The curves @) represent the calculated results derived
from the potentials involving the Tipping—Herman potential, thosébin
involve the atom—atom potential. Dashed curves\Meror V,, solid lines
for Vi or V.

Shifting coefficients, vy

Calculations show that the shifts are insensitive to inclu

Broadening in the 2«0 band of CO

165

S (10'3 em’ atm'l)

ds (10<3 cm’ atmvl)

FIG. 6. Symmetric componentss) of the line shifts for(a) CO-CO and

(b) CO-N, in the 2—0 band at 296 K. The circles were derived from the
experimental data of the line shifts. The curves represent the theoretical
results derived from the potentials in which the electric multipole moments
higher than the quadrupole were omitted. Solid curveMbr dashed curve

for V.

not expect the SC theory of RB to yield the exact CC results.
It is probably safe to say, for the present systems, that the
main problem lies not in the fact that the RB theory is semi-
bc':lassical, but rather in the fact that it is an approximate so-
lution to the full SC theory. It fails, as do most other SC
calculations, to respect the lack of commutivity of the inter-
action at different times to all orders of the interaction. The
question of commutivity only arises at the second or higher
order. Thus we expect the mean shighift of the overtone
vibrational frequencyto be well determined in the RB cal-
<culation since it is small and arises from the first-order term

sion of the higher order anisotropic electrostatic interactionsS, . Of course, we mean it will be well determined provided
Therefore we compare the measured shifts with those calcuhe vibrational dependence of the isotropic component of the
lated usingV; andV,. As shown earlief/ there is an ad- potential is well known. We could then legitimately vary
vantage in comparing the parts of the shifts symmetric andC4 and AC,, to move the calculated values 6f, up or
antisymmetric irm rather than the total shifts. The reason for down overall, in order to bring the calculated component of
this can be found in the RB formalism. In E€B), S;°is  the symmetric part of the shift into closer agreement with the
symmetric and In§™*9 is antisymmetric in the line num- measured values. This we do not do since the two contribu-
ber, m. Furthermore, if the exponential and the sine are extions to the shift of the vibrational frequency have opposite
panded then there is a first-order ter@j;, that contributes signs and a different temperature dependence, and thus a

to the shift. The latter varies directly withCg andAC,, or
AC,. The terms irS;"*°are independent of th&’s, depend-

better approach to determining the vibrational dependence
would be to fit measurements over a wide range of tempera-

ing only on the anisotropic part of the potential. Experimen-ture.

tal values of the symmetric and asymmetric components of

the shifts(for each value of the line numbem) are readily
constructed froméy(m)=[&(m)+ S(—m)]/2 and 5,(m)
=[&(m)— 6(—m)]/2, respectively.

Figures 6a) and &b) show a comparison of the experi-
mental and calculated symmetric components of the shif
Overall, for both CO-CO and CO-Nthe calculated values

The variation ofés with line number that is apparent in
Figs. 6a) and Gb), arises from the real part &"°. The
potential appears to lead to a variation withthat is closer

to the experimental results. This is surprising, given that one
of the main reasons for introducing an atom—atom descrip-
ttion of the interaction was to improve the short-range aniso-
tropic potential. The question of lack of commutivity does

of & are in semiquantitative agreement with the measuredot arise in determining the real part 8§"°.

values. For CO-}, the symmetric part of the shift calcu-

Now consider that part of the shift that is antisymmetric

lated withV is in excellent agreement with the experimentalin line number. In the RB form of the SC theory, is
values. Above, we indicated for the broadening that one doesonzero because the imaginary partSgf**°is nonzero. The
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FIG. 7. Antisymmetric componenisia) of the line shifts for(a) CO-CO
and (b) CO-N, in the 2—0 band at 303 K. The circles were derived from
the experimental data of the line shifts. The curves represent the theoretic
results derived from the potentials in which electric multipole moments
higher than the quadrupole are omitted. Solid curveMdr dashed curve

for V5.

y 10° cm” atm'l)

experimental and calculated values of the shift antisymmetris | m|

in m are shown in Figs. (3 and 7b) for CO-CO and _ _ _ o
CO-N,, respectively. Here we see that the experimental an'q:'(,;' 8. ]:A comparison of experlmer_\tal _broadenlng coeffl(:l_téomles) and

- s ] alues fitted to the ECS modésolid line). The dashed line shows the
calculated values differ qualitatively. In Ref. 47 the discrep-proadening coefficients as calculated using ECS parameters derived from
ancy is ascribed to the fact that the RB formalism does nofitting high pressure band profiles.
go to high enough order, while still accounting for the lack
of commutivity. It is known that the approximateommu-
tivity assumedl but infinite order theory of Smitkt al*® can
lead to a significant value af, .*® However, in some unpub-
lished work on CO—Ar we have shown that the theory of
Smithet al.is not sufficient, alone, to explain the qualitative
features of Figs. (8 and 1b). This indicates the semiclas-
sical theory must be kept exact to orders higher than th
second.

10 %cm tatm %, 4.409(1.7889, 0.000(0.0046 and 0.153
(0.330 A. Actually, the parameters in brackets for CO,-N
are values derived from fitting calculated broadening coeffi-
cients which, as previously showh leads to spectra that
reproduce the experimental curves at high pressures. We can
$hus consider them to being equivalent to values derived
from fitting directly the curves at high pressure. We see that
the two sets of ECS parameters are much closer for CO—-CO
than for CO—N. In all cases, we have followed Bouanich
As pointed out above, the RB formalism has not beeret all° and taken the nearest state to which an inelastic tran-
extended to include line mixing. On the other hand, the ECSition may occur to differ in rotational quantum number by 2.
model captures line broadening and mixing and is well suited  As might have been noted earlier, there is little differ-
to modeling atmospheric absorption. Within the ECS modelgence between the broadening measured in Rhand R
line shifting must be inserted “by hand.” In order to com- branch. Near equality of the two is built into the ECS model.
pare ECS calculations of weak mixing coefficients and ourn Fig. 8, we show by a solid line the ECS fitted values,
asymmetry coefficients, we need the ECS parameters. Talong with the average of the measured values oPthadR
determine the parameters, we can either determine theiwanch, as a function of the absolute value of the line num-
from fitting high pressure, strong mixing profiles from other ber, m. The fit is reasonable for both CO-CO and CG~N
experiments or we can fix the parameters using the prese@n the other hand, the value of the broadening coefficients as
broadening coefficients. For CO-CO, the ECS parameterqredicted using ECS parameters determined from high pres-
A a, B, andl,, as determined from both methods, are 8.695sure dat¥ is relatively poor for the case of CO-NIt has
(10.94 10 3cmtatm !, 3.92450 (2.7384, 0.000 already been impli€d that it is not possible in this case to
(0.1816, and 0.1800.240 A, respectively, where the quan- find ECS parameters that describe equally well both broad-
tities in brackets refer to values obtained from spectra at higlening coefficients and spectra in the strong mixing limit.
pressure$’ The unbracketed results were determined from  In Fig. 9 we compare the measured asymmetry coeffi-
the present measured broadening cofficients. The corresients with the line mixing coefficients calculated using the
sponding values for CO-N are 8.751 (4.119 ECS parameters as determined from the broadefsold

Asymmetry coefficients, Y
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0010 CO-CO lines are approximately equally spaced but the frequency fac-
i tors are reversed between tReand R branch. Neither of
0,005 F . these expectations is realized for the experimental values. If
I % 5 o S(m) is the line strength then the sum rdfey S(m)Y(m)
~ 0000 g - 5, =0, requires the mixing coefficients to pass through zero
g @ I 5 near or at the center of gravity of a branch, i.e., nealr
= a Q% “oge =7. The experimental values do not exhibit this property. In
> -0.005 |- s} o - - .
2 fact, numerically, the_ sum rule is s_trongly violated by the
ag Q measured asymmetries. It seems inescapable to reach the
-0010 2 conclusion that the measured asymmetries arise both from
r line mixing and other sources of line asymmetries. On the
VOS5 5 15 25 positive side, the results indicate that it may be possible to
use the ECS model to estimate the line mixing asymmetry
- and remove it from the measured quantity, thus isolating the

other contributions to line asymmetries.

One other source of asymmetries is the speed depen-
dence of the relaxation. The reason for fitting the profiles
with HC, was to allow for speed-dependent broadening

0.005

<= 0.000 which is known to exist, both from the present experiment
g and previous experiment§ What is not ruled out is the pos-
P -0.005 sibility of having a speed-dependent broadenwghout an

asymmetry for an isolated line and to have additional asym-
metric speed-dependent effects in line mixing. As pointed
out by May?® the various relaxation rates appearing in the
master dynamical equation for the off-diagonal elements of
the density matrix may be classified as optical coherence
_ _ o o changing, velocity changing, and a combination of both. He
FIG. 9. A comparison of experimental weak mixing coefficie(@icles | apajaq the latter as type Il and these are the source of sta-
and values calculated using ECS parameters derived from fitting the broad; . . 1
ening coefficientgsolid line) or calculated using ECS parameters derived tistical correlation between the relaxation of the components
from fitting high pressure band profilédashed ling of the optical coherence and the velocity components. Being
off-diagonal in the component of the optical coherence
(line), we can then reason that the effects of statistical cor-
relation will appear in line mixing and grow with pressure.

It is well known that the finite duration of collision also

-0.010

line) and as determined using the profiles in the strong mix

ing limit (dashed ling Consider first the calculated values. d f tries that ith densh

In the case of CO—CO the two calculated values are in closB'09UCES IN€ asymmetries 52 at grow with denstyn a
recent article, Boissolest al>> discussed asymmetries in

agreement. Perhaps surprising is the fact that the two calcu- ) i
lated curves are relatively close also for CO-Nvith a Li|-|F—Ar that may arise from speed-dependent shifting and the

measurable difference occurring only at very low and veryf'?'tt;]a dlgriattlog . 50"'3'?”' :thltlv;alybonlt_a ex_p((ajcts thg eerth
high values ofm. Given that the calculated mixing param- orthe 'n'h(.aﬁ u”ra |for;]o co |S|ond0 € ine Independen d{':m
eters appear to be relatively insensitive to the values of thHjus to shift all of the measured asymmetries in one direc-

ECS parameters, it is safe to conclude that the calculatelP”: There is some evidence for this in the present experi-

mixing coefficients should be close to the experimental val-ment since all of the measured asymmetry parameters are

ues, provided the asymmetries arise purely from line mixing!ow_er than those calculated using an ECS_ madel for I|r_1e
ixing. Clearly there are several sources of line asymmetries

However, the measured asymmetries are only qualitatively i )
agreement with the calculated values. The disagreement be-: Co, self-pe_rtur_bed or pertur_bed byZNUnrav§I|ng the
tween the calculated and the measured values of the asy ifferent contributions will require a full calculation of the
metry parameters is well outside the experimeftahdom) profile with a well-established potential. Since the intrinsic

error as reported by the fitting routine. We conclude that théiyrlllakmlcal eéqulatufﬁ IS even more comphlcaéed tr:and the
measured asymmetries arise only in part from line mixing. well-known Boltzmann equation, it can only be solved nu-

Besides the quantitative disagreement between the megjerlcally. However, a prudent "first step” would be an in-

sured asymmetries and the calculated line mixing coefficien 'ependent measurement of the mixing coefﬂuent; n th|§
there are other signs that the measured asymmetries are \ertone band. The_ results reported here are at variance with
to be ascribed solely to line mixing. If we ignore speed—t ose reported earlier for the fundamental b3hd.

dependent effects then we expect line mixing to be primarily
within a branch, with interbranctP and R) mixing appear- CONCLUSION

ing only at low values of line numbésee the dependence on We have measured the line broadening, shifting, and
frequency separation in Eq14)]. With or without inter- asymmetry coefficients in pure CO and in CO;Noth near
branch mixing we expect the mixing in the two branches toroom temperature. These parameters are required for remote
be almost the same in magnitude but opposite in $ibe  sensing of the atmosphere and as such must be known over a
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range of pressures and temperature. We have shown that tkfe. O. Hirschfelder, C. F. Curtiss, and R. B. Bidolecular Theory of
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