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Using both a difference frequency spectrometer and a Fourier transform spectrometer, we have
measured transitions in the 4@—010 band of carbon dioxide at room temperature and pressures
up to 19 atm. The low-pressure spectra were analyzed using a variety of standard spectral profiles,
all with an asymmetric component to account for weak line mixing. For this band, we have been
able to retrieve experimental line strengths and the broadening and weak mixing parameters. In this
paper we also compare the suitability of the energy-corrected sudden model to predict mixing in the
two previously measured Q branches’2e-0110, the 11'0—00°0, and the present Q branch of

pure CQ, all at room temperature. @004 American Institute of Physics.

[DOI: 10.1063/1.1738101

I. INTRODUCTION this A—TII transition possesses vibrational angular momen-
tum in both the lowerl(=1) and the upperl&2) state. In

Carbon dioxide is present in the atmospheres of all threg, o1, 5 case both the structure of the band and mixing is more
“Earth-like” planets in our solar system. While on Earth the complex than is found for simple Q branches

gas is diluted to 0.04% with Nor O,, on Mars and Venus it Various approaches have been proposed for the model-
is the dominant component at about the 95% level for both bp prop

lanets. CQ (partial) pressures vary from extremely low val- ing of line mixing: they include ~simple empirical
P ' P P y y %oproacheé? semiclassical model$, the use of fitting>*®

ues in the upper atmospheres of the planets, to 5 torr at th d ling16| d first princiol lculat tart
surface of Mars, 760 torr at the surface of Earth, and 7000 nd scaiin aws, and first principie caiculations starting
rom the intermolecular potential.Among the models trac-

torr (90 atm) at the surface of Venus. In order to understand e f . i h ) h :
the radiative properties of these atmospheres, the spectrd@P!e for precise modeling the absorption shape of Q
characteristics of COmust be known over a similarly large Pranches, the scaling approach based on the energy-corrected

range of pressures and the ultimate goal is to have a singfgudden approximatioECS has been widely agnglsuccess-
theory or model that can predict the emission/absorption fedUlly used for a number of molecular systeftfs.®~*'When
tures over this entire range of pressures. compared with other fitting laws it has the advantage of in-
It is well known that modeling of the shape of absorption cluding, explicitly and intrinsically, the influence of the vi-
due to clusters of lines, such as Q branches or manifoldrational symmetryangular momentujnof the band and of
often requires accounting for the influence of line mixing the branches to which the lines belong, and of applying to all
when the pressure is such that the spectral contributions dfands of a given molecular system simultaneously. Its per-
the various transitions overlap significantly. The need to acformance has been widely demonstrated in Q branches or
count for line mixing in forward calculations of absorption/ entire bands for C®-(N,,0,, air,..) mixtures, but few
emission of CQ in the Earth’s atmosphere has beentests??’have been made for pure GOHere, in Part II, we
demonstrated:® In the case of CQ, Q branches line mixing test it for the three Q branches of pure SChe T3,
has received considerable experimental and theoretical attetransition (11*0—00°0) at 2077 cm?, the, —II transition
tion in the infrared. Many laboratory measurements havg20°0—010) at 2130 cm?, and the presemt «II transi-
been made for mixtures with Nor other gases, whereas pure tion (1220—010) located at 2093 cit. However, before
CO, has received less attentin.” Here, we complete our proceeding to Parts | and II, it is worthwhile to give a brief
series of measuremeftsof broadening and mixing by pre- outline of the theory of line mixing.
senting, in Part |, results for the £3~01%0 band @ «II Disregarding Doppler and velocity effect$?*the colli-
transition at 2093 cm®. As distinct from the earlier papers, sional absorption coefficient for pure G@nder total pres-
sureP and temperatur€ is given, within the impact approxi-
¥Electronic mail: adriana.predoicross@uleth.ca mation, b}?s
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872 —hco\]l P with, y,, the weak mixing coefficient, being given by
LY(O',P,T)—%(T 1—ex kB—T kB_T ,
dir (K’ |w(T)[K)
WM=22 5o ®
X2 2 pdT) Kk Tk TkT0k
k/

, ] . Here, in contrast to Eq3), each asymmetricomponents a

Xdidi {(K'[(Z—Lo=iPW(T)) " Hk)}. line and the mixing parameteY, is now proportional to

(1) pressure ¥, ,=P V).

The sum extends over all GQines k andk’, and In{...}

denotes the imaginary part, whilg andd, are the popula-

tion of the initial level of linek and the dipole matrix ele- Il. PART |

ment of the optical transition, re§p§ctivel§?, Lo, andW A Experimental details

=Pw are operators in the Liouvilléline) space. The first ) _

two are diagonal and associated with the wave nurobef All of the experiments presented here were carried out at
the calculation and the positions, of the unperturbed lines the University of Toronto. We have used a difference fre-
(UK [Z]KY= o X o and (K'|Lo|k)= S X o). The re-  quency laser spectrometer to _record_ZC@)ectra below 1 _
laxation operatomw, per unit of pressure, accounts for the atmosphere. We give only a brief outline of the system as it
effects of CQ-CO, collisions. The diagonal elements has been described elsewh&dhe infrared radiation tun-
[which are the broadeningy(), and shifting @), coeffi- able from 2.5 to 5.5um is obtained by overlapping and

cients of individual linebare related to the off-diagonal line- Mixing the light from two single-frequency lasers in a LYO
coupling terms by the sum rule crystal. The infrared power is normalized by splitting the

infrared beam and monitoring the input and output signals

) K’ from the following absorption cell with two identical
Vi~ i 8= (KIwlk)=— 2 F<<k'|W|k>>v 2 LN,-cooled, InSb detectors. The frequency measurement
Kizk Tk subsystem has as its principal component a temperature-
where d¢ and d‘k’, are the unperturbedrigid rotor) dipole  stabilized, scanning Fabry—Perot interferometer used to de-

(o]

reduced matrix elements. termine the frequencies of both the dye and the argon ion
It is well knowr?”?8 that diagonalizing I(,+iPw) al- laser relative to the frequency of a stabilized HeNe laser.
lows one to write Eq(1) as a single sum of asymmetric Using phase sensitive detection we can achieve a resolution
Lorentzian components$, of about 2 MHz (6< 10 ° cm™?) and a signal-to-noise ratio
close to 1500:1 foa 1 sintegration time.
l(o)= S T — We have used temperature-controlled gas cells of 1 and 4
| (o= A +T m length. The temperature was monitored and stabilized at

296.2 K with a precision of-0.4 K using an Omega tem-
|, ©) perature controller. We have tried to minimize the tempera-
(o—ox— A+ T ture gradients along the cell by attaching additional heating

whereS, is the strengthg, is the center positiorT} is the coiI_s to the end flanges. To avoid etaloning effects in the
Lorentz half-width at half-maximun(HWHM), Y, is the  OPtCS, the. cell and detectors _had Brewster Lalndows
line-mixing parameter, andl, is the pressure shift of theth and the Lilgy crystal was antireflection coated. For.bo'th
component. cells the maximum variation of the empty cﬂl transmission

While the relaxation matrixyV=Pw, is linear in pres- (baseline signalwas 1 part in 500 foa 1 cm* scan. The
sure, in Eq(3) the strength, asymmetry, width, and shift are 925 Pressure was monitored using an MKS 120 AA capaci-
all complicated functions of the pressure. Furthermore, it id2nce manometer, calibrated by the manufacturer to an abso-
only at low densities that one can think of the spectral com/Uté accuracy of 0.05% of the full scale reading.

(o—o—4y)

+Yy

ponents k, as being a physically meaningful line. For in-  1he high-pressure spectra presented in this work were
stance, as we shall see below, it is possible for the strength §gcorded using a Bomem DA8.003 Fourier transform spec-
a spectral component to be negative. trometer and a 25 cm long temperature-controlled cell able to

When line mixing is neglectedy is diagonal, and Eq. stand gas pressures up to 30 atm. The short cell haq CaF
(1) reduces to a sum of symmetric Lorentzian profiles. Thé{\/lndows. The detector used was an InSb detec_tor with a cold
positions, widths, and intensities of the isolated lines vanfilter- The CQ spectra were recorded at 0.004 chresolu-
with pressure. Furthermore, a low-pressure, first-order devefion and the signal-to-noise ratio was in excess of 1000:1. We
opment of Eq(1) or (3), valid in the case of weak overlap- have used an iris aperture of 0.5 mm. The instrumental line

ping (|o— o |> | PUkIwIKY)), leads 139 shape was much smaller.than thg width qf the collapsed Q
branches and has been ignored in our high-pressure FTIR

P T)= lz 1 —hco iz Td2 spectra. The FTIR measurements were made at 303.2 K. As

(o P )= 3o 1788 5 ligt 4 P apove, the temperature was monitored and stabilized using

. an Omega temperature controller. The gas sample used in all
<Im 1+iPy(T) @ experiments was supplied by Matheson and had a purity of
o— o —iPkIw(T)[K)/’ 99.99%.
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09 . o .
line-mixing parameters are determined. At each step we cor-

rect the data using calculated values of the next higher term
08 arising from line mixing. In order to calculate the mixing

! terms, we need a relaxation matrix, As in Ref. 7, we use
the EPG law proposed by Strow fundamental assumption
made in the model is that all of the broadening and mixing

Transmission

0.6 arises from rotationally inelastic collisions within a given
I vibrational manifold.
0.5 Knowledge of the level structure is necessary for under-

standing the effect of rotationally inelastic collisions on the
line mixing. *?C'%0, belongs to the point groum.,.
Herzberg(Ref. 31, p. 373 has given a generic energy level
diagram for such molecules. HowevétQ is a boson with
0‘32092 0925 2095 20935 2098 20945 2095 zero nuclear spin and thus only the symmetsjcstates exist
"~ Wavenumber ‘ for our case. Consequently, as illustrated in Fig. 2, the rota-
tional levels in thell, vibrational state all have the same
negative(—) total parity, while in theA ; vibrational state all
have positive(+) total parity. What is important for this
paper is the fact that in each state the e¥éavels all belong
to either the upper or the lower of the two 1-type doublets,
while the reverse is true for the oddevels. Thus, the even
Figure Xa) shows sample transmission spectra of thel levels have one effective rotational constéBt while the
1220010 band of carbon dioxide at low pressure. In theoddJ levels have a different value for the effectiBeHence,
figure, the experimental points have been joined by straighthe AB, describing the spreading of the Q branch, has two
line sections. As explained below, the 1-type doubling leadvalues, one forJ even and another fod odd, exactly as
to a doubling of the band, the evanlines being clustered illustrated in Fig. 1a). Our earlier publicatiorfs’ involved s,
near 2093.4 cm® while the oddJ lines are spread out to- states for which only] even levels exist. It is convenient to
wards higher frequency. As illustrated in Figb}, the entire  introduce a “rotationless” parityto distinguish the two pos-
band collapses to a single profile at high pressure. It is onlgible 1-type doublejsby removing from the total parity, the
at low pressures that one can extract values of pressurgsual rotational factor€ 1)’. The even/odd rotationless par-
broadening and line-mixing coefficients. We analyze theity states are conventionally designated d.3? We have
low-pressure daté6—20 torp in an iterative manner, exactly added these labels to the states in Fig. 2. We see in both
as in the earlier publicatiohln the fitting routine we have vibrational states that the evérlevels have one rotationless
used several well-known line shapes, all with an asymmetriparity while the oddJ levels have the other rotationless par-
component to allow for weak line mixing. In the first step we ity. If only the J even and only thd odd levels were coupled
extract line strengths and approximate linewidths from theby collisions AJ even, line mixing would occur only
data. In the second step we extract accurate widths and ap#thin each sub-Q branch. As we shall see, there exists
proximate mixing coefficients. In the final step, accuratestrong experimental evidence that badthh even andAJ odd

0.4

FIG. 1. (a) Several transmittance spectra of pure G low pressure(b)
overlaid high-pressure FTIR spectra at pressures from 1 to 19 atm.

B. Results and discussion
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collisional transfer exist, and thus we consider a form of thelABLE 1. Frequencies in cm' and_line -strength in _units - of
EPG law that allows for this possibility. In the rest of this 10 *¥(molecule/cf) of CO; in the 12°001%0 Q branch at 296 K.
paper we will refer to rotationless parity simply as parity.

Present experiment

The EPG law gives the collisional transfer ratgy, . y - . HITRAN2000
from a rotational stat& to a higher rotational staeas J Line position So(d) So(d) So(J)
IAE,|]°® IAE,| 2 2093.346 577 1.26) 1.285) 1.25
ki =a ik exd — ¢ ik (6) 3 2093.355 723 2.28) 2.24(5) 2.17
! B, kgT |’ 4 2093.350 674 2.98) 2.975) 2.96
i i , 5 2093.372 081 3.68) 3.725) 3.68
where AEj is thg rotatlonql energy dlﬁ‘erence.be.twee.n the ¢ 2093.357 109 4.38) 4.435) 4.34
two states an@®, is the rotational constant, all within a given 7 2093.395 717 4.99) 4.995) 4.94
vibrational level. The adjustable parameters of the model are 8 2093.365 874 5.36) 5.495) 5.48
a, b, andc. The rates of population transfer must satisfy the 190 gggi-gg géé 23; 2-2;‘5‘; g-gg
detailed balance condition 1 2093 464 864 6.65) 6.704) 6.70
Kiv=p:Kyi , 7 12 2093.390 364 6.88) 6.945) 6.97
Pk = P @ 13 2093.510 401 7.24) 7.303) 7.18
wherep, is the population of the rotational state, 14 2093.406 065 7.18) 7.234) 7.32
In our version of the EPG model, we allow for collisions 15 2093.563 268 7.48) 7.553) 741
with AJ both odd and even, i.e., with and without parity 16 2093.424 049 7.3 7.364) .42
_ . ; 17 2093.623 487 7.38) 7.373) 7.39
changegRef. 33 and references ther)g!lh)y writing the di- 18 2093.444 299 7.49) 7.454) 729
agonal elements of the relaxation matrix for transitions in the 19 2093.691 080 7.08) 7.123) 7.16
1220010 Q branch oftC!0, as 20 2093.466 793 6.88) 6.895) 6.98
. 21 2093.766 074 6.8%) 6.924) 6.77
B 22 2093.491 505 6.48) 6.525) 6.51
Wik=5 | ;k BrkKjk+ ;k (1_BH)kjk] 23 2093.848 496 6.16) 6.205) 6.24
same parity different parity 24 2093.518 407 5.88) 5.845) 5.93
1 25 2093.938 379 5(6) 5.635) 5.63
26 2093.547 466 5.38) 5.354) 5.29
+5 [ ;k Bakjk+ ;k (1_BA)kjk} : 28 2093578645  4.66) 4.7065) 4.61
same parity different parity 30 2093.611 903 3.96) 3.925) 3.95
8 32 2093.647 193 3.28) 3.295) 3.31
(8) 34 2093.684 462 2.68) 2.725) 2.73
So far we have given the diagonal elements of the relax- gg 2832-;22 ?gg i%g; i%g isg
aFlon matrix. The off-diagonal elements of the relaxation ma- 40 2093.807 531 136) 1.355) 136
trix, wj, are given by 42 2093.852 068 1.08) 1.045) 1.04
o . . 44 2093.898 222 0.78) 0.795) 0.78
Wik=~BnBaki for (j—k) even, 46 2093.945 898 0.56) 0.595) 0.58
and #As determined by fits with the asymmetric Voigt profile.
) b . ey ;
ij:_(l_ﬂn)(l_ﬂA)kjk for (j—k) odd. 9 As determined by fits with the asymmetric speed-dependent Lorentz

rofile.

Note that this form assumes that the percentagkebdd or %23 determined by fits with a Voigt profile and averaged over several bands.
even is independent of the rotational level.

A common approach, and one we use here, is to use
measured broadening coefficients and & to fit for the a, ening coefficients and approximate values of the weak mix-
b, andc parameters of the EPG model. Once these are fixedng parameter. In a final step, we estimate the second-order
the complete relaxation matrix may be determifiied given  mixing terms$* using our broadening coefficients to deter-
values of theB parametersand either the entire spectrum mine new EPG parameters and refit again for the experimen-
can be calculated at all pressures, or one can directly calctial widths and more accurate experimental values of the first-
late the weak mixindlow-pressurg parameters. order mixing parameters. Her@y; and B8, are allowed to

In the first round of fitting, we do not have the broaden-float. This entire procedure may be carried out using any
ing coefficients. However, as is well known, these are largelymodel of the intrinsic line shape.
band independent. Thus, we can use experimental values Table | lists the line strength@veraged over the low-
from another band and the expression in &) to determine  pressure measurementghen we use either the \Voigt or the
reasonable values for thee b, and c parameters. We used speed-dependent Lorentz profile. There is a small depen-
broadening coefficients from the 20—01'0 band (J  dence on the choice of spectral profile, but the results overlap
even and interpolated them to find values for odldalues.  within the quoted error bars. In the same table we have added
The weak line-mixing coefficients for our branch were cal-the values given irHITRAN2000%° The data for HITRAN
culated using a value g8;=8,=0.5. By fitting our low-  were determined from spectra fitted only with a Voigt profile.
density data using calculated weak line-mixing parametersThe two sets of data agree within 3% or better.
we can retrieve accurate values of the line strengths and ap- From the medium-pressure spectteelow 60 tory, we
proximate values of the broadening coefficients. With thesalso retrieved the integrated band intensity. As in previous
new line strengths we refit the data to extract accurate broadtudie§’ we have fixed the relative line strengths to the val-
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TABLE II. Broadening coefficients of pure GOn cm™ Yatm. 0.13
< asymmetric Voigt

J Present experimeht® HITRAN200d! L X

2 0119040  0.125339  0.126540) 0.1228 ° 4 asymmetric Lorentz

3 0115435 0122039  0.122336) 0.1204 2 012 Fow  asvmmeic sheed

4 0.112433) 0.117533 0.118832) 0.1190 E o ZS’“"EGH‘CLSPCG

5 0.110025) 0.113824) 0.115823) 0.1154 = [, ependent Lorentz

6 0.109@20) 0.113G22) 0.113322) 0.1141 "2 © ¢ HITRAN2000

7 0.108018) 0.110519) 0.111220) 0.1128 S0l [ &

8 0.107016) 0.108417) 0.109318) 0.1116 ? i

9 0.105%10) 0.107G9) 0.107710) 0.1103 3

10 0.10408) 0.10589) 0.10639) 0.1091 9

11 0.10307) 0.10457) 0.10527) 0.1079 £ 010 [

12 0.10308) 0.104G8) 0.10428) 0.1067 =

13 0.10127) 0.103Q7) 0.10317) 0.1055 = i

14 0.10108) 0.102G8) 0.10229) 0.1043 20

15 0.09887) 0.101a6) 0.10136) 0.1032 g 0.09 £

16 0.09728) 0.10026) 0.100%6) 0.1020 = éé

17 0.096%7) 0.09965) 0.09975) 0.1009 s - X

18 0.09599) 0.09876) 0.09886) 0.0998 & 5‘

19 0.09587) 0.0986) 0.09816) 0.0987 0.08 I L.

20 0.09479) 0.09718) 0.09738) 0.0977 Xy

21 0.09408) 0.09625) 0.09645) 0.0966 -

22 0.09349) 0.09519) 0.09559) 0.0956

23 0.09288) 0.09448) 0.09478) 0.0946 0.07 e EEEE—

24 0.092110) 0.09369) 0.09389) 0.0935 A

25 0.091%9) 0.09268) 0.09299) 0.0926 0 10 20 J 30 40 >0

26 0.090810) 0.091810) 0.092111) 0.0916

28 0.088T712) 0.090G11) 0.090312) 0.0897 FIG. 3. Observed Q-branch broadening parameters as a functi@nTbie

30 0.087015) 0.088114) 0.088514) 0.0878 filled circles are the coefficients fromTrRAN2000.

32 0.085320) 0.086220) 0.086620) 0.0860

34 0.083724) 0.084220) 0.084824) 0.0843

gg gzggggg 8:82?322 8:82?%3 8:82?3 HITRAN2000.3° The agreement is within 5%. However, as is
40 0.079%526) 0.079526) 0.079724) 0.0795 evident from Fig. 3, the difference between our results and
42 0.078129) 0.078G26) 0.078255) 0.0780 those given irHITRAN shows a systematic dependenceJon
44 0.076232 0.076328) 0.076628) 0.0765 and on the model used to fit the profiles. The systematic
46 0.075434) 0.075433) 0.0755832) 0.0751 difference persists even when the \Voigt profile is used for

“First column, ad determined by fits with the asymmetric Voigt profile. ~ POth sets of data. Clearly, the broadening coefficients are not
bSecond column, as determined by fits with the asymmetric Lorentz profiletotally band independent.
“Third columfrjl, as determined by fits with the asymmetric speed-dependent  \Afe now turn our attention to the weak mixing coeffi-
tﬁf:&:osor%;:é a collection of results and assumes the widths to be bancf-:lems' They a_‘re gl\_/en in Table III. Th_ey were retrieved from
and branch independent. the spectral fits using the asymmetric speed-dependent Lor-
entz model. For each individual spectral line we have deter-
mined the mixing parameterg(J), by a linear regression of
ues in Table | and floated the overall vibrational Q-branchthe fitted asymmetric componenY,(J), versus pressure,
intensity. Our vibrational band intensity 393.7(1) forcing the fitted line to pass through the origin. The first
X 10" 24 cm™~Y/(molecule/cri) compares well with the 401 column of results corresponds to experimental values ob-
x 10" 24 cm™~Y/(molecule/cr) value obtained by Rinsland tained by neglecting the second-order mixing ter@sand
et al. from Fourier transform measuremenfs(They were H.3* The second column presents values obtained by correct-
not able to retrieve intensities for the individual Q-branching the data using our estimated valueszodndH (see Ref.
transitions. 7). The second-order terms make a significant contribution to
Table Il lists the broadening coefficients extracted usinghe mixing at our pressures. Note there is not the usual
a \oigt, Lorentz, and speed-dependent Lorentz model for themooth evolution with], being of one sign for low and the
intrinsic spectral profile of an isolated line. When speed deopposite sign for highl. The irregular variation of the weak
pendence of the broadening is included in the fitting profilemixing coefficient withJ [see Table Il or Fig. &) below] is
the term “width” loses precise meaning. The width reportedreal and arises because of the near overlap of lines belonging
here is the Boltzmann-averaged width and is generally dego different subbranches. This leads to large valugsof the
ignated asT,,, in the literature’’ The reported pressure mixing coefficient only if collisions which couple the two
broadening coefficients were determined from plots of thesubbranchesAXJ odd) occur. As reported in studies of the
width versus pressure and are the slopes of lines that pagsire CGQ Q branches located at 2077 c(Ref. 6 and
through zero. At pressures below 60 torr the asymmetri®130 cm ! (Ref. 7), we find that the sum rul&S,Y,=0, is
Voigt profile is very close to a pure Voigt profile, and theseviolated. Again, we attribute this to the neglect of interbranch
broadening coefficients may be compared with values obmixing in our fitting routines.
tained by Rinsland etal® and those compiled in As outlined above, extracting the line strengths, broad-

d
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TABLE IIl. Weak line-mixing coefficients in units atft, for transitions of according to their low-pressure identity assuming continuity

the Q branch of pure CQn the 1220—01'0 Q branch at 296 K. of the curves.
Expt. Figure 4a) shows the computed intensity of the spectral
Calcd. components as a function of pressure. The most striking fea-

J a b c ture of this figure is the fact that the intensity of all spectral
2 8.02120) 8.28419) 8.231 components except one, heré3Q falls to zero at high pres-
3 5.87118) 5.99818) 5.685 sure. This dominant component assumes all of the Q-branch
4 4.41115) 4.33416) 4.199 intensity. The computed curves for the frequencies, widths,
> ~0.66814 ~054114) ~0.527 and asymmetriegFigs. 4b), 4(c), and 4d)] all show this
6 ~1.92914) ~1.72614) ~1.609 y gs. 4b), HC), _
7 ~1.54411) ~1.55912) —1.472 component as a darkened curve. In Figs),44(c), and 4d),
8 1.38014) 1.49414) 1.416 we have actually plotte, /P, I'y/P, andY, /P, respec-
9 —2.21812 —2.33312 —2.188 tively. Thus, we expect the curves to approach constant line
10 —0.18419 —0.21312) —0.201 strengths, broadening, and mixing coefficients, respectively,
1 0.70810) 0.85410) 0786 as the pressure is lowered towards zero. However, it is the
12 0.90212) 0.97912) 0.911 pressu S £ET0. ’
13 ~0.38510) ~0.38710) 0367 behavior at high pressures that is of interest.
14 -0.01612 -0.03512) -0.041 Figure 4d) shows that the asymmetry of thg&) spec-
15 —0.44510) —0.48110) —0.454 tral component vanishes at high pressure. Thus, from Figs.
16 1.25812) 1.35412) 1.254 4(a), 4(b), and 4d), we expect the band to become a single
17 ~0.4081Y) ~0.44911) ~0.424 Lorentzian with a width given by the width of the(§ com-
18 0.01212) 0.01012) —0.001 X 9 y .
19 ~0.36711) ~0.41011) ~0.388 ponent of Fig. 4c). We have fitted the collapsing #@
20 —-1.32312) —1.49512) —1.407 —0110 Q branch with an asymmetric Lorentzian model and
21 —0.44511) —0.49811) —0.473 find the quality of the fit to be excellefisee Fig. $a)].
22 0.02112) 0.01912) 0.007 The question is “How do the fitted parameters compare
23 ~0.1731Y) —o0.le1p ~o.181 with the computed parameters fok&)?” A visual examina-
24 ~0.28612) ~0.34212) ~0.331 \ p parameter : ,
25 ~0.17112) -0.19012) -0.182 tion of the peak position in Fig.(h) shows it to be compa-
26 0.03112) 0.03312) 0.020 rable to computed shift in the(®) component shown in Fig.
28 —0.14813) —0.17313) —-0.173 4(b). Thus, it is line mixing and not a shift in the vibrational
30 0.05313) 0.06012) 0.046 frequency, that dominates the displacement of the strongly
32 ~0.10114) ~0.11914) ~0.122 mixed Q branch. As shown in Figs(l§ and 5c), the agree-
34 0.11314) 0.14014) 0.123 : gsiE ' 9
36 —0.08115) ~0.09514) —0.099 ment between the calculated and fitted values does not ex-
38 0.65616) 0.73916) 0.694 tend to the width and asymmetry. Figuréa¥suggests the
40 —0.07218) —0.08217) —0.086 values should converge rapidly above 2 atm. However, the
42 —0.2912]) —0.34419) —0.337 widths appear to diverge with the measured profile having a
a4 ~0.06722 -0.07821 ~0.081 width less than the computed & width, above about 6 atm
46 -0.15023) -0.18222) -0.182 p ' ’

The computed asymmetry is larger than the fitted asymmetry,
:Exper!mental results obtaingd ign_oring _the second-orderline-mi?(ing termsalthough there appears to be slow convergence of the two
tIi);ﬁqesr.lmental results obtained including the second-order ||ne-m|xmgva|ues as the pressure is increased. While part of the numeri-
“Coefficients calculated from present broadening coefficients assuming theﬁal disagreement of the two asymmetries can be ascribed to
the relative amounts of even—even and even—odd couplings are indepethe neglect of interbranch mixing, it is unlikely that this also

dent ofJ. causes the 10% disagreement in the widths. While such ac-
curacy may be adequate for atmospheric modeling, the EPG
model suffers from the drawback that the data for each band
jnust be available in order to determine the model param-

ening, and weak mixing coefficients from the data uses a :
EPG model to correct for higher order terms in the mixing,eters' In other words, the EPG law apphes band by band
rather than globally for all bands of a given molecule. The

the coefficients for the EPG law being determined from the R
measured broadening curves. When we use the broadenill?gCS model overcomes this limitation.
coefficients retrieved using the asymmetric Lorentz model to . 0 N
determine the EPG coefficents, we fingy =046, By | DART Ik ECS ANALYSIS OF THE 20 fo. 017,
=0.675,a=0.0391,b=0.214,c=1.404. ’

Here, we can use the fitted EPG coefficients, or the cor- Part | completes our experimental study of three Q
responding coefficients for the ECS model described belowhranches in the infrared spectrum of pure £@ll at room
to understand the anatomy of line mixing and thus to undertemperature. In Ref. 6 the band at 2077 ¢rwas all—3,
stand at least qualitatively the overall collapse of the bandransition. In Ref. 7 the band at 2130 chwas a3 —II
with pressure[See Fig. 1b)]. As indicated in the Introduc- transition. In the present paper, the band is located at 2093
tion, given a relaxation matrix, it is possible to decomposecm ! and is aA«II transition. In the last case both the
the band into a sum of spectral components, each expressagper and lower states have nonzero vibrational angular mo-
as the sum of a symmetric and an asymmetric Lorentziamentum. In all three studies we used some form of an EPG
component[see Eg.(3)]. The results are shown in Figs. law either in the extraction of the width and the weak mixing
4(a)-4(d), where we have labeled the spectral componentsoefficient from the data or in modeling the band for strong
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mixing. We did this band by band and “played” with the GG ew(m kil e)
problem of deciding whether or not to include] odd or

even (rotationa) parity changing collisions. In this section =(2){ + D2+ 1)(2); +1) (= 1)

we examine the suitability of the ECS model for describing Lo j Lo\ (0 i 2
all bands with one set of fitted parameters. The ECS model % ( ' ' ) f f) ( ', _f )
addresses the question (odtationa) parity changes directly. teveno \ I 0 —1Ii/\ =l O [I¢/\j¢ Jr L
In the Introduction we outlined a general formalism for de- G,

termining band shapes which has, as an important ingredient, X(2L+1)) mQ(L,T), (10
the relaxation matrixv. All that remains is to describe how '

the ECS relaxation matrix is constructed. where () and{ } are 3J and 6J CoeffiCierﬁ%NOte that

Recall that since collisional transfer rates between level&d. (10) is used for “downward” transitions j{ <j;) only,
in different vibrational states are extremely small, onlythe the upward ones being obtained from detailed balance, i.e.,
elements connecting rotational transitions within a givenyj.1,jl|w(T)[j/1;j I}
band are accounted for. Furthermore, since the off-diagonal
imaginary elements are expected to be very small and in the pji(T) e SIRRE 11
absence of any model for their construction, only the real pir(T) Gt dwmlgiliid o) (1Y
part of w is constructed. Within the approximations detailed
in Ref. 4, the ECS expression of theelement connecting
two lines ({«—j/ andjs—j;) of the vy vl var—wy vl vy
vibrational band is given by

In Eq. (10), an adiabaticity factor is defined By
wj’j_zdc 2

Q(),T)= )

1+ 5

-2
] : (12
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2

0.05 of Q lines[the reference values, fromTrAN (Ref. 35 have been validated
1 3 5 7 9 11 13 15 17 19 in Ref. 6. (b) Absorption in the 280—010 Q branch for 400 torfthe
Pressure (atm) lower curve gives the measured—calculated deviations multiplied .by 5

o
~
[ =4
(-]

07 F° ¢ 1220<-0110 whereE; is the rotational energy of levgl The quantities
°Q® d., A \, and B are the only parameters of the ECS-EP
model. Their knowledge enables the constructionaofor

any band. The data required for the computation of a band
profile are, for each ling, the line identificationrotational
and vibrational quantum numbergositiono, dipole tran-
sition momentd,, energy of the lower leveE,, and the
ECS law parameters. The firgspectroscopic quantities
have been taken from the 2000 edition of thRerrRAN

ol ey databasé Here, the collisional parameteds, A, \, and 3
have been determined from a fit of line-broadening data us-
ing Eqg. (2), but, as was done in Ref. 41, this fit was carried
out “keeping an eye” on the 2130 cm (20°0—01'0)

FIG. 5. (a) Q branch spectrum recorded at 19 atm and fit residual using th‘Q-branch profile at 400 torr in order to obtain parameters

asymmetric Lorentzian profile and a comparison(bf, the fitted width that lead t imultan tisfactor reement with m
divided by pressure with corresponding value for th@Q@omponent and at lead o simultaneous saustactory agreeme ea-

(c) the fitted asymmetry divided by pressure with the corresponding valussurements for both the broadening and the Q branch shape
for Q(8). [Figs. 6a) and 8b)]. The ECS parameters are temperature
dependent. Here, we use only room temperature results as
these are the only ones that are available. We find the room
wherew; . _,, v, d; are the frequency spacing between Ieveltemperature parameters to bA=0.018 cm */atm,
Ihj=2 7 e =0.74,8=0.06, andd.=6.0 A. How well these parameters

j and j—2, the mean relative velocity in GBCGO, colli- ; ; - .
sions, and the scaling length. As widely done before, thereproduce .the. Input brogdempg coefficients and absorption
basic rates are expressed through an exponential pow&t lawspectrum is illustrated in Figs. (.@ and @b). As for
CO,—N,,*! excellent agreement with the measured absorp-
tion spectrum is obtained while the quality of predicted half-
hcE widths is better than 10%he intensity weighted rms is 6%
; _ —\(T) . j
QU T =AMILL+1)] exp{ A(T) kgT |’ To illustrate the universality of the ECS model, Fig. 7

(13 shows a comparison of computed and measured absorption

Mixing Parameter /pressure (atm™)
S
(98]

1 3 5 7 9 11 13 15 17 19
Pressure (atm)
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) predicted, although the three transitions under study have
1.0 different symmetries¥ «II, 112, andA«II) and spec-
tral structures. In particular, as noted above, the 2093cm
1 A—II band includes lines of even and oddvalues. This
0.0 ' . . . confirms the ability of the ECS approach to account for the
20832 20934 20936 20938 20040  effects of the vibrational angular momeritd?2

Another interesting test of the model can be made by
comparing the first-order line-mixing coefficientg, re-
FIG. 7. Absorption in the 120010 Q branch for various pressures. In trieved from measured spectra with those from the ECS-EP
each panel there are measurédifference frequ_er?()yvaluesz whergas relaxation matrix and Eq(5). Such comparisons for the Q
s Epa”d - are measured—calculated deviations obtained with thg;nag of the three Q branches under study are plotted in Figs.

-EP model, respectively, accounting for and neglecting line mixing. ) . .

8 to 10. They confirm the quality of the model. In particular,
the values for odd and evehvalues are correctly predicted

spectra of the present band at 2093 ¢nfor several pres- as are the oscillations due to coincidences between positions
sures. Included in the figure is a plot of the residuals, i.e., th@f odd and even Q) lines in Fig. 10. The values in Figs. 8
difference between the calculated and observed spectrand 9 enable a further test of the model. Indeed, according to
Similar results were found for the 2077 ¢mQ branch as EQ. (10) the off-diagonal elements iV coupling Q lines
well as for the 2130 ciit Q branch at pressures other than should be the same in the 10—00°0 [I1—X,£,=0,(
400 torr. =1] and 20010 [« II,¢,=1,(;=0] bands. Since

It is remarkable that a single set of ECS parameters ighe positions of the Q lines of moderatealues can be well
able to reproduce the band shapes of all three bands. No@@proximated byrq )= oyip+JI(I+1)AB,, whereoy, is

that this is quite a success since the absorption is very wethe vibrational frequency andB,;, the difference of the
rotational constants in the upper and lower states, one can
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