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Experimental and theoretical study of line mixing in methane spectra.
Il. Influence of the collision partner  (He and Ar) in the v3 IR band
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Line mixing effects are studied in they band of CH perturbed by Ar and He at room temperature.
Experiments have been made in the 2800—3200"cspectral region using four different setups.
They cover a wide range of total densities, including I@®25-2 atm, medium(25-100 atm, and

high (200—1000 atm pressure conditions. Analysis of the spectra demonstrates that the spectral
shapedqof the band, theQ branch, theP and R manifolds,..) are significantly influenced by line
mixing. The theoretical approach proposed in the preceding paper is used in order to model and
analyze these effects. As done previously, semiclassical state-to-state rates are used together with a
few empirical constants. Comparisons between measurements and spectra computed with and
without the inclusion of line mixing are made. They prove the quality of the approach which
satisfactorily accounts for the effects of pressure and of rotational quantum numbers on the spectral
shape. It is shown that collisions with He and Ar lead to different line-coupling sch@rgesmore
coupling within the branches and less between branched hence to different shapes. The
influence of line coupling between different branches and manifolds is evidenced and studied using
high pressure spectra and absorption in the band wings19€9 American Institute of Physics.
[S0021-960629)01039-9

I. INTRODUCTION regions which have been investigated experimentally. A sec-
ond type of approach was proposed in our previous ffaper

f Thtf] |anuEncebof Imz m|xmgt eftfe:j:t_s on mfraLed SF]feCtrabreferred to hereafter as PRihich has more theoretical ba-
of methane has been demonstrated in a number of TeCey, 4 requires much fewer empirical parameters. In this

papers-— These studies have shown that, when the absorp- . ) )
. - . model, the off-diagonal elements of the relaxation matrix,
tion shapes are governed by collisions, the profiles of most , . . : .

: which account for line coupling, are constructed starting
spectral feature$Q branch,P and R manifolds, clusters of from state-to-state rotational transfer rates. The latter are
lines) are significantly narrower than predicted when using '

purely Lorentzian line shapes. Two types of approaches, difgomp_uted from t?e intermo_lecular potential by using a semi-
ferent in their principles, have been proposed in order tcFlassmal model:’ Connection between state-to-state data

model line mixing and to correct for deviations from the @nd the line coupling coefficients is made by introducing a
isolated line approximation. The first, which is strictly em- féW empirical parameters whose values are determined by
pirical, was used in Refs. 1-3. Parameters representing lin@S of measured spectra. Comparisons of computed results
coupling are then determinddne by ong from fits of mea- with laboratory measurements of GHN, absorption in the
sured spectra. Very satisfactory agreement with experimentés Pand at room temperature between 0.5 and 50 atm have

is obtained, but predictions are limited (spectral, pressuye  demonstratetithe predictive capability of the model. In a
recent work, an approach similar to ours has been used by

AElectronic mail: jean-michel hartmann@ppm.u-psud.fr Pineet al” for a refined study of both speed dependent and

YPermanent address: Institute of Physics, St. Petersburg University, Pet«Jl'-ne mixing effects in low pressure methane SpeCtra'
hof 198904 St. Petersburg, Russia. The present paper completes the study made in PPI by

0021-9606/99/111(15)/6850/14/$15.00 6850 © 1999 American Institute of Physics
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extending the pressure range investigaigol to about 1000 of lines. Also note that refined effects, such as those related
atm) and considering collisions with He and Ar. Measure-with velocity changes and speed averaging, are disregarded
ments have been made using various setups of spectral redwere. They have been studied in methane absorption at low
lutions adapted to the investigated densities. Analysis of theressures® but their influence is small under the conditions
results show that the two collision partners considered instudied heréwhen compared with the precision of most our
duce different line mixing effects. The methane—helium in-measurements and that of our mgdélhus we have ne-
teraction favors mixing within branches whereas interfer-glected them.
ences that occur between the Q, and R components are As in PPI, the imaginary off-diagonal elements of the
less important than for CHAr. Extension of the pressure relaxation operator are neglected and\Iv} is restricted to
range enables the study of the effects of coupling betweeits diagonal part(line shifty. The real part of the off-
different manifolds and branches on the central part as wellliagonal elements Al is constructed starting from state-to-
as in the wings of the band. It is shown that our approactstate collisional rates and using some empirical factors in
leads to satisfactory results over a very wide range of condierder to connect these data to the line coupling elements. The
tions. off-diagonal term coupling linek andk’ is then given by:
The remainder of the article is organized in four sec- , "
tions. The theoretical model is recalledgln Sec. II. The meaRE(K W(T)[K)}=—A(K" k) XKjr—i(T),  (k#k ),2
sured spectra and the data used for computations are de- @
scribed in Sec. lIl. lllustrative and representative compari-where Ky, (T) is the collisional transfer rate from the
sons between measured and computed spectra are preserasler levelik of line k to the lower levelik’ of line k'.
in Sec. IV for a variety of total pressures. Specific problemsSimplifying hypotheses are matlén order to restrict the
including the influence of the collision partner and the effectsnumber of empirical parametefgk,k’). The final approach
of intra- and interbranch mixings are discussed in Sec. V. used here is slightly different from that of PPI, for two rea-
sons: the first is that th&(R,R) andA(P,P) parameters that
govern coupling within manifolds may now depend on the
II. THEORETICAL MODEL rotational quantum numbel. The second is that a specific
Since most theoretical elements have been described fidctor A(R,R")=A(P,P’) is introduced for the intermani-
PPI, only the main steps are recalled here. fold mixing in the R and P branches. The final parameters
For a CH—-X mixture with densitieanH4 and ny are then given by the following equations: for lineandk’

(Ney<ny) at temperatureT, the absorption coefficient, belonging to the same branch, the intrabranch parameters are
4 i .
given by:

k,k' are anyQ lines=A(k’,k)=A(Q,Q),

accounting for line mixing at wave numberis given by:
LM
o (O',nCH4,nx,T)

877 k,k’ are R lines of the samel manifold

=Ak" k) =A(R;,Ry),

k,k' are anyR lines of different manifolds

Xnep,Imi > > pi(T)
koW =Ak’,K)=A(RR’),

X A (K[ = Lo—inyWy(T)] LK) b (1) k,k' are P lines of the sameJ manifold
, o =A(k' K)=A(P;,P)),

The sums include all absorption linksandk’, andp, and . . _
dy are, respectively, the initial level relative population andk,k’ are any P lines of different manifolds
the dipole transition moment of link X, Ly, andWy are ,
operators in théLiouville) line space. The first two matrices =AK K =ARR’). &)
are diagonal and real, associated with the scanning wav@ order to further reduce the number of parameters and
numbero and with the positionsr of the unperturbed lines. smooth the values obtained, we use a two-parameters mod-

The relaxation operatdx contains all the influence of col- eling of the variations with rotational quantum number, i.e.,
lisions and depends on the band, on the temperature, and on

the collision partner. Its off-diagonal elements account for*(Ri-1,Rs-1)=A(P;,Pj)=a+bXxJ= a+bx|m|. (4)
interferences between absorption lines, whereas the diagongknce, as reasonably confirmed by the results of Sec. 111 B,
terms are the pressure-broadening)(and shifting ¢x) co-  we make the approximation  thatA(R,_;,R;y_,)

efficients of the isolated lindS(k|W|k))=y—id]. When  —a(p, P,). The interbranch parameters are then deter-

are neglected and Edl) reduces to the addition of indi-

vidual line contributions with Lorentzian shapes. Re[((KIW(T)[k))}

Recall that Eq.(1) assumes binary collisions and the
impact approximation. Henc&)y is independent on wave =y (T)=— >, ——Re{({(k’|W(T)[K))}. (5)
number and calculations must be restricted to the near wings w2k di
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TABLE I. Groups and laboratory instruments involved in the measurements.

Characteristics Instrument He or Ar
Group . .
and resolution pressures (atm) Regions
G1: LPPM-Orsay® FT (Bruker IFS66V) 25, 50, 80, 100, 200, Pi;to Ry
0.12 cm™ 300,..., 1000
G2: LPMA-Paris® FT (home made) 2 Pysto Rys
~0.01 cm™!
G3: IEM-Madrid® TDFS 025,05, 1, 2. R, for J=8,10,12,14,16
~10"*cm™!
G4: LPALMS-Rennes® FT (Bruker IFS120) 0.25,0.5, 1. Pto Ry
0.002 cm ™!
See Ref. 4.
®See Ref. 9.

Indeed, in order to satisfy Ed5), the coupling between a that the sum rule in Eq5) is rigorously respected. This was
givenQ line, k, and allR andP lines,k’, must be governed not the case in PPl where average interbranch factors were
by the parameteA(k’,k) that only depends ok and is  used.
given by: The state-to-state ratés, . (T) have been calculated

, , from the CH—X interaction potential with a semiclassical
(ke QK ¢ Q)=AlK k) model as described in Refs. 4, 6, 7.
7k_Ek”eQ,k"#kdk”XA(k”!k)XKik”«—ik

Ek"¢Qdk">< KIk”HIk

= (6)

Once thes&k«+—Q and P« Q terms are known, detailed bal- lll. DATA USED
ance gives theQ—R and Q—P couplings and only the A. Measured spectra
R~ P mixings remain unknown. The latter are then again
derived from Eg.(5). The associated parameteigk’, k)
only depend ork and are given by:

Absorption spectra have been measured in a wide pres-
sure rang€0.2—1000 atny by using four different set ups as
summarized in Table I. Since the experimental apparatuses

ke X=R or P and procedures have been described in detail in a number of
k'eY=P or R previous publicationgsee references in Tablg details are
, not given here. Use of a large range of density conditions
<Ak’ k) brings much information on collisional processes. Indeed,
Y= Zre (0 or 30k kir XAK K) X Kijer i the recordings made at loy®.25—2 atm pressures by high

(7) spectral resolution instruments enable analysis of the shape
of the features within the manifolds. They are sensitive to the
Note that theR<—P and PR couplings constructed this couplings that occur between the closely spaced lines only
way insure that Eq(5) is respected foP andR lines but do  and hence depend on very few of the relaxation matrix ele-
not rigorously verify detailed balance. An alternative way ments. At intermediate densiti€25—100 atm, all the fea-
would be to construcR+—P terms and deduce the<—R  tures that compose a manifold merge into a unique structure
couplings from detailed balance but this would lead to thebut the manifolds are still discernible and practically do not
breakdown of Eq.5) for R lines. A comparison between mix with each other. Absorption is governed by all couplings
these two approaches has shown that they lead to very simivithin the manifolds but remains little dependent on interfer-
lar results for the conditions investigated here. Once th@nce between different manifolds and branches. Finally, at
state-to-state rates and broadening coefficients are knowhigh pressuré>200 atn), the only smooth contours remain-
the model is thus based on four parameters ¢AQ,Q), ing are theP, Q, andR branches which tend to merge into a
A(R,R"), and(a,b) in Eqg. (4)]. They are empirical, depend unique peak. The band shape is then sensitive to all possible
on the collision partner, and need to be determined from fitgouplings, including intermanifolds and interbranch interfer-
of measured spectra as done in Sec. Il B. Note that, in PPEnces.
we assumed\(R,R")=A(R,R); this approximation, which Note that, at elevated pressure, deviations from the per-
concerns the coupling between different manifolds within thefect gas must be accounted for. This was done for Ar and He
P and R branches was a reasonable first guess. Its chediy using the data of Refs. 10, 11, and, in the following, the
requires pressure@ot studied in PBlhigh enough(above  pressure® used are not those measurd?}(,d but those of
200 atm to make the manifolds overlap significantly. The the perfect gas for the same density. HeReen(P eas T)
present experiments at elevated density show that this ap<kgXT/1.013 wheren is the density of molecules under the
proximation is not satisfactory and tgR,R’) parameter experimental P, T) conditions [e.g., P=475atm for
has thus been introduced. Also note that E@8.and (7) P meas 600 atm of argoh Densitiesd in amagat unit are then
define line dependent interbranch coupling factors that insurgiven by d(Am) = P(atm)* 273/T.

Ek”Ede”X Klk”e—lk
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B. Data used for the computations 1.0
The spectroscopic parametedis,, p,, anddy) of the
isolated (CH) molecule have been taken from the 1996 ver- 0.8 -
sion of theHITRAN databasé?
Widths and shifts of lines other than those of theband 1
of CH, where obtained from thelTRAN data base values 061 IF T
for air broadening correctedor Ar and He using constant 0

diagonal elements oV (half widths v, and shift§, of the

lines) for CH,—He and —Ar have been carefullparticularly -~

) determined using a variety of sources as explained in & 1 (b)
<

Tf%w%%
factors derived from Ref. 13. For the band transitions, the 1 Jﬁ %ﬁ j k4
0.4 E

Appendix A. The reason for that is that conclusions on the
model quality are crucially dependent on the broadening data
used as mentioned in PPI and demonstrated in Appendix B.

L
oN

State-to-state rates have been computed foy-Eté and 0.8
CH,—Ar collisions at room temperature as described in Refs. ]
4, 6, 7. The interaction is represented as a sum of atom—atom 0.6 - §
contributions with parameters that have been fitted on pub- }
lished potential surfaces. Those of Refs. 14 and 15 have been
used for the methane—argon and methane—helium systems, 0.4
respectively. These references and the calculated values of
methane line broadening paramet&fs indicate that the 02
quality of potential surface for CHAr is poorer than that .
for CH,—He. This may explain some of the results obtained 0.0 .(.a,). S I
thereafter and calculations with a more accurate potential 8 415 <12 -9 -6 3 0

surfacé® would be of interest and are in progress.
Only the real part of the off-diagonal elementsvidfwas

g:onadered and _cou_plmg was restricted _to tf%eband of FIG. 1. Values ofA(m) [i.e., A(R; Ry andA(P,.P,)]. ® and O have
“CH,. The contributions of all the other ling$°CH,, hot,  peen retrieved from lowigroups G2—Gytand medium(group G2 pressure
and combination bands,).were computed through the ad- spectra, respectively. — are the fits using . (a) and(b) are for He and

dition of Lorentzian(Voigt) profiles. This approximation has A"
little consequences on computed results since absorption in
the studied region is largely dominated by the contribution of ) _ )
the v, band. The RE(K'|W(T)|k))} terms were calculated, of the half width data used. A fit of all valu¢accounting for
up to J=17 (~400 lineg using the state-to-states rates anguncertaintieswas then made using E@) yielding thea and
Egs. (2)—(7). The needed values d, b, A(R,R"), and b parameters. Although quite crude, this procedure has a
A(Q,Q) for the perturbers considered here have been deteRractical interest, and it enables “smoothing” of the results
mined as explained below. obtained for the various lines and pressures since errors on
The empirical constants of the model have been detefthe broadening parameter for some specific 'Fransitions can
mined from least squares fit of measured absorption with théffect the retrieved values @f(m) (see Appendix B Note
approach and data described above. Thependent param- that A(J) parameters foR and P lines up toJ=10 have
etersA(R;,R;) and A(P;,P;) have first been retrieved by been very carefully extracted by Pie¢ al. f_rom low pres-
using both low(1 and 2 atmand medium(25 atm pressure  Suré(<0.7 atm spectra. The values obtained for Ehhr
spectra. Their values are plotted in Fig. 1 ms(=J+1 and &€ consistentconsidering uncertainti¢swvith our set de-
—Jin theR andP branches, respectivelyWhen significant, rived from Iow_ pressure absorption but show a much
the results extracted in the and R branches are consistent Smoother behavior probably due to the fact that widths and
Eq. (4) is reasonable(As indicated by the error bars, some Of A(Q,Q) was determined from spectra at intermediate
results have large uncertainties due to the small sensitivity ofensity. Finally, theA(R,R") parameter was obtained from
measured absorption to the considered parameter. It is tiPSorption at high pressure, all other parameters being fixed.
case of the values obtained from low pressure absorption ihh€ final set of constants is summarized in Table II.
the P branch since lines within the manifolds are to sparse
to be significantly affected by line mixing at low pressures. It
is also the case of the lowmanifolds at medium pressures
since their structures are then masked by@heranch wings CH,—He CH,—Ar
and almost indiscernibleFurthermore, the values obtained
from low and medium pressure spectra are in agreement 2&8’%) 0081&35(;)3%‘ (;)'52572
(within uncgrtaintie}s possible e.xplanations for the.differ- A(RR) 0490 0.198
ences are discussed in Appendix B in terms of the influence

TABLE Il. A(X,Y) parameters used in the present work.

Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



6854 J. Chem. Phys., Vol. 111, No. 15, 15 October 1999 Pieroni et al.

3 (@)
B
—_
3 6 £
= =]
: =
g i 24
2 5
£ 4 ~.
% o
o
%
B 19
2.4
J
. J
0. 0
3 2. 1 4
1*] o
= = 10 2
! t05 g
% 0.k - 3 ) sy
C 004
2
-1, - -1 .0,
29263 29268 29273 29278 29283 31486 31489 31492 31495 2894.5 28950 2895.5 2896.0 2896.5 2897.0 3139.8 31400 31402 31404 31406 31408
B -1
o (cm ) o (em)

FIG. 2. Measured and calculated absorptiorPiand R manifold at low /G- 3. Same as in Fig. 2 but fofa) Py, lines in CH,—Ar under 2.00 atm
pressure® are measured values whereas — and -- have been calculated@oup G2. (b) Ry, lines in CH,—He under 1.97 atnigroup G4.

with and without the inclusion of line mixing, respectively. Obs—calc devia-

tions are given in the lower part of the plgg) Pq lines in CH,—Ar under

2.00 atm(group G3. (b) Rys lines in CH—He under 0.987 atrtgroup G4. - annroach. Effects of line mixing on low and medium

pressure spectra have been discussed in the case oMNGH
IV. RESULTS in our previous paper. Since the behaviors observed for
This section is devoted to comparisons between meamethane—argon and methane—helium mixtures are qualita-
sured and computed spectra in order to assess the quality ively similar to that of methane—nitrogen, only a brief de-
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m

FIG. 4. Relative errors on the computed peak absorption ob$heand features for a pressure of about 1 atm. Values ifRthed P manifolds are plotted
vs. rotational qguantum numben. x, @, and ] are values deduced from measurements by groups G2, G3, and G4, respejvahd (b) are results
obtained with our model for Ar and He, respectively’)(and (B) are the corresponding results obtained neglecting line mixing.
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FIG. 5. Absorption in th&k andP branches for the pressure of about 50 s#@rare measured valuégroup G2 whereas — and --- have been calculated with
and without the inclusion of line mixing, respectively. Obs—calc deviations are given in the lower part of the)gRyt-R,¢ for CH,—He. (b) P,—Pg for
CH,—Ar.

scription of results is given here. A few representative specas expected, since they are of different nuclear spin symme-
tra, recalling the main points are presented and moréries (A, E andF). Note that the use of an improved line
information (e.g., on the line structuyecan be found in broadening data sésee Appendix A has considerably im-

Ref. 4. proved the quality of predictions in this,E,F cluster[com-
pare Fig. 8a) with Fig. 12a) of PPI].
A. Low pressures (0.25-2 atm) An overview of the quality of predictions is given by

Fig. 4, where relative errors on the peak absorption of mani-
g_)lds for a total pressure of1 atm are plotted. These results
demonstrate the consistency of the various experimental re-
sults. They show, for He and Ar, that neglecting line mixing
leads to errors that increase witland reach a factor of about
two for high rotational quantum number lines.

As shown in Refs. 4, 3, 5, detailed information on what
happens inside the spectral structures is brought by low pre
sure absorption. Regions near the center® aind R mani-
folds are considered here and results in@branch are not
presented since the highest pressure stu@edtm is too
low to induce large line mixing effectéhey remain lower
than a few %.

Figure 2 presents results obtained in tAg and R;3
manifolds. The improvement obtained when modeling line  Figure 5 presents measured and calculated spectra in the
mixing with our approach is clear. Furthermore, and as note® andR branches for a total pressure of about 50 atm. These
previously[Figs. 1Qa), 11(a), and 11b) of PPI], our model plots, which confirm the quality of our approach, are very
reproduces the high selectivity of collisional processes: isimilar and call for the same conclusions as for €N,
does correctly account for the fact thai and F, compo-  (Figs. 3 and 4 of PRI The view of the entire band for
nents on the low frequency side mix, whereas those on th€H,—He in Fig. 6 is also equivalent to results for GHN,
right hand side are practically unaffected. Measured andFig. 5 of PP). Again, line mixing has large effects in ti@@
computed spectra in the;, andR;, manifolds are plotted in  branch and in the troughs between higimanifolds. Our
Fig. 3. Line mixing has effects in the left hand side clustersapproach leads to satisfactory results whereas neglecting line
only whereas lines on the high frequency side are uncouplednixing strongly underestimates tiigbranch peak and over-

B. Intermediate pressures (25-100 atm)
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CH,—N, (Ref. 4 and some other molecular systefnclu- 0.00 N
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sion of line coupling significantly reduces absorption in the

12 9 6 -3 0 3 6 9 12 15 18
troughs between high rotational quantum number lines. ' '
For a synthetic view of the effects of collisions, we have
determined(as in PP)] the half width at half maximum
I'(Py) of each absorption featu€® branch,R and P mani-
folds) in the 25 and 50 atm spectra for=He and X=Ar.

The results have then been fitted by the linear law:
T'(Py)=Ao+ Py X y5".

m

FIG. 7. Effective broadening coefficient&™ [see Eq.(8)] of the v band
features. Values in thR andP manifolds are plotted vs. rotational quantum
numberm (—J andJ+1 for P andR lines, respectivelyand the results for
the Q branch are given at the position=0. ® have been obtained from
measured specti@roup G1; O and x were deduced from absorption cal-
culated with and without the inclusion of line mixing, respectivéd).is for
Ar, (b) is for He.

tS)
The values ofy®™ deduced from measured and computed
spectra are plotted in Fig. 7. The effective broadening coef- S )

ficient of the manifold decreases with increasihghile the ~ 11is effect, which is similar to that observed in §&*!
effects of line mixing become more and more important.reSLﬂltS from interbranch mixing and is analyzed in the fol-
When line coupling is neglected, errors reach about a factdPWing-

of two as already indicated by the results at low pressure

(Fig. 4). Although not perfect, our model accounts for mosty. DISCUSSION ON SPECIFIC POINTS

of the characteristics of the influence of rotational quantum . o ) )

numbers on the spectral shape at these intermediate pres- This section is devoted to the discussion of the effects of

sures. Most errors on computed results are due to use of E}fi€ collision partner and of mixing between the various spec-
(4) instead of the original valueén Fig. 1) retrieved from tral components of the spectrum. For quantitative compari-
spectra. Note that the broadening of ebranch is signifi- SONS, We introduce soméintensity weightedl branch-
cantly smaller for methane in helium than in argon; the Situ_average_d collisional quantities, that are given by the general
ation is the same for the manifolds although differences van€*Préssion:

ish for high J lines. This point is discussed in the next _
Cx_v=R kEY pididi X (K |WK)) + kzx pididy

section.
k' e X
| <(gewiky| /

Measured and calculated spectra at high pressures are
shown in Figs. 8 and 9. Our approach leads to satisfactory
results, whereas neglecting line mixing strongly overestiWe have calculated the values of the average intrabranch
mates theQ branch width and the absorption in the bandterms(Cp.p, Cq..q, andCg.,g), and the mean interbranch
wings. Note that, contrary to CHHe, all branches start to couplings(Cq..p g and Cg..p). The first three parameters
merge and the troughs between @@ndR,Pbranches tend govern the shape of isolated branches and are the associated
to fill up in CH,—Ar spectra at elevated pressiifég. 8a].  branch broadening parameters. The others are responsible for

k' eY
C. High pressures (200-800 atm) ©
. 9

> pexdi
ke XY
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FIG. 8. Measured and calculated spectra for,EAF at high pressuré® are FIG. 9. Measured and calculated spectra for,€He at high pressure. Same
measured valuegroup G1 whereas — and --- have been calculated with symbols as in Fig. 8@ and(b) are for the total pressures 692 and 337 atm,
and without the inclusion of line mixing, respective(g) and(b) are for the ~ respectively.

total pressures 475 and 297 atm, respectively.

where[ ya ! vuel ™ is the line averaged ratio of Ar to He line
the transfers between tiig Q andR components. The val- proadening parameters of methane lifigs value at room
without the inclusion of line mixingleft and right parts of ~ pyted without inclusion of line mixingdiagonal relaxation
Table Ill) demonstrate the narrowing of branches due to COUpperatoy for the sameP,, are almost identicalthis is con-
pling. firmed by the fact that values between parentheses in the
A. Effect of the perturber right part of Table Ill are the same for Ar and H€ompari-

. . son of the relative effects of line couplifgff-diagonal ele-
In order to compare the effects of collisions with He a”dment3 is then possible.

Ar on the spectral shape, two different approaches can be

used. In the first, théreal) pressureP is used as a parameter,

as was done in Fig. 7. In this case, &HHe collisions lead to

narrower profiles than those induced by the,GHAr interac- 1. Low pressures
tion for all structureQ branch and th& andR manifolds.

In these “absolute” comparisons, not only line mixing ef-
fects through the off diagonal elements \&f, but also the
line broadening(diagonal termsmake a contribution. The
fact that the widths of lines are different for GHHe and
—Ar collisions makes the evaluation of the relative contribu-
tions of line mixing difficult when the true pressure is used.
For “relative” comparisons, we introduce the ‘“equivalent
pressure” Pgq that makes line broadening for He and Ar
similar. The helium is used as a refererée., P.{(He)
=P(He)] and the values for argon are given by:

Peak absorption in sonf®, manifolds at low density are
plotted versus equivalent pressure in Fig. 10. As observed
previously?*® coupling between lines induces effects that
increase with the number of collisions. Comparison of ex-
perimental results for CiH+Ar and CH—He indicates that,
for given P, the profiles are narrower for Ar than for He,
with a difference that increases widh This shows that, with
respect to the broadening, the off-diagonal elements of
Re{W} connecting lines of a given manifold are larger in the
case of Ar, particularly for large rotational quantum num-
bers. Our model qualitatively reproduces the effect of the
perturber and pressure but discrepancies remain, mostly due
PefAr) = P(AN) X[ yar! Yuel™, (100  to use ofA(R;,R;) parameters smoothed by Ed).
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FIG. 10. Measured and calculated peak absorptiofsnmanifolds vs. equivalent pressu@®.andO are experimental results for Ar and Kgroups G2, G3,
G4), respectively. — and --- are the corresponding calculated values. The lower(edrve—) was obtained neglecting line mixiigame results for He and
Ar since P4 is used. (@) (b), and(c) are for theRg, R;,, andR,s manifolds, respectively.

2. Intermediate pressures (Fig. 7). With respect to the broadening the coupling ele-

The spectra at intermediate density have been treated &%;_TS within gf_?anifold are larger for Ar than for kfeence
in Sec. IVB in order to determine the widths of the spectral?”  (A) <¥*"*{He)] but they remain too small to over-

structures. The results were then fitted using Bgbut now  come the differencéfactor 1.39 between the broadenings
replacingP by Pe,. The values of the effective broadening [hencey®"(Ar) > y*(He)]. Contrary toP and R manifolds,
parametersy®™e9 per unit equivalent pressure are plotted inthe Q branch is broader for CHAr mixtures than for the
Fig. 11 for theP, Q, andR branches. They confirm the ob- CH,—He system showing th®-Q coupling elements are,
servation made at low pressure that the relative narrowing ofvith respect to the line broadening, more important for He.
P andR manifolds is more pronounced for Ar than for He, This result is consistent with the values Gf..q given in
contrary to what is obtained when “true” pressure is usedTable Ill. A similar behavior has been observed for linear

TABLE lIl. Averages of the relaxation matrix elemer(tsn™ Y/atm) as defined in Eq(9). The values between
parentheses are per unit equivalent presSg Eq. (10)] whereas the others are per unit “true” pressie

With line mixing No line mixing
Ar He Ar He
Crop 0.035 (0.029 0.019 (0.019 0.052 (0.03% 0.037 (0.039
Coeo 0.038 (0.027 0.019 (0.019 0.053 (0.038 0.038 (0.038
CroRr 0.032 (0.023 0.017 (0.017 0.052 (0.037 0.037 (0.037
Coorp —0.024 (-0.019 —-0.012 (-0.012 0 0
Crop —0.016 (—0.01) —0.008 (—-0.008 0 0
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FIG. 11. Effective broadening coefficieny&™*? per unit equivalent pres- FG. 13. Measuredgroup G1 and calculated absorptions at tRebranch
sure. Values in th&} and P manifolds are plotted vs. rotational quantum peak vs. equivalent pressure. Same legend and symbols as in Fig. 10.
numberm (—J andJ+1 for P andR lines, respectivelyand the results for

the Q branch are given at the position=0. @ and O are experimental
results for Ar and Hegroup G2, respectively.

branches are larger for Ar than for He when equivalent pres-

molecules which show significantly narrow& branches SUre is considered. Furthermore, interbranch mixings

when collisions with He are considerée.g., Refs. 9, 22 (Cx—y), which fill the troughs between the branchisee
This was explained in the case of CQRef. 9 by the fact below) are also larger. Hence these two effects contribute to
that the interaction potential is dominated by the repulsive? €SS pronounced gap between @and P,R components.
front and mid- and long-range forces are much smaller thaf Synthetic comparison between absorptions atQiteranch

for other perturbers. Since the GHHe potential shows the Peak is made in Fig. 13. Again, helium leads to higher peaks
same characteristic, the explanation given in Ref. 9 Iikelythan Ar although the difference between perturbers vanishes
stands for methane. with increasing pressure. This is due to the competitive ef-

fects of the broadening of th@ branch and of the contribu-
3. High tions of the other branches. Inde&ke Table Ill, whereas
- High pressures for CH,—Ar the Q branch is broader and thus has smaller
High density spectra of CHAr and CH—-He for the  peak absorption than for He, the larger broadenings oPthe
same equivalent pressure are compared in Fig. 12. They coand R branches and of interbranch mixing make larger con-
firm that theQ branch is broader in the case of collisions tributions at the band center.
with Ar whereas the troughs between the branches is more
pronounced for He. These differences can be explained look-

ing at Table Ill: the broadening parameteiGy(,x) of all
B. Influence of intrabranch and interbranch mixing

As is well know from studies of other molecular systems

:ZJ (a) A (e.g., Refs. 23, 2intrabranch mixings narrow the branches
g L. whereas interbranch couplings fill the troughs between
s 7] branches. This is confirmed, in the case of ,©€Ar by the
g > ; results in Fig. 14 which should be read in the following way:
% 13 starting from the purely Lorentzian calculation, we first in-
3 M troduce the intrabranch couplings. This leads to a narrowing
0.5 of all branchedas indicated by the differences between val-
0.0 = . . r . T . : ues ofCy.x in the right and left part of Table Il) hence to
154 = the enhancement of their peaks and the decrease of absorp-
o 051 ®) SN tion between branches. Introducifg— (R andP) couplings
g % ; T “I«-—I/ """"" ' - e i takes intensity from thé and R wings and transfers it to-
2 s wards theQ—R and Q—P troughs. Finally,R« P mixings
© IoE (© transfer intensity towards the central region of the band
B A — (R—P trough and lower the absorption at tiieandP peaks
0.5

and wings. The differences between He and Ar observed in
Fig. 12 are then easily explained in view of Table Il and of
the preceding analysis: all parameters being larger for ar-

FIG. 12. Measured and calculated spectra for the equivalent pressure 5 . e u ” ;
atm. (@ Experimental values for He®) and Ar (—) (group G1. (b) and (0 %’on, the overall prof!le is flatter” with less marked
display the obs—calc deviations for He and Ar where — and --- have beefPf@nches than for helium since the branches are broader

(Cx.x) and the troughs are less dedpy(.v).

————— et
2880. 2920,  2960.  3000.  3040.  3080.  3120.  3160.  3200.
-1
s(cm))

calculated with and without the inclusion of line mixing.
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FIG. 15. Measured and calculated absorptions in the wings of the tand.

FIG. 14. Absorption for Ci-Ar under the pressure 375 atm. The measured 1he Ar broadened® branch wing for 297 atm(b) The He broadene®
(group G2 and calculated spectra are displayed in the upper part. The lowePranch wing for 181 atm® experimental resultggroup G3. --- are values
part gives calculated values with the conventions: --- no line mixtigg- cal_culated without Ilne_mlxmg. The — curves, startlng from thg tpp one_aqd
onal W), — diagonal and intrabranch terfi®-R, Q-Q, P-P), — - — going down were obtamgd by successively |ntrodu_cmg the mixings: within
diagonal, intrabranch terms, ar@—P and Q-R interbranch mixings, manifolds, between manifolds, betweénand (P,R) lines, and betweeR

all terms(P—P, Q—Q, R-R, Q—P, Q—R, R—P). andP lines (full calculation.

_ _ due to finite duration of collision effec(®.g., Refs. 26, 27
C. Wing absorption At pressures below about 50 atm, the absorption in Fig. 16

Correct modeling of spectra in the spectral regions off€sults from wing contributions only and is a linear function
weak absorption is of crucial practical importance for atmo-Of density. At elevated pressure the nearby lines start to over-
spheric applications. In particular, these “windows” are lap and make a contribution that decreases with defatty
used for the sounding of the deep parts of the atmospherediie center, absorption is proportional B *) and reduces
The quality of our approach is demonstrated in Fig. 15 which
also enables analysis of the various line coupling contribu- 036
tions. Starting from the LorentziafiagonalW) calculation

0.324

we first introduce coupling within the manifolds. As widely
demonstrated by the results of Sec. IV and obvious in Fig. —~ (23-
15(b), this leads to a sharpening of the shape of the mani-g 1
folds. The introduction of intermanifold couplings then leads &  ***
to a reduction of the absorption since intensity is transferred = 20
towards the more intense lines near the center oPthadR é% o6

branches. Finally, the absorption is further lowered by inter- *z
branch mixings which transfer intensity to the central part of 0124
the band. A comparison of the effects of collisions with He

and Ar on the wing absorption is shown in Fig. 16 where 087

results obtained at the wavenumber between Ri8 and 0.04 L
R14 lines are presented. For both perturbers absorption is 0. 100200300 400300600700
strongly subLorentzian, as has been observed for some othe P

m_OIeCU|eS _Wlt_h relatively narr_ow line spamﬁ%. Note that FIG. 16. Measuredgroup G2 and calculated absorptions at the wavenum-
this behavior is not systematic and that superLorentzian beo'er between th&k13 andR14 lines vs. equivalent pressure. Same legend

haviors have been observed for some light molecules, likelyind symbols as in Fig. 10.
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the increase of the overall absorption with pressure. DifferAPPENDIX A: LINE BROADENING AND SHIFTING
ences between results obtained for SHe and CH—Ar are  DATA USED FOR v; BAND LINES
not clear, both experimentally and theoretically. Study of
absorption in the further wing would be of interest.

Note that the quality of predictions obtained in the wing
region may seem surprising since E@) is based on the

As discussed in Appendix B, the model parameters
A(X,Y) and the quality of results are highly sensitive to the
line broadening parameters used. It is thus of crucial impor-
impact approximation. Use of a relaxation operator indepen'Eance to use dat_a of the best quality possible. .Unfortunately,
dent on wave number should break down far away from thé&S Was showr} |n.PPI, the valggs gathered in HIERAN
considered linege.g., Refs. 27—29Indeed, this approxima- database for hlgP lines do notnorlglnate frqm measurements
tion is only valid for distances\o lower than (2rcr,) L but have been extrapo_lated and are highly questlonab!e.
where 7 is the typical duration of efficient collisions, i.e., Furthe_rmore, many prev_lously measure(_j values are quesjuon-
typically of the order of 20 and 100 ¢ for CH,—Ar and able smcé_-they were dgnved_fr_om experl_mental specf[ra with
—He collisions. The agreement between measured and calc:[f]-(?d.ms disregarding line mixing. The line broadgnlng and
lated values in Figs. 15 and 16 is due to the fact that, in thé:'h"ctmg data Sets that we have used were thus built by us, as
regions considered, absorption is dominated by the contribd’-"eII as possible, as described below.
tion of the nearby manifolds. 1. CH,—Ar collisions

The line broadening data that we have used for,-CAt
at room temperature were built in three different stépsa
VI. CONCLUSION first set, including some of th, Q, andR lines was directly
] ) obtained from the measured values of Ref. 2 and 13. This set

~ The model proposed in our previous paper has been aamains too restricted and, for instance, does not contain any
plied to mixtures of methane with He and Ar.'Comparlson.sP andR lines with J>10. (i) In a second step, complemen-
between measured and computed spectra in a very widgy yalues(particularly for highd P lines were then ob-
range of pressures have demonstrated that Ime_mlxmg effeciSined from N broadening parameters recently retrieved
are correctly a_cc_:ounted for by_our approach. Differences begq experimental spectra by Benfet al. using fits in-
tween the collisional shapes induced by the two perturberg),ging line mixing® Conversion from N to Ar broadening
studied have been pointed out and analyzed. The influence Qfss made by multiplying these values by the factor 0.878 as
intermanifold and interbranch mixing has been evidenced b}'ustified by the results of Refs. 2 and 18i) Finally, param-
using high density absorption. Analysis of the results indi-gters for missing lines, among which are Réransitions of
cate that, when compared to GHAr, CH,—He collisions  pigh 3 have been computed using the model of Ref. 16 and
favor intrabranch transfers to the detriment of mterbrancr}nump"ed by a corrective factor; the latter was determined
couplings. 'The wing regions, which are of importance forfrom the comparison of measured and computed results for
atmospherlc appllcatlon_s, ha_\s been studied show!ng that oWhe Jines whose broadening values have been determined by
model satisfactory predicts its strong subLorentzian behavsieps(i) and(ii). Note that the set originating from theoreti-
ior. Finally, the need for a large improvement of line broad-c4 calculationgstep(iii )] is the less accurate since semiclas-

ening parameters in molecular spectroscopic databases hgga models become questionable for high rotational quan-
been demonstrated. Among the subjects of interest that re;m number lines.

main unstudied are the influences of the band and of tem- A similar procedure was used for the determination of

perature on line mixi.ng processes. These points are of crucigf,e shifts: (i) Refs. 2 and 13 provided a first set for GHAT.
importance for applications since temperatures go down Qi) Complementary values where then obtained from

about 200 and 100 K in the Jovian and Earth atmospheregy, N, data multiplied by a factor 1.2 as roughly shown by
and the ¥4,v) region is often used for remote sensing from g 4ijaple measuremerftd? (iii) Finally, values for(high J)

emission measurements. They will be the subject of fumr‘?nissing lines where set to the constant valu®.006
works. cm Yatm?®®
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results whereas — and --- have been calculated with our line broadening

database and with values from tharan (Ref. 12 air-broadened values FIG. 18. A(R;,R;) constants for CiAr in theR6—R17 manifolds @ and

(multiplied by 0.890 (Ref. 13. O have been obtained using our line broadening data and widths lowered by
5%, respectively. The results {a) and(b) have been obtained by medium
and low pressure spectra, respectively. The plotécjngive the relative
variations ofA introduced by the 5% change in widths when 16@) and
medium (@) pressure spectra are used.

values are small and have little influence on our measured
spectra. We have thus retained a constant value @D01 _
cmYatm as indicated by Ref. 13. APPENDIX B: SENSITIVITY TO BROADENING

An example of the improvement brought by our databasé:)ARAMETERS

when compared with theITRAN'? parameters is shown in Contrary to what is done in Refs. 3, 2, 5 the line broad-
Fig. 17 where uncoupled,EF clusters are presented. As ening and shifting parameters are input and fixed data in our
noticed in PPI, theiITRAN values are strongly overestimated approach and are not fitted together with line mixing con-
for largeJ lines. Note that for thé®(12) line in Fig. 17, our  stants. We demonstrate here that the quality of the values
widths originate from the very precise;Mroadening values used have crucial influence on any conclusion concerning the
by Benner}’ and lead to very satisfactory predictions. The modeling of line mixing with our approach. In order to do
results forR,¢ are less satisfactory, partly due to the break-this, we have determined two sets AfR;,R;) constants
down of the semiclassical model used to compute the corrgsee Eq(3) and Sec. Il B for the R8—R16 manifolds. The
sponding widths; discrepancies may also result from the podiirst was obtained using line broadening values from our da-
quality of the potential surface usédsince much better re- tabasgsee Appendix Aand the second by using widths 5%
sults are obtained for CHHe whose interaction potential is smaller. The values extracted from low and medium pressure
better known'> spectra are compared in Fig. 18 and call for the following
The results in Fig. 17 which are similar to what is ob- remarks.
tained for N, broadening show that there is a crucial need for ~ The first is that uncertainties on line widths have drastic
the improvement of line broadening valuesHITRAN. Of  consequences on the line coupling parametigs. 17 and
course, for highJ R lines, which are very closely spaced, 18). For instance, a 5% change in widths results in 33%,
experimental studies are difficult and a hybrid appro@eh  14%, and 7% changes i for the R6, R10, andR14 lines
cluding use of theoretical valuesuch as that used here is when medium pressure spectra are considered. As expected,
likely required. Furthermore, recall that the works of Beriner effects are more pronounced for manifoldew J) within
and Piné®have evidenced that a number of effects, amongvhich line coupling is small. This may explain the fact that
which is line mixing, must be accounted for while determin-the J dependence in Fig. 1 is not smooth; indeed, it would be
ing line widths from measured spectra. quite easy to maké&\(R;,R;) vary “nicely” with J by in-
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