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Experimental and theoretical study of line mixing in methane spectra.
II. Influence of the collision partner „He and Ar … in the v 3 IR band

D. Pieroni, Nguyen-Van-Thanh, C. Brodbeck, and J.-M. Hartmanna)

Laboratoire de Photophysique Mole´culaire, UPR 3361 du CNRS, Universite´ Paris Sud,
Bâtiment 350, 91405 Orsay Cedex, France

T. Gabard and J.-P. Champion
Laboratoire de Physique de l’Universite´ de Bourgogne, Unite´ Associe´e au CNRS, 9 Avenue Alain Savary,
B. P. 47870, 21078 Dijon Cedex, France

D. Bermejo and J.-L. Domenech
Instituto de Estructura de la Materia, Consejo Superior de Investigaciones Cientificas, Serrano 123,
28006 Madrid, Spain

C. Claveau and A. Valentin
Laboratoire de Physique Mole´culaire et Applications, UPR 136 du CNRS, Universite´ Pierre et Marie Curie
(T13), 4 Place Jussieu, 75252 Paris Cedex 05, France

M. V. Tonkov,b) I. M. Grigoriev,b) and R. Le Doucen
Laboratoire de Physique des Atomes, Lasers, Mole´cules, et Surfaces, Unite´ Mixte de Recherche du CNRS,
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Line mixing effects are studied in thev3 band of CH4 perturbed by Ar and He at room temperature.
Experiments have been made in the 2800–3200 cm21 spectral region using four different setups.
They cover a wide range of total densities, including low~0.25–2 atm!, medium~25–100 atm!, and
high ~200–1000 atm! pressure conditions. Analysis of the spectra demonstrates that the spectral
shapes~of 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 schemes~e.g., more
coupling within the branches and less between branches! and 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 wings. ©1999 American Institute of Physics.
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I. INTRODUCTION

The influence of line mixing effects on infrared spec
of methane has been demonstrated in a number of re
papers.1–5 These studies have shown that, when the abs
tion shapes are governed by collisions, the profiles of m
spectral features~Q branch,P and R manifolds, clusters of
lines! are significantly narrower than predicted when us
purely Lorentzian line shapes. Two types of approaches,
ferent in their principles, have been proposed in order
model line mixing and to correct for deviations from th
isolated line approximation. The first, which is strictly em
pirical, was used in Refs. 1–3. Parameters representing
coupling are then determined~one by one! from fits of mea-
sured spectra. Very satisfactory agreement with experim
is obtained, but predictions are limited to~spectral, pressure!

a!Electronic mail: jean-michel.hartmann@ppm.u-psud.fr
b!Permanent address: Institute of Physics, St. Petersburg University, P

hof 198904 St. Petersburg, Russia.
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regions which have been investigated experimentally. A s
ond type of approach was proposed in our previous pa4

~referred to hereafter as PPI! which has more theoretical ba
sis and requires much fewer empirical parameters. In
model, the off-diagonal elements of the relaxation matr
which account for line coupling, are constructed starti
from state-to-state rotational transfer rates. The latter
computed from the intermolecular potential by using a se
classical model.6,7 Connection between state-to-state da
and the line coupling coefficients is made by introducing
few empirical parameters whose values are determined
fits of measured spectra. Comparisons of computed res
with laboratory measurements of CH4–N2 absorption in the
v3 band at room temperature between 0.5 and 50 atm h
demonstrated4 the predictive capability of the model. In
recent work, an approach similar to ours has been used
Pineet al.5 for a refined study of both speed dependent a
line mixing effects in low pressure methane spectra.

The present paper completes the study made in PP
er-
0 © 1999 American Institute of Physics
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6851J. Chem. Phys., Vol. 111, No. 15, 15 October 1999 Line mixing in methane spectra. II
extending the pressure range investigated~up to about 1000
atm! and considering collisions with He and Ar. Measur
ments have been made using various setups of spectral
lutions adapted to the investigated densities. Analysis of
results show that the two collision partners considered
duce different line mixing effects. The methane–helium
teraction favors mixing within branches whereas interf
ences that occur between theP, Q, and R components are
less important than for CH4–Ar. Extension of the pressur
range enables the study of the effects of coupling betw
different manifolds and branches on the central part as w
as in the wings of the band. It is shown that our approa
leads to satisfactory results over a very wide range of co
tions.

The remainder of the article is organized in four se
tions. The theoretical model is recalled in Sec. II. The m
sured spectra and the data used for computations are
scribed in Sec. III. Illustrative and representative compa
sons between measured and computed spectra are pres
in Sec. IV for a variety of total pressures. Specific problem
including the influence of the collision partner and the effe
of intra- and interbranch mixings are discussed in Sec. V

II. THEORETICAL MODEL

Since most theoretical elements have been describe
PPI, only the main steps are recalled here.

For a CH4–X mixture with densitiesnCH4
and nX

(nCH4
!nX) at temperatureT, the absorption coefficienta,

accounting for line mixing at wave numbers is given by:

aLM~s,nCH4
,nX ,T!

5
8p2s

3hc
@12exp~2hcs/kBT!#

3nCH4
ImH(k

(
k8

rk~T!

3dkdk8^^k8u@S2L02 inXWX~T!#21uk&&J . ~1!

The sums include all absorption linesk andk8, andrk and
dk are, respectively, the initial level relative population a
the dipole transition moment of linek. S, L0 , andWX are
operators in the~Liouville! line space. The first two matrice
are diagonal and real, associated with the scanning w
numbers and with the positionssk of the unperturbed lines
The relaxation operatorWX contains all the influence of col
lisions and depends on the band, on the temperature, an
the collision partner. Its off-diagonal elements account
interferences between absorption lines, whereas the diag
terms are the pressure-broadening (gk) and shifting (dk) co-
efficients of the isolated lines@^^kuWuk&&5gk2 idk#. When
line mixing is disregarded, the off-diagonal elements ofW
are neglected and Eq.~1! reduces to the addition of indi
vidual line contributions with Lorentzian shapes.

Recall that Eq.~1! assumes binary collisions and th
impact approximation. Hence,W is independent on wave
number and calculations must be restricted to the near w
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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of lines. Also note that refined effects, such as those rela
with velocity changes and speed averaging, are disrega
here. They have been studied in methane absorption at
pressures2,5 but their influence is small under the condition
studied here~when compared with the precision of most o
measurements and that of our model!. Thus we have ne-
glected them.

As in PPI, the imaginary off-diagonal elements of th
relaxation operator are neglected and Im$W% is restricted to
its diagonal part~line shifts!. The real part of the off-
diagonal elements ofW is constructed starting from state-to
state collisional rates and using some empirical factors
order to connect these data to the line coupling elements.
off-diagonal term coupling linesk andk8 is then given by:

Re$^^k8uW~T!uk&&%52A~k8,k!3Kik8← ik~T!, ~kÞk9!,
~2!

where Kik8← ik(T) is the collisional transfer rate from th
lower level ik of line k to the lower levelik8 of line k8.
Simplifying hypotheses are made4 in order to restrict the
number of empirical parametersA(k,k8). The final approach
used here is slightly different from that of PPI, for two re
sons: the first is that theA(R,R) andA(P,P) parameters tha
govern coupling within manifolds may now depend on t
rotational quantum numberJ. The second is that a specifi
factor A(R,R8)5A(P,P8) is introduced for the intermani
fold mixing in the R and P branches. The final paramete
are then given by the following equations: for linesk andk8
belonging to the same branch, the intrabranch parameter
given by:

k,k8 are any Q lines⇒A~k8,k!5A~Q,Q!,

k,k8 are R lines of the sameJ manifold

⇒A~k8,k!5A~RJ ,RJ!,

k,k8 are any R lines of different manifolds

⇒A~k8,k!5A~R,R8!,

k,k8 are P lines of the sameJ manifold

⇒A~k8,k!5A~PJ ,PJ!,

k,k8 are any P lines of different manifolds

⇒A~k8,k!5A~R,R8!. ~3!

In order to further reduce the number of parameters
smooth the values obtained, we use a two-parameters m
eling of the variations with rotational quantum number, i.

A~RJ21 ,RJ21!5A~PJ ,PJ!5a1b3J5a1b3umu. ~4!

Hence, as reasonably confirmed by the results of Sec. II
we make the approximation thatA(RJ21 ,RJ21)
5A(PJ ,PJ). The interbranch parameters are then det
mined in a second step by using the sum rule:8

Re$^^kuW~T!uk&&%

5gk~T!52 (
k8Þk

dk8
dk

Re$^^k8uW~T!uk&&%. ~5!
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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TABLE I. Groups and laboratory instruments involved in the measurements.
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Indeed, in order to satisfy Eq.~5!, the coupling between a
given Q line, k, and allR andP lines,k8, must be governed
by the parameterA(k8,k) that only depends onk and is
given by:

~kPQ,k8¹Q!⇔A~k8,k!

5
gk2(k9PQ,k9Þkdk93A~k9,k!3Kik9← ik

(k9¹Qdk93Kik9← ik
. ~6!

Once theseR←Q andP←Q terms are known, detailed ba
ance gives theQ←R and Q←P couplings and only the
R↔P mixings remain unknown. The latter are then aga
derived from Eq.~5!. The associated parametersA(k8,k)
only depend onk and are given by:

S kPX5R or P
k8PY5P or RD

⇔A~k8,k!

5
gk2(k9P~Q or X!,k9Þkdk93A~k9,k!3Kik9← ik

(k9PYdk93Kik9← ik
. ~7!

Note that theR←P and P←R couplings constructed thi
way insure that Eq.~5! is respected forP andR lines but do
not rigorously verify detailed balance. An alternative w
would be to constructR←P terms and deduce theP←R
couplings from detailed balance but this would lead to
breakdown of Eq.~5! for R lines. A comparison betwee
these two approaches has shown that they lead to very s
lar results for the conditions investigated here. Once
state-to-state rates and broadening coefficients are kno
the model is thus based on four parameters only@A(Q,Q),
A(R,R8), and ~a,b! in Eq. ~4!#. They are empirical, depen
on the collision partner, and need to be determined from
of measured spectra as done in Sec. III B. Note that, in P
we assumedA(R,R8)5A(R,R); this approximation, which
concerns the coupling between different manifolds within
P and R branches was a reasonable first guess. Its ch
requires pressures~not studied in PPI! high enough~above
200 atm! to make the manifolds overlap significantly. Th
present experiments at elevated density show that this
proximation is not satisfactory and theA(R,R8) parameter
has thus been introduced. Also note that Eqs.~6! and ~7!
define line dependent interbranch coupling factors that ins
ownloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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that the sum rule in Eq.~5! is rigorously respected. This wa
not the case in PPI where average interbranch factors w
used.

The state-to-state ratesKik8← ik(T) have been calculated
from the CH4–X interaction potential with a semiclassic
model as described in Refs. 4, 6, 7.

III. DATA USED

A. Measured spectra

Absorption spectra have been measured in a wide p
sure range~0.2–1000 atm!, by using four different set ups a
summarized in Table I. Since the experimental apparatu
and procedures have been described in detail in a numbe
previous publications~see references in Table I!, details are
not given here. Use of a large range of density conditio
brings much information on collisional processes. Inde
the recordings made at low~0.25–2 atm! pressures by high
spectral resolution instruments enable analysis of the sh
of the features within the manifolds. They are sensitive to
couplings that occur between the closely spaced lines o
and hence depend on very few of the relaxation matrix e
ments. At intermediate densities~25–100! atm, all the fea-
tures that compose a manifold merge into a unique struc
but the manifolds are still discernible and practically do n
mix with each other. Absorption is governed by all couplin
within the manifolds but remains little dependent on interf
ence between different manifolds and branches. Finally
high pressure~.200 atm!, the only smooth contours remain
ing are theP, Q, andR branches which tend to merge into
unique peak. The band shape is then sensitive to all poss
couplings, including intermanifolds and interbranch interfe
ences.

Note that, at elevated pressure, deviations from the p
fect gas must be accounted for. This was done for Ar and
by using the data of Refs. 10, 11, and, in the following, t
pressuresP used are not those measured (Pmeas) but those of
the perfect gas for the same density. HenceP5n(Pmeas,T)
3kB3T/1.013 wheren is the density of molecules under th
experimental (Pmeas,T) conditions @e.g., P5475 atm for
Pmeas5600 atm of argon#. Densitiesd in amagat unit are then
given byd(Am)5P(atm)* 273/T.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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B. Data used for the computations

The spectroscopic parameters~sk , rk , and dk! of the
isolated (CH4) molecule have been taken from the 1996 v
sion of theHITRAN database.12

Widths and shifts of lines other than those of thev3 band
of 12CH4 where obtained from theHITRAN data base value
for air broadening corrected~for Ar and He! using constant
factors derived from Ref. 13. For thev3 band transitions, the
diagonal elements ofW ~half widthsgk and shiftdk of the
lines! for CH4–He and –Ar have been carefully~particularly
gk! determined using a variety of sources as explained
Appendix A. The reason for that is that conclusions on
model quality are crucially dependent on the broadening d
used as mentioned in PPI and demonstrated in Appendi

State-to-state rates have been computed for CH4–He and
CH4–Ar collisions at room temperature as described in Re
4, 6, 7. The interaction is represented as a sum of atom–a
contributions with parameters that have been fitted on p
lished potential surfaces. Those of Refs. 14 and 15 have b
used for the methane–argon and methane–helium syst
respectively. These references and the calculated value
methane line broadening parameters16,17 indicate that the
quality of potential surface for CH4–Ar is poorer than that
for CH4–He. This may explain some of the results obtain
thereafter and calculations with a more accurate poten
surface18 would be of interest and are in progress.

Only the real part of the off-diagonal elements ofW was
considered and coupling was restricted to thev3 band of
12CH4. The contributions of all the other lines~13CH4, hot,
and combination bands, ...! were computed through the ad
dition of Lorentzian~Voigt! profiles. This approximation ha
little consequences on computed results since absorptio
the studied region is largely dominated by the contribution
the v3 band. The Re$^^k8uW(T)uk&&% terms were calculated
up to J517 ~'400 lines! using the state-to-states rates a
Eqs. ~2!–~7!. The needed values ofa, b, A(R,R8), and
A(Q,Q) for the perturbers considered here have been de
mined as explained below.

The empirical constants of the model have been de
mined from least squares fit of measured absorption with
approach and data described above. TheJ dependent param
etersA(RJ ,RJ) and A(PJ ,PJ) have first been retrieved b
using both low~1 and 2 atm! and medium~25 atm! pressure
spectra. Their values are plotted in Fig. 1 vs.m ~5J11 and
2J in theR andP branches, respectively!. When significant,
the results extracted in theP and R branches are consisten
indicating that the use of the rotational quantum numberm in
Eq. ~4! is reasonable.~As indicated by the error bars, som
results have large uncertainties due to the small sensitivit
measured absorption to the considered parameter. It is
case of the values obtained from low pressure absorptio
theP branch since lines within theP manifolds are to spars
to be significantly affected by line mixing at low pressures
is also the case of the lowJ manifolds at medium pressure
since their structures are then masked by theQ branch wings
and almost indiscernible.! Furthermore, the values obtaine
from low and medium pressure spectra are in agreem
~within uncertainties!; possible explanations for the differ
ences are discussed in Appendix B in terms of the influe
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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of the half width data used. A fit of all values~accounting for
uncertainties! was then made using Eq.~4! yielding thea and
b parameters. Although quite crude, this procedure ha
practical interest, and it enables ‘‘smoothing’’ of the resu
obtained for the various lines and pressures since error
the broadening parameter for some specific transitions
affect the retrieved values ofA(m) ~see Appendix B!. Note
that A(J) parameters forR and P lines up toJ510 have
been very carefully extracted by Pineet al.5 from low pres-
sure ~,0.7 atm! spectra. The values obtained for CH4–Ar
are consistent~considering uncertainties! with our set de-
rived from low pressure absorption but show a mu
smoother behavior probably due to the fact that widths a
shifts are simultaneously fitted in Ref. 5. As in PPI, the va
of A(Q,Q) was determined from spectra at intermedia
density. Finally, theA(R,R8) parameter was obtained from
absorption at high pressure, all other parameters being fi
The final set of constants is summarized in Table II.

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

CH4–He CH4–Ar

A(Q,Q) 0.450 0.282
A(R,R) 0.08110.038umu 0.547
A(R,R8) 0.490 0.198

FIG. 1. Values ofA(m) @i.e., A(RJ ,RJ) and A(PJ ,PJ)#. d and s have
been retrieved from low~groups G2–G4! and medium~group G1! pressure
spectra, respectively. — are the fits using Eq.~4!. ~a! and~b! are for He and
Ar.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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IV. RESULTS

This section is devoted to comparisons between m
sured and computed spectra in order to assess the qual

FIG. 2. Measured and calculated absorption inP and R manifold at low
pressure.d are measured values whereas — and --- have been calcu
with and without the inclusion of line mixing, respectively. Obs–calc dev
tions are given in the lower part of the plot.~a! P9 lines in CH4–Ar under
2.00 atm~group G2!. ~b! R13 lines in CH4–He under 0.987 atm~group G4!.
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
a-
of

our approach. Effects of line mixing on low and mediu
pressure spectra have been discussed in the case of CH4–N2

in our previous paper. Since the behaviors observed
methane–argon and methane–helium mixtures are qua
tively similar to that of methane–nitrogen, only a brief d

ed
-

FIG. 3. Same as in Fig. 2 but for:~a! P12 lines in CH4–Ar under 2.00 atm
~group G2!. ~b! R12 lines in CH4–He under 1.97 atm~group G4!.
FIG. 4. Relative errors on the computed peak absorption of then3 band features for a pressure of about 1 atm. Values in theR andP manifolds are plotted
vs. rotational quantum numberm. 3, d, and h are values deduced from measurements by groups G2, G3, and G4, respectively.~a! and ~b! are results
obtained with our model for Ar and He, respectively. (a8) and (b8) are the corresponding results obtained neglecting line mixing.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 5. Absorption in theR andP branches for the pressure of about 50 atm.d are measured values~group G1! whereas — and --- have been calculated w
and without the inclusion of line mixing, respectively. Obs–calc deviations are given in the lower part of the plot.~a! R8–R16 for CH4–He. ~b! P17–P9 for
CH4–Ar.
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scription of results is given here. A few representative sp
tra, recalling the main points are presented and m
information ~e.g., on the line structure! can be found in
Ref. 4.

A. Low pressures „0.25–2 atm …

As shown in Refs. 4, 3, 5, detailed information on wh
happens inside the spectral structures is brought by low p
sure absorption. Regions near the centers ofP andR mani-
folds are considered here and results in theQ branch are not
presented since the highest pressure studied~2 atm! is too
low to induce large line mixing effects~they remain lower
than a few %!.

Figure 2 presents results obtained in theP9 and R13

manifolds. The improvement obtained when modeling l
mixing with our approach is clear. Furthermore, and as no
previously@Figs. 10~a!, 11~a!, and 11~b! of PPI#, our model
reproduces the high selectivity of collisional processes
does correctly account for the fact thatF1 and F2 compo-
nents on the low frequency side mix, whereas those on
right hand side are practically unaffected. Measured
computed spectra in theP12 andR12 manifolds are plotted in
Fig. 3. Line mixing has effects in the left hand side clust
only whereas lines on the high frequency side are uncoup
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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as expected, since they are of different nuclear spin sym
tries ~A, E, and F!. Note that the use of an improved lin
broadening data set~see Appendix A! has considerably im-
proved the quality of predictions in thisA,E,F cluster@com-
pare Fig. 3~a! with Fig. 12~a! of PPI#.

An overview of the quality of predictions is given b
Fig. 4, where relative errors on the peak absorption of ma
folds for a total pressure of'1 atm are plotted. These resul
demonstrate the consistency of the various experimenta
sults. They show, for He and Ar, that neglecting line mixin
leads to errors that increase withJ and reach a factor of abou
two for high rotational quantum number lines.

B. Intermediate pressures „25–100 atm …

Figure 5 presents measured and calculated spectra in
P andR branches for a total pressure of about 50 atm. Th
plots, which confirm the quality of our approach, are ve
similar and call for the same conclusions as for CH4–N2

~Figs. 3 and 4 of PPI!. The view of the entire band fo
CH4–He in Fig. 6 is also equivalent to results for CH4–N2

~Fig. 5 of PPI!. Again, line mixing has large effects in theQ
branch and in the troughs between highJ manifolds. Our
approach leads to satisfactory results whereas neglecting
mixing strongly underestimates theQ branch peak and over
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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estimates the far wings. In particular, as observed
CH2–N2 ~Ref. 4! and some other molecular systems,19 inclu-
sion of line coupling significantly reduces absorption in t
troughs between high rotational quantum number lines.

For a synthetic view of the effects of collisions, we ha
determined~as in PPI! the half width at half maximum
G(PX) of each absorption feature~Q branch,R andP mani-
folds! in the 25 and 50 atm spectra for X5He and X5Ar.
The results have then been fitted by the linear law:

G~PX!5Ds1PX3gX
Eff. ~8!

The values ofgeff deduced from measured and comput
spectra are plotted in Fig. 7. The effective broadening co
ficient of the manifold decreases with increasingJ while the
effects of line mixing become more and more importa
When line coupling is neglected, errors reach about a fa
of two as already indicated by the results at low press
~Fig. 4!. Although not perfect, our model accounts for mo
of the characteristics of the influence of rotational quant
numbers on the spectral shape at these intermediate
sures. Most errors on computed results are due to use o
~4! instead of the original values~in Fig. 1! retrieved from
spectra. Note that the broadening of theQ branch is signifi-
cantly smaller for methane in helium than in argon; the s
ation is the same for the manifolds although differences v
ish for high J lines. This point is discussed in the ne
section.

C. High pressures „200–800 atm …

Measured and calculated spectra at high pressures
shown in Figs. 8 and 9. Our approach leads to satisfac
results, whereas neglecting line mixing strongly overe
mates theQ branch width and the absorption in the ba
wings. Note that, contrary to CH4–He, all branches start to
merge and the troughs between theQ andR,Pbranches tend
to fill up in CH4–Ar spectra at elevated pressure@Fig. 8~a!#.

FIG. 6. Absorption in the whole band for the pressure 98.9 atm of
Measured values~group G1! are plotted in the upper part.~obs–calc!/obs
relative deviations are displayed in the lower part where — and --- h
been calculated with and without the inclusion of line mixing, respective
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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This effect, which is similar to that observed in CO2,
20,21

results from interbranch mixing and is analyzed in the f
lowing.

V. DISCUSSION ON SPECIFIC POINTS

This section is devoted to the discussion of the effects
the collision partner and of mixing between the various sp
tral components of the spectrum. For quantitative comp
sons, we introduce some~intensity weighted! branch-
averaged collisional quantities, that are given by the gen
expression:

C̄X↔Y5ReF (
kPY
k8PX

rkdkdk83^^k8uWuk&&1 (
kPX
k8PY

rkdkdk8

3^^k8uWuk&&G Y F (
kPX,Y

rk3dk
2G . ~9!

We have calculated the values of the average intrabra
terms~CP↔P , CQ↔Q , andCR↔R!, and the mean interbranc
couplings ~CQ↔P,R and CR↔P!. The first three parameter
govern the shape of isolated branches and are the assoc
branch broadening parameters. The others are responsib

.

e
.

FIG. 7. Effective broadening coefficientsgeff @see Eq.~8!# of the n3 band
features. Values in theR andP manifolds are plotted vs. rotational quantu
numberm ~2J andJ11 for P andR lines, respectively! and the results for
the Q branch are given at the positionm50. d have been obtained from
measured spectra~group G1!; s and3 were deduced from absorption ca
culated with and without the inclusion of line mixing, respectively.~a! is for
Ar, ~b! is for He.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



-
th

ou

nd

r,

f-

u
d
t
r

e

f

the

ved
at
x-

,

of
he

-
the
due

e
m,ith

6857J. Chem. Phys., Vol. 111, No. 15, 15 October 1999 Line mixing in methane spectra. II
the transfers between theP, Q, andR components. The val
ues obtained, which are gathered in Table III, are used in
discussion below. The results obtained forCX↔X with and
without the inclusion of line mixing~left and right parts of
Table III! demonstrate the narrowing of branches due to c
pling.

A. Effect of the perturber

In order to compare the effects of collisions with He a
Ar on the spectral shape, two different approaches can
used. In the first, the~real! pressureP is used as a paramete
as was done in Fig. 7. In this case, CH4–He collisions lead to
narrower profiles than those induced by the CH4–Ar interac-
tion for all structures~Q branch and theP andR manifolds!.
In these ‘‘absolute’’ comparisons, not only line mixing e
fects through the off diagonal elements ofW, but also the
line broadening~diagonal terms! make a contribution. The
fact that the widths of lines are different for CH4–He and
–Ar collisions makes the evaluation of the relative contrib
tions of line mixing difficult when the true pressure is use
For ‘‘relative’’ comparisons, we introduce the ‘‘equivalen
pressure’’ Peq that makes line broadening for He and A
similar. The helium is used as a reference@i.e., Peq(He)
5P(He)# and the values for argon are given by:

Peq~Ar!5P~Ar!3@gAr /gHe#
Av, ~10!

FIG. 8. Measured and calculated spectra for CH4–Ar at high pressure.d are
measured values~group G1! whereas — and --- have been calculated w
and without the inclusion of line mixing, respectively.~a! and~b! are for the
total pressures 475 and 297 atm, respectively.
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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where@gAr /gHe#
Av is the line averaged ratio of Ar to He lin

broadening parameters of methane lines@its value at room
temperature is 1.39.#13 Since the line-to-line variations o
gAr /gHe are moderate,13 CH4–He and CH4–Ar spectra com-
puted without inclusion of line mixing~diagonal relaxation
operator! for the samePeq are almost identical~this is con-
firmed by the fact that values between parentheses in
right part of Table III are the same for Ar and He!. Compari-
son of the relative effects of line coupling~off-diagonal ele-
ments! is then possible.

1. Low pressures

Peak absorption in someRJ manifolds at low density are
plotted versus equivalent pressure in Fig. 10. As obser
previously,2,4,5 coupling between lines induces effects th
increase with the number of collisions. Comparison of e
perimental results for CH4–Ar and CH4–He indicates that,
for given Peq, the profiles are narrower for Ar than for He
with a difference that increases withJ. This shows that, with
respect to the broadening, the off-diagonal elements
Re$W% connecting lines of a given manifold are larger in t
case of Ar, particularly for large rotational quantum num
bers. Our model qualitatively reproduces the effect of
perturber and pressure but discrepancies remain, mostly
to use ofA(RJ ,RJ) parameters smoothed by Eq.~4!.

FIG. 9. Measured and calculated spectra for CH4–He at high pressure. Sam
symbols as in Fig. 8.~a! and~b! are for the total pressures 692 and 337 at
respectively.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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FIG. 10. Measured and calculated peak absorptions inR manifolds vs. equivalent pressure.d ands are experimental results for Ar and He~groups G2, G3,
G4!, respectively. — and --- are the corresponding calculated values. The lower curve~— • —! was obtained neglecting line mixing~same results for He and
Ar sincePeq is used!. ~a! ~b!, and~c! are for theR8 , R12 , andR16 manifolds, respectively.
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2. Intermediate pressures

The spectra at intermediate density have been treate
in Sec. IV B in order to determine the widths of the spect
structures. The results were then fitted using Eq.~8! but now
replacingP by Peq. The values of the effective broadenin
parametersgeff-eq per unit equivalent pressure are plotted
Fig. 11 for theP, Q, andR branches. They confirm the ob
servation made at low pressure that the relative narrowin
P andR manifolds is more pronounced for Ar than for H
contrary to what is obtained when ‘‘true’’ pressure is us
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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of

~Fig. 7!. With respect to the broadening the coupling e
ments within a manifold are larger for Ar than for He~hence
geff-eq(Ar) ,geff-eq(He)# but they remain too small to over
come the difference~factor 1.39! between the broadening
@hencegeff(Ar) .geff(He)#. Contrary toP and R manifolds,
the Q branch is broader for CH4–Ar mixtures than for the
CH4–He system showing thatQ–Q coupling elements are
with respect to the line broadening, more important for H
This result is consistent with the values ofCQ↔Q given in
Table III. A similar behavior has been observed for line
TABLE III. Averages of the relaxation matrix elements~cm21/atm! as defined in Eq.~9!. The values between
parentheses are per unit equivalent pressurePeq @Eq. ~10!# whereas the others are per unit ‘‘true’’ pressureP.

With line mixing No line mixing

Ar He Ar He

CP↔P 0.035 ~0.025! 0.019 ~0.019! 0.052 ~0.037! 0.037 ~0.037!
CQ↔Q 0.038 ~0.027! 0.019 ~0.019! 0.053 ~0.038! 0.038 ~0.038!
CR↔R 0.032 ~0.023! 0.017 ~0.017! 0.052 ~0.037! 0.037 ~0.037!
CQ↔R,P 20.024 ~20.017! 20.012 ~20.012! 0 0
CR↔P 20.016 ~20.011! 20.008 ~20.008! 0 0
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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molecules which show significantly narrowerQ branches
when collisions with He are considered~e.g., Refs. 9, 22!.
This was explained in the case of CO2 ~Ref. 9! by the fact
that the interaction potential is dominated by the repuls
front and mid- and long-range forces are much smaller t
for other perturbers. Since the CH4–He potential shows the
same characteristic, the explanation given in Ref. 9 lik
stands for methane.

3. High pressures

High density spectra of CH4–Ar and CH4–He for the
same equivalent pressure are compared in Fig. 12. They
firm that theQ branch is broader in the case of collisio
with Ar whereas the troughs between the branches is m
pronounced for He. These differences can be explained lo
ing at Table III: the broadening parameters (CX↔X) of all

FIG. 11. Effective broadening coefficientsgeff-eq per unit equivalent pres-
sure. Values in theR and P manifolds are plotted vs. rotational quantu
numberm ~2J andJ11 for P andR lines, respectively! and the results for
the Q branch are given at the positionm50. d and s are experimental
results for Ar and He~group G1!, respectively.

FIG. 12. Measured and calculated spectra for the equivalent pressure
atm.~a! Experimental values for He~d! and Ar~—! ~group G1!. ~b! and~c!
display the obs–calc deviations for He and Ar where — and --- have b
calculated with and without the inclusion of line mixing.
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstract
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branches are larger for Ar than for He when equivalent pr
sure is considered. Furthermore, interbranch mixin
(CX↔Y), which fill the troughs between the branches~see
below! are also larger. Hence these two effects contribute
a less pronounced gap between theQ andP,R components.
A synthetic comparison between absorptions at theQ branch
peak is made in Fig. 13. Again, helium leads to higher pe
than Ar although the difference between perturbers vanis
with increasing pressure. This is due to the competitive
fects of the broadening of theQ branch and of the contribu
tions of the other branches. Indeed~see Table III!, whereas
for CH4–Ar the Q branch is broader and thus has smal
peak absorption than for He, the larger broadenings of thP
andR branches and of interbranch mixing make larger co
tributions at the band center.

B. Influence of intrabranch and interbranch mixing

As is well know from studies of other molecular system
~e.g., Refs. 23, 24! intrabranch mixings narrow the branche
whereas interbranch couplings fill the troughs betwe
branches. This is confirmed, in the case of CH4–Ar by the
results in Fig. 14 which should be read in the following wa
starting from the purely Lorentzian calculation, we first i
troduce the intrabranch couplings. This leads to a narrow
of all branches~as indicated by the differences between v
ues ofCX↔X in the right and left part of Table III!, hence to
the enhancement of their peaks and the decrease of ab
tion between branches. IntroducingQ↔(R andP) couplings
takes intensity from theP and R wings and transfers it to-
wards theQ–R and Q–P troughs. Finally,R↔P mixings
transfer intensity towards the central region of the ba
~R–P trough! and lower the absorption at theR andP peaks
and wings. The differences between He and Ar observe
Fig. 12 are then easily explained in view of Table III and
the preceding analysis: allC parameters being larger for a
gon, the overall profile is ‘‘flatter’’ with less marked
branches than for helium since the branches are bro
(CX↔X) and the troughs are less deep (CX↔Y).

89

n

FIG. 13. Measured~group G1! and calculated absorptions at theQ branch
peak vs. equivalent pressure. Same legend and symbols as in Fig. 10.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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C. Wing absorption

Correct modeling of spectra in the spectral regions
weak absorption is of crucial practical importance for atm
spheric applications. In particular, these ‘‘windows’’ a
used for the sounding of the deep parts of the atmosphe
The quality of our approach is demonstrated in Fig. 15 wh
also enables analysis of the various line coupling contri
tions. Starting from the Lorentzian~diagonalW! calculation
we first introduce coupling within the manifolds. As wide
demonstrated by the results of Sec. IV and obvious in F
15~b!, this leads to a sharpening of the shape of the ma
folds. The introduction of intermanifold couplings then lea
to a reduction of the absorption since intensity is transfer
towards the more intense lines near the center of theP andR
branches. Finally, the absorption is further lowered by int
branch mixings which transfer intensity to the central part
the band. A comparison of the effects of collisions with H
and Ar on the wing absorption is shown in Fig. 16 whe
results obtained at the wavenumber between theR13 and
R14 lines are presented. For both perturbers absorptio
strongly subLorentzian, as has been observed for some o
molecules with relatively narrow line spacing.19,25 Note that
this behavior is not systematic and that superLorentzian
haviors have been observed for some light molecules, lik

FIG. 14. Absorption for CH4–Ar under the pressure 375 atm. The measu
~group G1! and calculated spectra are displayed in the upper part. The lo
part gives calculated values with the conventions: --- no line mixing~diag-
onal W!, — diagonal and intrabranch terms~R–R, Q–Q, P–P!, — • —
diagonal, intrabranch terms, andQ–P and Q–R interbranch mixings,

all terms~P–P, Q–Q, R–R, Q–P, Q–R, R–P!.
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due to finite duration of collision effects~e.g., Refs. 26, 27!.
At pressures below about 50 atm, the absorption in Fig.
results from wing contributions only and is a linear functio
of density. At elevated pressure the nearby lines start to o
lap and make a contribution that decreases with density~at a
line center, absorption is proportional toP21! and reduces

er

FIG. 15. Measured and calculated absorptions in the wings of the band~a!
The Ar broadenedP branch wing for 297 atm.~b! The He broadenedR
branch wing for 181 atm.d experimental results~group G1!. --- are values
calculated without line mixing. The — curves, starting from the top one a
going down were obtained by successively introducing the mixings: wit
manifolds, between manifolds, betweenQ and ~P,R! lines, and betweenR
andP lines ~full calculation!.

FIG. 16. Measured~group G1! and calculated absorptions at the wavenu
ber between theR13 andR14 lines vs. equivalent pressure. Same lege
and symbols as in Fig. 10.
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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the increase of the overall absorption with pressure. Diff
ences between results obtained for CH4–He and CH4–Ar are
not clear, both experimentally and theoretically. Study
absorption in the further wing would be of interest.

Note that the quality of predictions obtained in the wi
region may seem surprising since Eq.~1! is based on the
impact approximation. Use of a relaxation operator indep
dent on wave number should break down far away from
considered lines~e.g., Refs. 27–29!. Indeed, this approxima
tion is only valid for distancesDs lower than (2pctc)

21

wheretc is the typical duration of efficient collisions, i.e
typically of the order of 20 and 100 cm21 for CH4–Ar and
–He collisions. The agreement between measured and c
lated values in Figs. 15 and 16 is due to the fact that, in
regions considered, absorption is dominated by the contr
tion of the nearby manifolds.

VI. CONCLUSION

The model proposed in our previous paper has been
plied to mixtures of methane with He and Ar. Compariso
between measured and computed spectra in a very w
range of pressures have demonstrated that line mixing eff
are correctly accounted for by our approach. Differences
tween the collisional shapes induced by the two perturb
studied have been pointed out and analyzed. The influenc
intermanifold and interbranch mixing has been evidenced
using high density absorption. Analysis of the results in
cate that, when compared to CH4–Ar, CH4–He collisions
favor intrabranch transfers to the detriment of interbran
couplings. The wing regions, which are of importance
atmospheric applications, has been studied showing that
model satisfactory predicts its strong subLorentzian beh
ior. Finally, the need for a large improvement of line broa
ening parameters in molecular spectroscopic databases
been demonstrated. Among the subjects of interest tha
main unstudied are the influences of the band and of t
perature on line mixing processes. These points are of cru
importance for applications since temperatures go down
about 200 and 100 K in the Jovian and Earth atmosph
and the (v4 ,v2) region is often used for remote sensing fro
emission measurements. They will be the subject of fut
works.
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APPENDIX A: LINE BROADENING AND SHIFTING
DATA USED FOR v 3 BAND LINES

As discussed in Appendix B, the model paramet
A(X,Y) and the quality of results are highly sensitive to t
line broadening parameters used. It is thus of crucial imp
tance to use data of the best quality possible. Unfortunat
as was shown in PPI, the values gathered in theHITRAN

database for highJ lines do not originate from measuremen
but have been ‘‘extrapolated’’ and are highly questionab
Furthermore, many previously measured values are ques
able since3 they were derived from experimental spectra w
models disregarding line mixing. The line broadening a
shifting data sets that we have used were thus built by us
well as possible, as described below.

1. CH4–Ar collisions

The line broadening data that we have used for CH4–Ar
at room temperature were built in three different steps:~i! a
first set, including some of theP, Q, andR lines was directly
obtained from the measured values of Ref. 2 and 13. This
remains too restricted and, for instance, does not contain
P andR lines with J.10. ~ii ! In a second step, complemen
tary values~particularly for highJ P lines! were then ob-
tained from N2 broadening parameters recently retriev
from experimental spectra by Benner30 et al. using fits in-
cluding line mixing.3 Conversion from N2 to Ar broadening
was made by multiplying these values by the factor 0.878
justified by the results of Refs. 2 and 13.~iii ! Finally, param-
eters for missing lines, among which are theR transitions of
high J, have been computed using the model of Ref. 16 a
multiplied by a corrective factor; the latter was determin
from the comparison of measured and computed results
the lines whose broadening values have been determine
steps~i! and ~ii !. Note that the set originating from theoret
cal calculations@step~iii !# is the less accurate since semicla
sical models become questionable for high rotational qu
tum number lines.

A similar procedure was used for the determination
line shifts:~i! Refs. 2 and 13 provided a first set for CH4–Ar.
~ii ! Complementary values where then obtained fro
CH4–N2 data multiplied by a factor 1.2 as roughly shown b
available measurements.2,13 ~iii ! Finally, values for~high J!
missing lines where set to the constant value20.006
cm21/atm.13

2. CH4–He collisions

The values for He broadening of methane lines w
obtained in two steps.~i! The first set, for all needed lines
was computed from the interaction potential as describe
Ref. 17. ~ii ! These values were then corrected through
multiplication by the empiricalm dependent factor deduce
from comparisons17 between computed and measured dat31

in the v4 band. Comparison of the resulting set with me
sured data forQ lines of thev3 band13 has validated this
procedure.

The only significant study of CH4–He line shifts in the
v3 band is, to our knowledge, that of Pine.13 The measured
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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6862 J. Chem. Phys., Vol. 111, No. 15, 15 October 1999 Pieroni et al.
values are small and have little influence on our measu
spectra. We have thus retained a constant value of10.001
cm21/atm as indicated by Ref. 13.

An example of the improvement brought by our datab
when compared with theHITRAN12 parameters is shown in
Fig. 17 where uncoupledA,E,F clusters are presented. A
noticed in PPI, theHITRAN values are strongly overestimate
for largeJ lines. Note that for theP(12) line in Fig. 17, our
widths originate from the very precise N2 broadening values
by Benner,30 and lead to very satisfactory predictions. T
results forR16 are less satisfactory, partly due to the brea
down of the semiclassical model used to compute the co
sponding widths; discrepancies may also result from the p
quality of the potential surface used14 since much better re
sults are obtained for CH4–He whose interaction potential i
better known.15

The results in Fig. 17 which are similar to what is o
tained for N2 broadening show that there is a crucial need
the improvement of line broadening values inHITRAN. Of
course, for highJ R lines, which are very closely space
experimental studies are difficult and a hybrid approach~in-
cluding use of theoretical values! such as that used here
likely required. Furthermore, recall that the works of Benn3

and Pine2,13 have evidenced that a number of effects, amo
which is line mixing, must be accounted for while determ
ing line widths from measured spectra.

FIG. 17. Measured and calculated absorption in theA,E,F cluster on the
high frequency side of some manifolds for CH4–He at 1.99 atm.~a! R(16)
manifold ~group G3!; ~b! P(12) manifold~group G2!. d are experimental
results whereas — and --- have been calculated with our line broade
database and with values from theHITRAN ~Ref. 12! air-broadened values
~multiplied by 0.890! ~Ref. 13!.
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APPENDIX B: SENSITIVITY TO BROADENING
PARAMETERS

Contrary to what is done in Refs. 3, 2, 5 the line broa
ening and shifting parameters are input and fixed data in
approach and are not fitted together with line mixing co
stants. We demonstrate here that the quality of the va
used have crucial influence on any conclusion concerning
modeling of line mixing with our approach. In order to d
this, we have determined two sets ofA(RJ ,RJ) constants
@see Eq.~3! and Sec. III B# for the R8 –R16 manifolds. The
first was obtained using line broadening values from our
tabase~see Appendix A! and the second by using widths 5%
smaller. The values extracted from low and medium press
spectra are compared in Fig. 18 and call for the followi
remarks.

The first is that uncertainties on line widths have dras
consequences on the line coupling parameters~Figs. 17 and
18!. For instance, a 5% change in widths results in 33
14%, and 7% changes inA for the R6, R10, andR14 lines
when medium pressure spectra are considered. As expe
effects are more pronounced for manifolds~low J! within
which line coupling is small. This may explain the fact th
theJ dependence in Fig. 1 is not smooth; indeed, it would
quite easy to makeA(RJ ,RJ) vary ‘‘nicely’’ with J by in-

FIG. 18. A(RJ ,RJ) constants for CH4–Ar in theR6 –R17 manifolds.d and
s have been obtained using our line broadening data and widths lowere
5%, respectively. The results in~a! and ~b! have been obtained by medium
and low pressure spectra, respectively. The plots in~c! give the relative
variations ofA introduced by the 5% change in widths when low~s! and
medium~d! pressure spectra are used.
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troducing slight,ad hocand line dependent, changes in t
half-widths used. Note that this statement is confirmed by
results of Ref. 5.

The second is that differences between values extra
from low and medium pressure absorption may be explai
by the same reason since theA(RJ ,RJ) parameters are the
sensitive to different sets of broadening data and show
ferent sensitivities to the widths~Fig. 18, e.g., the changes i
A introduce by a 5% lowering of widths for theR6 lines are
33 and 10% when medium and low pressure spectra are
sidered!. In order to prove this, take the manifolds in Fig.
as example. In these cases, the values ofA(RJ ,RJ) are de-
termined from the shape of the clusters of the low freque
side only since those on the right involve uncoupled~A,E,F!
lines. The parameters retrieved from the fit are thus sens
to the widths of the low frequency lines only. At mediu
pressures, all lines merge into a unique feature as show
Fig. 5. The value ofA(RJ ,RJ) then depends on the broad
ening of all lines within the manifold. Hence, inconsistenc
in the half-widths may be responsible for differences b
tween low and medium pressure results in Fig. 1. In fa
again, it would be quite easy to make these results iden
by introducing slight andad hocchanges in the half-widths
used.

The preceding analysis demonstrates that inconsisten
of the model are due, in part, to the use of improper h
widths. Of course, errors are also likely resulting from t
starting approximations of our approach that are the us
state-to-state rates, their prediction with a semiclassical
proach, and the approximate nature of the interaction po
tial surfaces.
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