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Experimental and theoretical study of line mixing in methane spectra.
I. The N,-broadened w5 band at room temperature
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Line-mixing effects have been studied in thgband of CH perturbed by Nat room temperature.

New measurements have been made and a model is proposed which is not, for the first time, strictly
empirical. Three different experimental set ups have been used in order to measure absorption in the
2800-3200 cm! spectral region for total pressures in the 0.25—2 and 25—80 atm ranges. Analysis
of the spectra demonstrates the significant influence of line mixing on the shape®bthach and

of the P andR manifolds. A model is proposed which is based on state-to-state collisional transfer
rates calculated from the intermolecular potential surface with a semiclassical approach. The
line-coupling relaxation matrix is constructed from these data and two additional parameters which
are fitted on measured absorption. Comparisons between measurements and spectra computed
accounting for and neglecting line mixing are made. They prove the quality of the approach which
satisfactory accounts for the effects of pressure and of rotational quantum numbers on the spectral
shape under conditions where modifications introduced by line mixing are important. For high
rotational quantum number lines, the main features induced by collisions are predicted but some
discrepancies remain; the latter may be due to improper line-coupling elements but there is strong
evidence that the use of inaccurate line broadening parameters also contributes to errors in
calculated spectra. €999 American Institute of Physid$0021-960609)00116-6

I. INTRODUCTION to the collisional parameters of isolated lingsressure-
Methane is present in our atmosphere and in those 0li)roadening and -shifting coefficientsOn the other hand,

planets such as Jupiter. Knowledge of the associatear?ly few results are available concerning the effects of Iing
amounts(mixing ratio$ is required for the understanding of MiXing on the spectral shape, although the total pressure in
processes such as ozone depletion, global warming, or tfge troposphere and I_o_wer strato;phere is sufﬁmently high to
formation of giant planets. The vertical distributions of £H Make the usual addition of VoigtiLorents shapes inad-
(or integrated total column amouitsre generally deter- €quate.

mined by using remote sensing infrared experimeegts., To our knowledge, the first work evidencing line-mixing
Refs. 1-3. The quality of the retrieved quantities relies on effects in CH is a Raman study of the: Q branch? In the

the precision of the forward modeling of the magnitude andnfrared region, Pine reported a sty the Q branch of the
shape of the absorption. For these reasons, the last years haxgband of CH where he remarked that the addition of in-
been the witnesses of an increasing number of experimentdividual (Voigt and Rautiahline contributions failed in fit-
and theoretical studies on the spectroscopic parameters tifg the absorption above a few tenths of a bar. This problem
methangsee Ref. 4, and references thejeMuch attention  was attributed to line mixing without further analysis. Latter
has been given to the line positions and intensities as well asn, multispectrum fits of high resolution Fourier transform
spectra in thev; regiorl were improved by introducing line

3Author to whom correspondence should be addressed. Tel: 3316915751411XING u_smg the .fII’St o.rd_er appro_a_ch of Rosenkra_mm;e' )
Fax: 33169157530; electronic mail: jean-michel.hartmann@Ipma.u-psud.tbroadening and line-shifting coefficients were obtained with
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TABLE I. Groups and laboratory instruments involved in the measurements.

G, G Gs

Group—location LPMA-Orsay LPMA-Paris IEM-Madrid
Instrument FT(Bruker IFS66\ FT (homemadg TDFS
Used resolution 0.12 cnt ~0.01 cmt ~10"*cmt
Pathlength(cm) 4.78-215 407-2007 64.5
P(CH,) range(mb) 0.03-13 0.04-8 0.1-36
P(N,) (atm) 25,50,80 0.5,1.0 0.25,0.5,1.,2.
Regions P,Q,Rfor J<18 P,Q,Rfor J=<15 R for J=8,10,12,14,16

increased precision but no quantitative information was pubeies which appear for high R lines are discussed. The re-
lished on line coupling. The first study providing data in mainder of the paper is organized as follows: the laboratory
order to account for line mixing is given in Ref. 9. In this experiments are described in Sec. Il. Sections Il and IV
work, N, and Ar broadened spectra of the; P- and present the model and the data used. Comparison between
R-branch manifolds forJ<10 were recorded at pressures computed and recorded spectra are discussed in Sec. V.
below the atmosphere. They were fitted using the Rosen-
kranz perturbation treatment and negle_d?ngoupling be- I, EXPERIMENT
tween transitions of different nuclear spin symmetries. This
pioneer work, although strictly empirical, proposed the first ~ Measurements of absorption by GHN, mixtures have
self sufficient set of parameters for absorption calculationdeen made at room temperature by the groups and instru-
accounting for line mixing. Very recently, Bennet al!!  ments listed in Table | where the experimental conditions are
further extended their multispectrum fitting technique by in-summarized. A large pressure range has been covered, in-
cluding line mixing using the full relaxation operator; the cluding two series for “high” (25—-80 atm and “low”
resulting approach has the advantage of remaining valid d0.25-2.0 atmpressures, respectively. The first set is char-
pressures where the Rosenkranz approximation breaks dowacterized by the fact that the lines inside each clug@r
A very large work was carried odt,in which over 40 spec- branch and manifoldsstrongly overlap and merge into a
tra of the self- and air-broadened band were treated, fit- smooth envelop; the fine spectral structure is then masked by
ting some diagonal and off-diagonal elements of the relaxthe influence of collisions. The spectra show strong line-
ation matrix. This study confirms that mixing between statesmnixing effects but bring no detailed information on what
of different nuclear spin symmetry is negligible and bringshappens inside the merged absorption features. On the other
interesting indications on some possible collisional selectiodand, most of the fine structure remains discernible in the
rules, which are discussed in this paper. Again, this approaclew pressure measurements. This provides precious addi-
is strictly empirical but it leads to very good agreement withtional information and a further test of the model although
measured data and, contrary to the first order development, inodifications induced by line mixing are less spectacular
is not limited to low pressures. than at elevated pressure. Since all studied gas samples con-
The present paper is, to our knowledge, the first in whichtain small mixing ratios of methane, the contribution of
a comprehensive theoretical approach is proposed for line€eH,—CH, interactions is negligible. Pressure normalized ab-
mixing effects in infrared bands of methane. New measuresorption («/ Pch, in cm™Yatm) is thus presented and the the-
ments have been made in thgband of CH-N, mixtures at  oretical analysis only accounts for GHN, collisions. Fi-
room temperature. These include low presgs#@ atm) ex-  nally, note that the low pressure FT and TDFS spectra are in
periments quite similar to those of Refs. 9, 11 and moreyood agreement and that the measurements made in Madrid
original measurements at elevated denéit5 atm). In the  are similar to those of Ref. 9 but extend the presgupeto 2
model proposed, the off-diagonal elements of the relaxatiomtm) and rotational quantum numbéup to J=16) ranges.
matrix, which account for line coupling, are constructedNote that measured spectra were corrected in order to get rid
starting from state-to-state rotational transfer rates. The lattesf possible errors in the line intensities and of uncertainties
are computed from the intermolecular interaction potentiabn the partial pressures of methane used. This was done as in
energy surface by using a semiclassical md@i€onnection  Ref. 13 by multiplying experimental results by a constant
between state-to-state data and the line-mixing coefficients igactor such that the measured and computed values of inte-
made by introducing two empirical parameters whose valuegrated absorption match.
are determined by a fit of a single high pressure spectrum
Comparisons of computed results with the numerous other”
laboratory measurements demonstrate the quality of the The high pressure experiments have been carried at the
model under conditions where the influence of line mixingLPMA in Orsay, with a Bruker IFS66V Fourier transform
on the absorption shape is large. In particular, the evolutiospectrometer. The enting; band of CH perturbed by N at
of the absorption shape with the pressure and rotationambient temperature was recorded with a resolution of 0.12
quantum numbed are correctly predicted. Some discrepan-cm ! (full-width at half-maximum using a water cooled SiC

High pressure FT spectra in Orsay
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glow bar source. Two single pass cells of lengths 4.78 cnuW of cw tunable IR radiation is generated by difference
and 215 cm have been used, in order to study both strong arftequency mixing, in a LiNb@crystal, the outputs of an Ar
weak absorption regions. The detector is a room temperatulgser (single mode, tuned to the 488 nm linactively fre-
DTGS element for internal measuremeritompartment quency stabilized and locked to %°Te, sub-Doppler
with the short cell. A liquid nitrogen cooled InSh detector ansition!” and of a ring dye laser operated with rhodamine

was used for the external measurements with the' long celgs The internal precision of the frequency scale and the

The pressures above 5 atm were measured with Severﬁ"strumental resolution are both10~%cm~L. The infrared

adapted piezoresistive pressure transducers. Low pressyre ) . ;

measurements were f d b : - ._béam was splitted into two patltene traveling through the
performed by using capacitive dia

phragm type pressure transducers designed for 0—10, 01 Il to an InSb detector and the other traveling in the air to
and 1—1000 Torr ranges. High purity GH>99.9995% a’nd another InSb detectpand the signals ratioed out to compen-

N, (>99.9999% gases were used without further purifica- sate unwanted IR power fluctuations. The stainless steel cell
tion. Very small relative amounts of GHhave been used Used had 645 mm pathlength and was fitted with LaF
(see Table)and spectra were recorded abdut after intro- ~ Wedges. Pressures were read with a capacitance manometer
ducing the gases in the cell. This insured a good mixing oflesigned for the 0.1-1330 mbar range, with a resolution of
the components that was successfully checked by comparirfgl mbar and an accuracy of 0.5% of the reading. The pres-
different spectra. sure gauge was mounted on the cell body to continuously

In order to achieve good accuracy on absorption coeffimonitor any possible pressure evolution, except for the 2 atm
cients in a wide range, transmission spectra with differenimeasurements that were out of gauge range. In these cases
CH, partial pressure were recorded for each value of the totahe pressure was measured after the recording of the spec-
pressure. For each spectrum, we extracted the relevant infofn, 1y py expanding the cell content into a calibrated volume.
mation in the spectral window when the transmission wasrq gases were supplied by Air Liquide and used without
between 0.2 gnd 08, 'a'nd we reconstructed the “whalg™ further purification(nominal purities were Cli 99.95%, N:
band absorption coefficient for the three total press(2és 99.995%. The mixtures at 10 atm pressure were prepared in
50, and 80 atm RO P prepa

sample cylinders at least one day before the experiments
with approximately 0.04 to 1.8% of GHin N,, depending on
the maximum absorption intensity of each manifold.

Nitrogen broadened spectra of methane have been re- Measurements were made as follows: an empty cell
corded with the Fourier transform spectrometer built at thespectrum was recorded first, then the gas mixture was added
LPMA in Paris!* The White cell has a one meter baselengthyp to the highest pressure to be measured and subsequent
and was filled with binary gas mixtures at pressures of abOUépectra recorded pumping out part of the mixture, in a nomi-

0.5 and 1 atm. Experiments were made with GHflessures 5| sequence of 2000, 1000, 500, 250 mbar. Another empty
between about 0.03 and 6 Torr using path lengths of 4 and 20, shectrum was finally recorded. All spectral traces are

m. This provided low optical thlckness measurements fqr th?requency linearized, calibrated and ratioed against an aver-
study of the central absorption shape as well as optically

thick media for the study of the wings. The lowest Qpér- age of the empty cell spectra. Frequency scale linearization is

tial pressures have been performed using for the fillings Ofione by interpolation between the fr_equency ma_rkers pro-
the White cell a preliminary diluted sample by, Mith a duced by a confocal Fabry—Perot |nj?rferome¢&pesse
CH, concentration of 5%. A Datametrics pressure transducet®0: free spectral range 0.004 99@fcm ) in a fraction of
has been used for the measurements below 10 Torr with afe ring dye laser.
accuracy in order of 0.5%; while, for the total pressure mea-
surements, a Texas Instrument Bourdon gauge with one at-
mosphere range has been employed giving an absolute accu-
racy of 0.03 Torr. A maximum optical path difference giving
a response function width at least three times narrower thalll: THEORETICAL MODEL
the absorption lines has been used to optimize the signal {8 Apsorption coefficient
noise ratio and the distortion effect of the spectrometer reso- ] ) ) o .
lution. The studied spectral range is delimited by an optical ~ Consider a mixture of Cin N (collision partner, in-
filter in front of the InSb detector and extends from 2400frared inactive, of respective partial pressurgy, andPy,
cm ' to 3700 cm *. Before each record, an empty cell spec-(Pcp,<Py,) at temperaturd. Within the impact and binary
trum allows to compensate the variation of the incident in-collisions formulation of the spectral shape, the absorption
tensity coming from the source and detector efficiencies andoefficient« in the infrared region studied here, accounting
residual channeling. for line mixing at wave number is given by®°[Note, that

in the correct expression a hyperbolic tangent and the sum of
C. Low pressure TDFS spectra in Madrid the lower and upper states populations appear. The terms in

Spectra of theR(8), R(10), R(12), R(14), andR(16)  Eq. (1) should then be multiplied by (£e™"*x/eT)/(1

manifolds have been recorded with the tunable differencer e "’*8T) but this correction is negligible in the mid-
frequency spectrometer at the IEM in Madti® About 1 infrared region studied hefe.

B. Low pressure FT spectra in Paris
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aLM(UIPCH41PN21T) Re{<<k,|W(T)|k>>}:_A(k,ik)XKlkN—lk(T)
8720 (for k#k'), (6)
= 3ne [1—exp—hcalkgT)]

where K, _i(T) is the collisional transfer rate from the
lower levelik of line k to the lower levelk’ of line k’. Note
X Pcy,Im Ek: 2 Pi(T) Ayl that these parameters, as the elementé/ofatisfy the de-
k tailed balance principle and some selection rules., no
collisional transfer between states of different nuclear)spin
XK' [[Z=Lo=iPy,W(T)] k) |- (1) The parameters\(k’ k) introduced in Eq.(6) connect the
state-to-state rates to the off-diagol@lmatrix elements. In
The sums in Eq(1) include all absorption linesandk’, and ~ order to simplify the problem, three steps are usgdwe
|m{} denotes the imaginary par’b_k and dk are, respec- first make the approximation thﬁt(k',k) depends on the
tively, the fractional population of the initial level of line ~ Pranchedi.e., P, Q or R) to whichk andk’ belong but not
and the dipole transition momerX, L,, andW are opera- ©n the quantum numbers of the lines themselves. At this
tors in the(Liouville) line space. The first two are diagonal, Step, there are nine parameters I§R(X,Y), with X,Y
associated with the scanning wavenumbeand with the =P, Q. or R] which take into account the fact that, for given
positionso of the unperturbed lines, i.e., initial states, line coupling depends on the branches to which
the considered optical transitions belokig) The second ap-
(K'[Z[k))=0X 8k, ((K'|Lolk))=0xX - (2)  proximation is reasonable considering obvious symmetries

The relaxation operatd/V contains all the influence of col- of the problem. It simply assumes the following equalities:

lisions on the spectral shape. It depends on the band, on the
temperature, and on the collision partner. Its off-diagonal
elements account for interference between absorption lines,
whereas the diagonal terms are the pressure-broadenihg (
and -shifting ©,) coefficients of the isolated lines, i.e.,

KIW(T)|K))= y(T) =i 8 (T). 3

(K 192 = K that reduce the number of parameters to fpAKR,R),
When line mixing is disregarded, the off-diagonal elementsp(R,Q), A(R,P), andA(Q,Q), for instancé. (iii) Finally
of W are neglected and E1) reduces to the addition of one can get rid of the interbranch parameta(®,R) and
Lorentzian line contributions, i.e., A(R,P) by using the fundamental sum rff&,

aNOLM(U,PCH4,PN2,T)

A(R,R)=A(P,P),

A(Q,R)=A(R,Q)=A(P,Q)=A(Q,P), )

A(R,P)=A(P,R),

dk/
T)=— > —<Rel((k'|W(T)[K))}, 8
— o{1— exp — hcalksT)] X Py, W(D== 2 g R IWDIK)} ®)
Sk(T) 1 which directly translates to
> o 1—exp—hco /kgT)] 7
y Pr,7(T) “ 2 pMaXn(M=2 2 pdMdide XAK' K
[o— k=P, 8 T)1?+ [Pn,7(T]?’ Koo (). ©

here the integrated intensigy, of line k is given b
W nteg I 'S ot i 'S gV y Restricting the sum ovékto lines of theQ branch only leads

8w ) to a relation betweeA(R,Q)=A(P,Q) andA(Q,Q). Then

Sd(T) =g od1-exp(—hco/kgT)]p(Mdi. (9 applying the same equation to linksf the P branch relates
A(R,P) to A(P,P)=A(R,R) andA(Q,P)=A(Q,R). Once
the state-to-state rates and broadening coefficients are
known, the model is thus based on two parameters only

In the present work, the real part of the off-diagonal[A(R,R) and A(Q,Q) have been retained hdreThey are
elements ofV is constructed starting from state-to-state col-empirical and need to be determined from fits of measured
lisional rates. This is not straightforward since the latter in-spectra as done in Sec. IV. Note that they do not depend on
volve two quantum states only whereas the line-couplinghe considered lines and that the same values are used for all
terms depend on foutower and upper levels of thHeandk’ transitions and pressures.
lines). In order to connect both quantities, empirical factors  The construction of the off-diagonal imaginary part of
are generally introducece.g., in NO,%° C0,,2°?1 0;,%22.) W from theory is an intractable problem and {\w! was
which somehow account for the influence of the typesrestricted to its diagonal paftine shiftg. This approxima-
(P,Q,R of the lines considered. Within this approach, thetion is likely sufficient considering the pressure range studied
real element of the relaxation operator coupling likeend  and the fact that the off-diagonal terms are expected to be
k' is given by small.

B. Relaxation operator
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C. State-to-state collisional rates whereu is the reduced mass amcE;_,;=E;—E; is the en-
ergy involved in the considered rotational transfer. Since this

The semiclassical model used for line broadening in e . -
Refs. 4, 12, 24, 25, was applied to the calculation of relaX_modlflcanon can lead to unrealistic results for large positive

ation rate constants for GHAr. (The use of CH}-Ar state- vglues ofAE;_;, Eq.(12) Was. ?‘pp"ed to downward colli-
to-state rates to model the effect of GHN, collisions on the sions only and upward transitions were deduced from the
spectral shape is discussed in Appendix ¥arious modifi- detaged l'JaIancie rflat'%TSh[piKi”z.ﬁjKi?j]l' lculations i
cation and improvements of the calculations described in ne important problem in semiclassical calcuiations 1s

Ref. 12 have been implemented as described in Ref. 26. Tﬁgat theS, function can take values larger than one for small

main points of the model are recalled below. Impact parameters. Although this problem may be partly
Several studiesee Refs. 27—37have been devoted to avoided through the parabolic trajectory model, it is more

the methane—rare gas interaction potential surface, which gorrect to introduce a normalization condition for the matrix

the starting point of the calculation. In the present work, aelements of the diffusion operator. We used the procedure

Lennard-Jones-type atom—atom potential was used as d@troduced in Ref. 38, and first set
scribed in Ref. 24. Its tensorial expression is

L L S2i(re.0) =2 Spij(re,0), (13
Va-a(R (),) = 2 g9 __ glhl ¢ :

12+ 6+ . ' . .
;<0346 | 9 R¥9 T4 R whereS,; _; is defined as in Ref. 1@.e., without any renor-
a=lyly*2.. malization condition Then we define
xD{to1e'e) (10

$ij(re,v) =S j(re,v), if S_j(re,v)<1,
whereR is the center-of-mass separation between the XY (14
molecule and the atonf), represents the three Euler angles Sioj(re,v)=1, if S_(r¢,v)=1.
giving the orientation of the X)fixed frame with respect to
a frame whose axis is along the intermolecular axis. The Using these new probabilities, one can define
d - ande are numerical coefficients. TH2 - andE " are
polynomials of the atom—atom Lennard-Jones parameters. g, (r. p)=> giﬂj(rc,m_ (15)
The D' are symmetrized angular operators whose expres- ' o
sions are given in Ref. 24’ is the symmetry in thel4 . )
group of a given operatoi’;=A, for 1,=0, 4 or 6, and T.he renormalized probabilities used in EG1) are then
I',=A, for |,=3. The order of development for radial parts 9/Ven by
and angular operators as well as the values for the four
atom—atom parameters are the same as in Refs. 12, 25 for the _, Syjj(re,v)
methane—argon system. Soi=i(Te0)=—= )
Starting from knowledge of the GHAr interaction, the S2i(Fev
calculations were done at room temperature. As developed in  The |imjtations of calculations of state-to-state rates with
Ref. 12, th‘f rotational energy relaxation rate cons@mt he present approach have been discussed previtiily.
units of cm “/atm) from quantum stateto statej is given by  aAmong these is the fact that the semiclassical approach fails
o [ b2 down when large internal energy changes are considered,;
:2_J drcrc<:C> S)ii(re.0). (11  this |Im|t.S application of the modgl to states for'wh|ch
wC v ’ |AE;_;| is small when compared with kinetic energye.,
~kgT). Hence results foAJ+ 0 transfers between high ro-
In this expressionn is the density of collision partners for 1 tational quantum numbet levels are likely inaccurate. For-
atm at the considered temperature and the mean relative tunately, the states associated with lines within a giReor
velocity. r_ is the distance of closest approach ards the R manifold practically have the same energy so that only
apparent velocity on the equivalent straight line trajectory.quasiresonant collisions are involved. An other limitation is
Sépj(rC ,v) is the renormalized second order collision prob-due to the use of limited expansions of the potential and of
ability (see below. In Ref. 12 calculations were done at one the diffusion operator. As a results some transfers are miss-
single velocity(the mean thermal velocityNevertheless, it ing in the model and this affects all results through the renor-
seems more realistic to take into account the effect of thenalization procedure. For instance, thedd=3 rates com-
change in internal energy which is gained or lost by theputed with the present approach result from the single
relative translational degrees of freedom. For the present caljump” associated with the potential matrix elemegd
culations, the velocity at infinite impact parameter was thust 3|V|J); they do not include contributions associated with
set to depend on the particular couple of states under consithigher order terms in the expansion of the diffusion operator
eration. This was done by replacing the mean thermal velocsuch as (J+3|V[J+1)X(J+1|V|J) or (J+3|V|I+2)

[1-exp(Sy(rc.v))]. (16)

joi
r
o

ity by an effective velocity defined by X {J+2|V[I+1)x(J+1|V|J)). Hence one expects that the
. o present approach correctly predicts only the main channels,
Seff :UinitiaI+UfinaI _v 1+ ( 1- AEi_>j) } (12) that have the largest rates and involve reasonable changes in
=l 2 2 wv’l2 ' internal energy and quantum numbers.
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IV. DATA USED 4 v ) o)
The data required for computations using Ef.are the g
positiono,, populationp,, and dipole matrix elemenmt, of -.2
each linek, and elements of the relaxation operator. S
In the present work, all ther, p,, andd, parameters g

have been taken from the 1996 version of the HITRAN
databasé®
Values of the diagonal elements W (half-widths 7y,

g,

and shifts, of the lines for CH,—N, have been determined
as follow: a first set was constructed, for all lines centered in
the spectral range studied, by multiplying the £Sidir values

of HITRAN by the factor 1.02:*° When possible, the values
for the v; band lines of*?CH, were then replaced by mea-
sured data. This was done using the experimental results ¢

obs - calc

1 line mixing

no mixing

T T

3090.

S T
3095. 3100.

UL L L
3105. 3110. 3115, 3120.

o (em™)

Refs. 6, 9, and 40, privileging the more recent data providea

by Pine® FIG. 1. Absorption in theR(7)—R(9) manifolds for the pressure of 24.4
Only the real part of the off-diagonal elementsVigfwas atm. @ are measured values, whereas — and --- have been calculated with

considered and coupling was restricted to theband of and without the inclusion of line mixing, respectively. Glisalc deviations

120 P . g . ind3 are given in the lower part of the plot and the spectral line structure is
H,. Hence the contributions of all the other linesGH,, indicated by the vertical bars.

hot and combination bands).were computed neglecting

line mixing, through the addition of Lorentzigoigt) pro- _ o

files. Fortunately, this approximation has little consequenceig; as is now well known, the collisional transfers between

on computed results since absorption in the studied region f@ptical transitions lead to a narrowing of the spectral shape.

largely dominated by the contribution of thg band. Within ~ Note in Fig. 1 that the profiles of thig(7) andR(9) mani-

these approximations, the Ré'|W(T)|k))} terms were cal- folds, not used in the fit, are correctly predicted by the

culated, up taJ=17 (=400 lines using Eq.(6) and state-to- model.

state rates calculated as described in Sec. Il C. The values of

A(R,R) and A(Q,Q) were determined as explained below V. RESULTS AND DISCUSSION

and the otheA(X,Y) parameters were deduced from Egs.

(7) and(9). Note that the use of cross sections for SHAr in

order to model Chl#-N, spectra is discussed in Appendix A

and that selection _rules are the subject of Appendi>_< _B. riety of pressure condition§rom 0.25 to 80 atrh provides
In order to adjust theA(R,R) and A(Q,Q) empirical 5 extensive test of the model. Comparisons are made be-

constants, the 25 atm spectrum has been used. Least SQUafE8en measured values and results computed with and with-
fits of measured absorption in ti@ branch region and the ;i the inclusion of line mixing.

R(8) manifold were made with the model and data described _

above. The choice of the particul&®(8) manifold results A. High pressure absorption

from three reasons; the first is that tRebranch is more Figures 3 and 4 present results obtained inRhend R
adapted for the determination 8{R,R)=A(P,P); indeed, pranches of the;; band for a total pressure of 50 atm and

v3 lines within the manifolds are more closely spaced and,g|yes of the initial level guantum numbaibetween 5 and
less contaminated by transitions of other bands in fhe

branch than in th& branch. The second point is that impor-

tant line-mixing effectgand thus high sensitivity t8) occur 14. ]
for high rotational quantum numbers. Increased accuracy o1 127
A(R,R) is thus expected from the use of highmanifolds. ’g 10.4
The last reason is that the retrieved value is clearly depen—-; 8.1
dent on the line-broadening and -shifting parameters used il = 6.4
the calculation. The latter must be reliable and this constrain %5
practically restricts the choice to the lines studied in Ref. 9.
For all these reasons th®(8) manifold is a good compro-
mise and was retained for the fit of thAéR,R) constant. The
final parameters aréA(R,R)=0.58 and A(Q,Q)=0.30.
Through Eq.(9) they lead toA(Q,R)=0.47 andA(P,R)

~0 and the other parameters are given by &g}. Note that
these values connect state to state rates to line mixing paran
eters but also include the change from SiAr to CH,—N,
collisions. Figures 1 and 2 show the quality of the fit. Values
calculated using purely Lorentzian line shapes have als@ig 2. absorption in the branch for the pressure 24.4 atm. Same legend
been plotted, that indicate the important effect of line mix-and symbols as in Fig. 1.

The laboratory spectra at our disposal, recorded by the
experimental groups listed in Table |, are used in order to
assess the quality of the theoretical approach. The large va-

| L |‘||u ..\lx_ﬂu -||

0. —————

line mixing

obs - calc

1 no mixing

— T T T 1 T T T T v T
3010. 3013. 3016. 3019. 3022. 3025.

G (em™)
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FIG. 3. Absorption in thé® branch for the pressure 49.0 atm. Same legend
and symbols as in Fig. 1. FIG. 5. Absorption in thev; band for the pressure 49.0 atm. Measured
values are plotted in the upper pai@bs-calg/obs relative deviations are
displayed in the lower part where — and --- have been calculated with and

. . . . without the inclusion of line mixing, respectively.
15. These plots confirm that neglecting line mixing leads to g resp y

large errors and that our model gives satisfactory predictions.

Note that our approach leads to almost perfect results for thgnq that better results are obtained in Bhbranch, probably
manifolds where accurate measured line-broadening dafanks to the measured values pf given in Ref. 40. Fi-
were available and could be used. This is particularly clear iygly, the quality of the predictions in Fig. 4 shows that
the R branch(Fig. 4) where the quality of the model breaks 3ssuming a constarA(R,R) parameter for allR lines is
down abovel~10 which is the highest value studied in Ref. yaasonable. Furthermore, the approximatioh(P,P)

9. ForJ>10, we had to use the HITRAN values gf and = A(R,R) is validated by the results obtained in tA@ranch

dy. The fact that the quality of these parameters is questionrig. 3). All the preceding conclusions hold for the 25, 50,
able for transitions where no measurements have been mag@q go atm spectra.

seems a possible explanation of the increase of discrepancies an overall picture of the influence of collisional transfer
between measured and computed absorption. Indeed, thg, the “whole” v; band is given in Fig. 5, which shows the
number quantifying the precision of these data given in Hl-re|ative errors on the computed values. The increase, Jyith
TRAN for these lines is 2 which corresponds to “average ofof the errors obtained when line mixing is neglected is well
estimated value™; the broadening coefficients of higR(J)  evidenced. The broadening of spectral features is then over-
lines have been set to average vaftiesith very approxi-  estimated leading to overestimation of absorption in the
mate dependence on quantum numbers. Line-mixing effecigoughs and underestimation of peak values by a factor of up
are underestimated, likely due, in part, to the use of overesy 2 Note that the quality of our approach is confirmed ex-
timated values of the line broadening parameters as will bgept for the lines on the high frequency side of the band
confirmed latter. Note that this does not explain the results

for R(12) whose excessive narrowing remains unexplained

0.20

0.15
g 24 Re) R()
E g
\% 1.4 R(.“) —E 0.10
3 : . R£14) %g
0. T T T T T

06 00s] {

0.3 - line mixing

obs - calc

0.00 T T ~ 0.0 T T
2850. 2860. 2870. 2880. 3150. 3160. 3170. 3180.

AL LR R LR L LR AL AN E T T
3070. 3090. 3110. 3130. 3150. 3170. a
G (cm )

-1
a(cm )
FIG. 6. Absorption in the highl(14—16) P and R manifolds for the pres-
FIG. 4. Absorption in theRk branch for the pressure 49.0 atm. Same legendsure 24.2 atm® are measured values, whereas — and --- have been calcu-
and symbols as in Fig. 1. lated with and without the inclusion of line mixing, respectively.

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



7724 J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Pieroni et al.

007 .
5.4 ] X []
° X
0.06 L Xx X o X
[o]
4. - ] 9 Qm [°] X R g X o %
X X
Tooosq XX ° 87 XX
37 2 x ° ° o )
§ 5 o0 g° .
: % [e] [e] Q )
2. = o o L [ ]
0.03 .
| ] o Io)
| ]
- 0024 " -— T —_— o
.02 4 P R
Q
o]
0’ M T T T T T M T T T T T T T T 0‘01 1 r1rrrrr1r~7vr 771 T LI L T+ 1
0. 1. 20, 30. 40. 50 60. 70. 80, 141210 8 46 4 2 0 2 4 6 8 10 12 14
P,, (atm) m

&1G. 8. Effective broadening coefficieni&™ [see Eq(17)] of the v; band
features. Values in thR and P 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. B have been obtained from
measured spectr&) and X were deduced from absorption calculated with
and without the inclusion of line mixing, respectively.

FIG. 7. Half-widthsI" of some absorption features in measured spectra v
total pressurelll, A, @, andV have been obtained for tlig branch and the
R(5), R(10), andR(15) manifolds, respectively. The straight lines are lin-
ear fits.

(0=3120cm}, Ry-,o) as is further emphasized in Fig. 6.
Comparison between the measured and Lorentz profile ipling is neglected, errors reach about a factor of 2. Although
this plot also shows the transfer of absorption from the renot perfectly, our model accounts for most of the character-
gions of weak absorptioftroughg to those of intense ab- istics of the influence of rotational quantum numbers on the
sorption (center$. It is worth noting that some particular spectral shape at high pressure. Note that the decreagd of
features due to line mixing are predicted by our model: it isresults from the increasing number of states in the manifold
the case of the narrow peak on the left side of B@5) [and in the sum in Eq(18)], whose associated line coupling
manifold, which is absent from the purely Lorentzian calcu-terms are quasiresonaftthe lower state energies of lines
lation. within a manifold are almost equalAnalysis of the relax-
For a synthetic view of the effects of collisions, we haveation elements also shows that coupling between manitblds
determined the half-width at half-maximuli(Py_ ) of each andJ’ strongly decrease with, J', andAJ= |[J—J’]. This
absorption featuréQ branch,R and P manifold9 in the P is expected since the associated rotational energy jNp
=25, 50, and 80 atm spectra. The values obtained have begn5AJX (J+J’+1)cm™* quickly becomes comparable

fitted by the linear law with the kinetic energyAEg;;1)-r(y)="58, 144, and 230 K
Eif for J=3, 9, and 15, respectivelyNevertheless, the pressures
F(Py,)=A0+Py Xy (17 investigated in the present work are too small for significant

effects of intermanifold mixing; indeed? X y* is smaller
an about 3 cm!, whereas the spectral gap between adja-
gent manifolds is of the order of 10 ¢rh

The parametedo is representative of the spectral dispersion
of the transitions that compose the considered feature; it is
the order of the intensity weighted root mean square of th
line positions as suggested in Ref. 42 and confirmed by the
numerical values obtained herg® represents the effects of B. Low pressure absorption
collisions and is related to the relaxation operator elements  As pressure decreases, collisional effects become less
by*® important and the central part of the absorption shape be-
comes dominated by the spectral distribution of the isolated
Y= > pi(T)didi X Re[((K'W[K))}, (18 lines*® On the other hand, detailed information on what hap-
ko pens inside the spectral structures can be brought by low
where the sums are restricted to lines centered within thpressure absorption. Indeed, it is well established that for
considered spectral feature. The values'ofleduced from spherical-top molecules, collisional transfer rates are ex-
measured absorption in th® branch and in theR(5), tremely selective with respect to molecular symmetry species
R(10), andR(15) manifolds are plotted in Fig. 7 together C" (Refs. 44, 45, and references thejeim the following,
with the fit using Eq.(17). It is clear from the slopes that the regions near the centers Bfand R manifolds are con-
collisions(i.e., the pressujehave effects that decrease with sidered. Results in th® branch are not presented since the
J. One can also check that the zero pressure intersect dobghest pressure studigd atm) is too low to induce large
represent the spectral distribution of line intensities. Valuedine-mixing effects(they remain lower than a few Po6The
of v deduced from measured and computed spectra atiefluence of line mixing will then be demonstrated in the
plotted in Fig. 8, where results in tHe, Q, andR branches next section by considering the wings which, as is well
are displayed. It is clear that the broadening coefficient of thé&nown?® is affected at all pressures.
manifold decrease with increasidgvhile the effects of line The effect of pressure on tH&(8) manifold is shown in
mixing become more and more important. When line couFig. 9. It is clear that the proposed model leads to better
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FIG. 9. Effect of pressure on the shape of R({@) manifold.® are measured values, whereas — and --- have been calculated with and without the inclusion
of line mixing, respectively. Obscalc deviations are given in the lower part of the plot. The spectral line structure and nuclear spin symmetry of the lower
levels are indicated by the vertical bata), (b), and(c) are for PN2= 0.493, 0.987, and 2.05 atm, respectively.

results than the purely Lorentzian calculation, regardless oénces in the rotational structure of the upper levels. In the
the pressure. Note that there is no coupling between the tramase of theR(9), theA,, F,, F;, andA; on the left are
sitions of the high frequency side which have differentclosely spaced and collapse into a unique structure whereas
nuclear spin symmetrie@\, E, andF) contrary to the lines only the F, and F; merge into a peak in the more sparse
on the low frequency side of the manifold where mixing P(9) manifold.
between theF;, components occurs. As the pressure in-  Results obtained for some highlines are displayed in
creases, the coupled lines overlap, forming an unique clusteFig. 12. Again, the manifolds include two clusters, that on
which is centered at the intensity weighted average of th¢he low frequency side being the one where line-mixing ef-
line positions. Its magnitude becomes higher than that of théects occur. For the high frequency feature, Lorentz and
feature on the high frequency side, contrary to what is preeoupled calculations lead to the same results since the asso-
dicted when line mixing is neglected. ciated lines have different nuclear spin symmetries and thus
Figures 10 and 11 display sonkeand R manifolds— do not mix. The broadening of these features is strongly
where accurate values for the isolated line paraméterge  overestimated by both models. This confirms that the line-
been used for computations—giving a picture of the highbroadening coefficienty, used, which are estimates pro-
selectivity of collisional processes among the tetrahedravided by the HITRAN database, are too large. Note that this
components. Again, the main characteristics of line mixingmight also explain the fact that the narrowing of the left
are reproduced by our approach; the effects of the couplingluster in theR(16) manifold is underestimated by our ap-
between thé=, , (andA, ;) components in the low frequency proach. On the contrary, precise valtfewere used for the
cluster are correctly predicted. Furthermore, our model doemixed components of thB(12) manifold where predictions
well account for the lack of coupling between the two of our model are satisfactory.
components of the high frequency cluster in R(@), P(9), Remaining problems are illustrated by the spectra in Fig.
andR(9) manifoldg[Figs. 1Ga), 11(a), 11(b)]. Simple fitting  13. Again, the calculated spectral features on the right-hand
laws would not allow to reproduce these results, as discussesides are not affected by line mixing but are too broad. The
in Appendix B. TheP(9) andR(9) manifolds[Figs. 1@a)  shapes of the left clusters are improperly predicted by our
and 11b)] although they involve the same sequence of loweline mixing model likely due to overestimation of some of
state symmetry, have quite different shapes due to differthe matrix elements involved. At elevated pressisee Fig.
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FIG. 10. Absorption in thd®(9) (a) andP(6) (b) manifolds, for the pressure of 0.974 atm. Same legend and symbols as in Fig. 9.

3), this “local” effect results in overestimated narrowing of characteristics of thd dependence although, as discussed
the R(12); in the R(11) manifold it is maskedcompen- above, some problems remain.
sated by the overestimation of the widths of the second and
third peaks in Fig. 13. _ C. Towards atmospheric transmissions

The effect of total pressure on absorption at the peak of L . )
the coupled feature in the(8) andR(16) manifolds is plot- _ The fundamental qua?ntl_tles involved in atmospheric ap-
ted in Fig. 14. The results show the consistency between thlications are the transmissionsf the layers that compose
FT and TDFS measurements and emphasize the increase 8 considered optical path. They enable computation of a
line-mixing effects with pressure and rotational quantumnumber of atmospheric characteristiemission, absorption,

number. Note that, for 0.25 atm, contrary to RE8) mani- cooling rate, greenhouse effec},.For a first check of the
fold, line coupling between th&(16) lines cannot be ne- need to account for line mixing when atmospheric spectra

glected, and should be accounted for in computations of'® considered, a “representative” transmission spectrum

H — —3
stratospheric absorption. For an overall picture of the influWas recorded in the laboratory fdfc,,=8.2<10"~atm,

ence of line-mixing and of the quality of the models we havePn,=0.985atm, and.=20.1m. In terms of methane ab-
determined relative errors on peak absorptiorratatm. The  sorption, these conditions are close to those of a 100 km long
variations of relative errors with, plotted in Fig. 15, again horizontal path at ground level. Measured and computed re-
confirm the consistency of the measurements made in Parsilts are compared in Fig. 16 where details in @and R

and Madrid. The results obtained with the models are exbranch regions are plotted. Thg band lines are all satu-
pected in view of those plotted in Fig. 8, remembering thatrated and the narrowing due to line mixing is seen in their
overestimation of the broadening leads to underestimation ofings. The purely Lorentzian approach underestimates trans-
peak absorptionand vice versa Neglecting line mixing mission whereas our approach leads to a significant improve-
leads to errors that increase witland reach a factor of about ment of the calculated values beyond éranch head and

2. The agreement with measured values is significantly imin-between thdR manifolds. These results, and those of Sec.
proved by using our model. The latter accounts for most B, show that great care should be taken in the determina-
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FIG. 11. Same as Fig. 10, but for tf&7) (a) andR(9) (b) manifolds.

tion of CH, mixing ratios from infrared spectra since line line mixing in atmospheric radiative transfer computations
mixing may strongly affect the spectral featu its back- ~and demonstrate the improvement brought by our model.
ground absorptionretained for the retrieval. Furthermore,

use of isolated-line modelévoigt) should be avoided for

precise computations of cooling rates and greenhouse effecf!- CONCLUSION

Indeed, estimates of contribution of methane to the atmo-  The model presented in this paper is based on semiclas-

spheric emission and the absorption of solar radiation can bgcy) state-to-state rates and two empirical parameters only. It
made using the spectrum of Fig. 16. These quantities, intes thys, in its principle, quite different from the purely em-

grated over the’; band are given by pirical approaches proposed by Pimad Bennet! The lat-
Emitted intensity: ter lead, of course, to much better agreement with measure-
ments and fulfill the high precision requirements of practical
lo= J'szoo[l_ 7)) X1 gg(,300 K Xdor applications; on the other hand, they have limited predictive
& Jas00 e ’ capabilities since they are restricted to spectral regions where

proper laboratory measurements have been made and treated.
Test of our model using new high and low pressure mea-
3200 surements show that calculations are quite satisfactory up to
IA:f 7(0) X1gg(0,5600 K xdo, (19)  rotational quantum numbers of abodt=10. Above this
00 value, the main characteristics of the effects of line mixing
wherelgg(o,T) is the black body radiance for wave number are predicted but agreement with measurements is only
o and temperaturd@. Values oflz andl, have been calcu- qualitative, particularly in théR branch. Three main expla-
lated from Eq.(19) using measured and computed values ofnations stand for the increase of discrepancies Witfihe
(o). The relative errorsAl=(1—14YI®%) are Alg= first is related to the approximate nature of the state-to-state
—3.1% andAl,=+5.8% when line mixing is neglected rates used here whose quality highly relies on the potential
whereasAlg=—0.6% andAl,=+1.5% are obtained with surface and the semiclassical approach. The second point is
our approach. These values confirm the need to account fahe intrinsic approximation of the model that assumes con-

Absorbed solar intensity:
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FIG. 13. Same as Fig. 10, but for the manifol@s; R(11) at 0.973 atm(b) R(12) at 1.98 atm.
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stant A(R,R),A(R,P),... parameters. Indeed, previous re- within the R(11) andR(12) manifolds are clearly overesti-
sults for CQ (Ref. 13 indicate that interbrancftresp. intra- mated. Finally, it is worth recalling that the present paper
branch mixing strongly decreasgresp. increase with confirms that atmospheric spectra are affected by line mix-
increasing J. Use of a constant intrabranch parametering. This should be accounted for while retrieving methane
A(R,R) determined from absorption far=8 should thus mixing ratios and computing cooling rates.

lead to underestimation of line-mixing effects for high rota- Future studies should be based on improved parameters
tional guantum number manifolds, as observed here. The lasf isolated lines among which half-widths should receive
reason is the lack of precision of some of the line-broadeningarticular attention since they have crucial influence on
coefficients used. Indeed, there is strong evidence that thenalysis of line-mixing effects. The effects of temperature
parameters availabfé which are estimated valuésare too  should then be studied together with the influence of the
large hence explaining that the widths of highmanifolds collision partnefe.g., He which may have a particular be-
are overestimated. Note that other problems remain that haveavior (Refs. 13, 47, 48 These references show that colli-
been pointed out; for instance, some line-coupling elementsions with He lead to effects on G@nd N,O spectra that
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mixing, respectively. Shifted obscalc
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part of the plots(a) High frequency near wing of th® branch.(b) Region

of the R(10)-R(13) manifolds.

are different from those induced by collisions with Ar,, O
and N, (the effects of line mixing are significantly more
important leading to more narrow profileand H, which is
of interest for application to JupiterFinally, investigations
should be made in bands other than(e.g., thev,, v, dyad

Pieroni et al.

of the relaxation operators and calculated spectra obtained
with the present model and the empirical approach of Ref. 11
might bring useful information on collisional processes.
These issues will be considered in forthcoming papers.
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APPENDIX A: CH 4;—N, AND CH,4—Ar COLLISIONS

The model presented in this work starts from semiclas-
sical calculations of collisional state-to-state relaxation rates
for the methane—argon system, these data being used for a
study of CH—N, mixtures. Since magnitude scaling factors
A have been usefEq. (6)], our approach assumes that col-
lisional transfers induced by collisions with,ldnd Ar verify
Ar

K2 =axK

Re{((k'[W"7k))} =ax Re[((k'|W"k))}, (A1)

wherea is a constant, independent on the quantum states

and

CH,—N, collisions forbids direct study of the quality of this
approximation. Nevertheless, the line broadening parameters
v, and first order line mixing coefficient, of Ref. 9 enable

a first check of Eq(Al). Indeed, Fig. 17 shows that the ratio
of values for Ar and N is practically independent on the
considered line. This is an indication that, at least on a global
point of view, Eq.(Al) is reasonable since the parameters in
Fig. 17 are related with the relaxation operator matrix ele-
ments by Eq(2) and®

. o ; : : d Re[((k'|W|k
for atmospheric emission, and theregion which contrib- Y,=2X K XM A2
. A . k d — . ( )
utes to the absorption of solar radiatioRinally comparison K #k “k Ok~ Ow
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0.055 o ] s
+ . FIG. 17. Comparison between values
* - / of collision parameters for CHAr
0.050 4 .{ 0.0 and CH-N, collisions. ® are values
{ E measured foR andP lines (J<10) in
s - the v3 band at room temperatuf®ef.
0.045 . . 9). (a) Line-broadening coefficients
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TABLE II. Selection rules of the line-coupling relaxation matrix elements. gling line mixing. Indeed, within a given manifom’qu is
practically zero; all collisional transfers betweEp andF,

! ForPr FacPe Ay AA; EE lines are then identicali.e., K;_;=ag,;) in contradiction
Fa—Fy N Y N N N with the results in Fig. 1(). The failure of fitting laws was
FieF, Y N N N N already noted in Refs. 34, 44, 45 but is also confirmed by
Ay—A, N N N Y N . .

A A, N N v N N some results that we have obtained prior to the development
E_E N N N N v of the model presented here. At that time, we used(Ba)
and determined tha andb constants from fits of high pres-
sure spectra. Satisfactory results were obtained above 25 atm
but the model totally failed in predicting the shape of mani-
APPENDIX B: PROPENSITY RULES folds at low pressures.
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